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Foreword 

What is needed is “a platform for the evaluation of future-
oriented design strategies in which a building’s specifications can 
change during its service life” (Fawcett et al., 2012, p. 547). 
Accordingly, the aim of the present research is to develop a 
financial evaluation method that acknowledges the dynamic 
nature of transformable buildings. Therefore, it studies how 
transformation scenarios can be integrated in life cycle cost 
analyses. 

 

Cover image 

During a typical transformation scenario of the HoZe apartment 
building, which is studied in chapter 8 of the present research, 
many building elements are added or removed. Nevertheless, if 
these elements are demountable and part of the same system, 
several of them could be reused and moved from one apartment 
to another.  
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permission of the author. 

The present thesis discusses the fundamental development and 
set-up of scenario based life cycle cost analyses. It is not intended 
to provide a definitive guide to the application of these analyses. 
Users are therefore recommended to take professional advice to 
ensure that any proposals they may have for the analyses’ use 
comply with relevant legislation and standards. They should note 
that neither the author nor the host institutions can be held 
responsible for any loss, damage or expense arising from the use 
of the analyses developed in this thesis. 

Readers are invited to share their comments with the author. 
Also suggestions for improvements and information regarding 
errors are welcome as they might assist the further development 
of scenario based life cycle costing. 
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English summary  

Transformable building is an innovative design and construction strategy. It aims for an 
adaptable building stock and fosters the resource efficient management of building 
components. Its use of for example reversible connections such as bolts and screws 
instead of mortar and glue facilitates future refurbishments and enables components’ 
reuse. Although its reduced environmental impact has already been demonstrated 
transformable building is restricted to small-scale and specific building projects. An 
increased investment cost is cited the most often as an important impediment to its 
widespread implementation. 

But today the financial consequences of transformable building are hardly known. An 
explorative literature review illustrates this insightfully. Amongst the collected strengths, 
weaknesses, opportunities and threats for transformable building, several contradictions 
arise. The feared initial cost increase contradicts the expected life cycle savings, and 
although transformable building is technically possible the use of demountable building 
components is associated with various uncertainties. 

Because transformable building has the ambition to generate material savings during as 
well as at the end of an asset’s service life, life cycle costing is considered a purposeful 
framework for evaluating its financial consequences. Moreover, the focus of life cycle 
costing on building elements such as walls, floors, doors and windows resembles closely 
conventional budget calculations and its long-term perspective matches the increasingly 
common environmental life cycle assessments. 

Although disregarded in conventional life cycle costing, it is expected that the dynamic 
nature of transformable buildings has an important impact on the analysis outcomes. For 
that reason, the present research proposes a transformation-integrated life cycle costing 
method. By integrating in the analyses a building’s changing specifications, this method 
empowers advisors and designers to promote and implement transformable building in 
an informed and well-conceived way. 

For integrating the dynamic nature of transformable buildings in life cycle cost analyses, 
the present research proposes five new features. Together they constitute scenario based 
life cycle costing. Moreover, understanding that long-term evaluations such as life cycle 
cost analyses have hardly any predictive value, discrete what-if analyses, continuous 
sensitivity analyses and probabilistic risk analyses of large series of design alternatives are 
indispensable and therefore enabled with the proposed features. A series of insights 
presented in-between the chapters, offer additional theories, calculation techniques and 
algorithms that are used to develop the features. 
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First, life cycle scenarios are created. These imaginable futures reflect our continuously 
changing requirements and standards. For creating effective scenarios a comprehensive  
framework is built. It allows identifying key drivers for change, their impact on user 
satisfaction and the real and life cycle options each design alternative offers. For the 
successful implementation of these scenarios the added-value of scenario planning for 
building design and life cycle costing is extensively discussed. 

Second, the financial impacts of transformable building are identified. Therefore, a set of 
life cycle interventions is defined. In addition to life cycle stages such as construction, use 
and end-of-life, life cycle interventions such as assembly, disassembly and reuse allow 
setting up circular service life models. These models allow quantifying the life cycle costs 
that result from transformable building. Special attention is for example given to the 
reuse of building elements, their recycling and residual value. 

Third, the identified costs are discounted to their moment of occurrence. This allows 
comparing design alternatives that entail costs at different moments in time. Therefore, 
the geometric discounting technique is developed and validated. Without ignoring the 
complexity of the circular service lives of building elements, geometric discounting forms 
the basis for parametric life cycle cost calculations, comprehensive uncertainty analyses 
and thus well-conceived design choices. 

Fourth, the life cycle cost calculations are set up. To take into account the varying element 
quantities that result from the introduced scenarios, an analytical calculation method is 
proposed. This method considers the reuse of building elements separately from other 
life cycle interventions such as replacements and reoccurring refurbishments. The 
resulting calculation outcomes allow to objectively compare the life cycle cost of multiple 
design alternatives in various scenarios. 

Fifth, a building modelling protocol is composed. It guarantees that the discounted 
impacts are correctly included in the life cycle cost calculations. Therefore, it introduces 
three fundamental modelling principles, defines the required model parameters and 
discusses the implications of those parameters. In the present research the protocol is 
implemented in a conventional spreadsheet environment while the use of a virtual 
building information model is explored. 

To illustrate the added-value of the developed scenarios, calculation methods and 
modelling protocol an in-depth case study is conducted. It assesses the transformable 
renovation of the HoZe apartment building by KPW Architecten. It show how scenario 
based life cycle costing allows comparing long-term impacts, evaluating uncertainties, 
identifying boundary conditions, understanding design improvements and exploring 
investment risks. Consequently, this case study acts as the method’s proof of concept. 
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Nederlandstalige samenvatting  

Transformeerbaar bouwen is een innovatieve ontwerpstrategie. Zij streeft naar makkelijk 
aanpasbare gebouwen en moedigt het duurzaam beheer van bouwmaterialen aan. 
Omdat bijvoorbeeld omkeerbare verbindingen zoals bouten en schroeven in plaats van 
lijm en cement worden gebruikt, vereenvoudigt transformeerbaar bouwen toekomstige 
renovaties en het hergebruik van materialen. Hoewel de milieuvoordelen van deze 
strategie al zijn aangetoond, is de schaal en het aantal toepassingen ervan beperkt. Uit 
enquêtes blijkt dat vooral de vrees voor een hogere investeringskost een algemene 
toepassing van transformeerbaar bouwen belet. 

Maar vandaag is de financiële impact van transformeerbaar bouwen nauwelijks gekend. 
Een verkenning van de literatuur maakt dit duidelijk. Tussen de vernoemde sterktes, 
zwaktes, opportuniteiten en bedreigingen voor transformeerbaar bouwen bestaan 
immers verschillende tegenstellingen. Een hogere investeringskost spreekt bijvoorbeeld 
lange-termijnbesparingen tegen, en hoewel transformeerbaar bouwen technisch 
haalbaar lijkt, zijn er heel wat onduidelijkheden over hoe dat precies moet. 

Omdat transformeerbaar bouwen zowel tijdens als aan het eind van de levensduur van 
een gebouw materiaalbesparingen kan opleveren, lijken levenscycluskostenanalyses 
geschikt om de financiële impact ervan te onderzoeken. Bovendien sluit de focus van 
levenscycluskostenanalyses op gebouwelementen zoals wanden, vloeren en daken aan 
bij die van alledaagse ramingen, terwijl hun langetermijnperspectief overeenkomt met 
dat van de milieugerichte levenscyclusanalyses die steeds vaker worden uitgevoerd. 

Hoewel de veranderlijkheid van transformeerbare gebouwen tijdens gebruikelijke levens-
cycluskostenanalyses wordt genegeerd, wordt verwacht dat zij een grote invloed heeft op 
de analyseresultaten. Dit onderzoek stelt daarom een veranderingsgerichte methode 
voor. Door het integreren van de veranderlijke specificaties van een gebouw in de 
analyses laat deze methode ontwerpers toe om transformeerbaar bouwen op een 
geïnformeerde en doordachte manier toe te passen. 

Om de veranderlijkheid van transformeerbare gebouwen in de analyses te integreren, 
stelt dit onderzoek vijf ontwikkelingen voor. Samen vormen zij scenario based life cycle 
costing. Omdat langetermijnanalyses zoals levenscycluskostenanalyses bovendien geen 
enkele voorspellende waarde hebben, zijn wat-als-analyses, continue gevoeligheids-
analyses en probabilistische simulaties onontbeerlijk en mogelijk gemaakt met deze 
methode. Daarnaast wordt, tussen de hoofdstukken door, een reeks inzichten gegeven. 
Zijn leggen de theorieën, rekenmethodes en algoritmes uit die zijn gebruikt bij een of 
meerdere van de vijf ontwikkelingen. 
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Ten eerste worden levenscyclusscenario’s voorgesteld. Deze ‘imaginable futures’ 
weerspiegelen onze steeds veranderende verwachtingen. Om effectieve scenario’s te 
creëren is een theoretisch kader ontwikkeld dat toelaat allerlei veranderingen, hun effect 
op de gebruikers van gebouwen, en de aanpassingsmogelijkheden van ieder ontwerp-
alternatief te beschrijven. Daarnaast is de meerwaarde van scenario’s bij het ontwerp en 
de levenscyclusanalyse van gebouwen uitgebreid besproken. 

Ten tweede worden de mogelijke levenscycluskosten en –besparingen geïdentificeerd. 
Daarvoor is een reeks van levenscyclusinterventies zoals montage en demontage 
voorgesteld. Aan de hand van deze interventies kunnen de gesloten kringlopen die de 
elementen van transformeerbare gebouwen afleggen eenduidig worden uitgezet, om 
vervolgens aan iedere interventie een andere kost te kunnen koppelen. Bijzondere 
aandacht gaat daarbij naar het hergebruik van gebouwelementen.  

Ten derde worden de geïdentificeerde kosten verdisconteerd. Zo kunnen ontwerp-
alternatieven met erg verschillende levenscycli worden vergeleken aan de hand van een 
enkel cijfer. Om dit cijfer te kunnen berekenen voor de complexe kringlopen die de 
elementen van transformeerbare gebouwen afleggen, is een parametrische 
verdisconteringstechniek ontwikkeld. Deze techniek laat toe de verdiscontering van de 
vele interventies, elementen en scenario’s te automatiseren. 

Ten vierde worden alle levenscycluskosten per ontwerpalternatief samengebracht. Om de 
veranderende hoeveelheden van gebouwelementen als gevolg van de geïntroduceerde 
scenario’s in rekening te brengen, is daarvoor een analytische berekeningsmethode 
ontwikkeld. Deze methode beschouwt het hergebruik van gebouwelementen en alle 
andere levenscyclusinterventies afzonderlijk. De resultaten laten dan toe de levens-
cycluskost van alle alternatieven in ieder scenario te vergelijken. 

Ten vijfde wordt een modelleerprotocol opgesteld. Dit protocol verzekert dat de 
verdisconteerde kosten correct worden geïntegreerd in de levenscycluskost. Daarvoor 
omvat het protocol drie fundamentele modelleer principes, definieert het de nodige 
modelparameters en bespreekt het hun implicaties. In dit onderzoek is het protocol 
geïmplementeerd in conventionele rekenbladen, maar is ook het gebruik van een virtueel 
Building Information Model verkend. 

Om de meerwaarde van de ontwikkelde scenario’s, berekeningsmethodes en het model-
leerprotocol aan te tonen is een projectstudie uitgevoerd. Daarbij is de transformeerbare 
renovatie van het HoZe appartementsgebouw geëvalueerd. Deze evaluatie toon aan hoe 
scenario based life cycle costing toelaat alternatieven te evalueren, onzekerheden te 
beoordelen, randvoorwaarde te identificeren en risico’s in te schatten. Deze studie kan 
dan ook worden gezien als een proof-of-concept van de ontwikkelde methode. 
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Résumé français  

To be completed 
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Chapter 1. 
Building for a changing future 

Considering the increasing dynamism of our society and the ecological impact of the built 
environment, architectural designers are challenged to apply strategies that anticipate 
change and avoid obsolescence. One of those strategies is transformable building, whose 
focus on the demountability and reuse of building components gives it a particular 
position among existing strategies to build for change. 

In the quest for a wider implementation of transformable building, its financial feasibility 
is frequently questioned. Designers and contractors fear a higher investment cost to 
enable the future disassembly and reuse of building components. Nevertheless, together 
with ecological savings, considerable savings in the life cycle cost of transformable 
buildings are expected. 
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1. Burdens of conventional building practice 

Today we live in an age that is characterised by continuous changes in cultural trends, 
technological knowledge and environmental systems. This dynamism is putting our 
society under significant pressure. Unceasing ageing and urbanisation, limitless mobility, 
increasing waste production, unprecedented global warming and decreasing biodiversity 
put the ecology, economy and well-being of the present and future generations at risk 
(EEA, 2012a, 2015). 

In these changes and the resulting pressure, the built environment plays an unmistakable 
role. Although continuously improving construction techniques increase the durability of 
buildings, many building elements do not reach their technical service life but are wasted 
earlier. Typically, dwellings start to change within three years after their completion and 
are “entirely refurbished” at the age of 25 (Durmisevic, 2006, p. 60). Most refurbishments 
are driven by cultural or social evolutions such as changing comfort standards or 
emerging housing forms. With these functional refurbishments a vast amount of waste is 
created and new materials are consumed, generating considerable financial and 
ecological burdens. Moreover, it is expected that the evolutions initiating these 
alterations will continue to accelerate. This increasing dynamism will consequently 
further shorten the functional service life of elements (Schwehr & Plagaro Cowee, 2011). 

In contrast to society’s dynamism, conventional buildings are static. Their rigid concrete 
structure, tailor-made façade openings and concealed services and fixtures require 
invasive refurbishments to keep them fit-for-purpose. Alternatively, when they no longer 
fulfil the users’ needs, they remain vacant or are demolished. This mismatch between 
supply and demand is illustrated by the vacancy rates of office buildings in Flanders and 
Brussels, which are situated between 10 and 20 percent (Van Meerbeeck & O’Neill, 2012; 
Van Meerbeeck, 2016), or with iconic demolitions such as that of the 18-year-old Pruitt-
Igoe estate in 1972 (Woodford & Kuljanin, 2012) and the Bijlmermeer estate between 
1992 and 2004 (Wassenberg, 2011). Such demolitions or vacancies cause the energy, 
material and budget invested in these buildings to be entirely lost or simply unutilised. 
The static character of conventional buildings and the material flows that their 
refurbishments entail become even more problematic when they are linked to particular 
consequences, which are acknowledged in the literature and will be discussed below. 

The first detrimental effect involves mining and construction, which account for 
approximately 60 percent of the 2.652.000.000 tonnes of waste generated annually in the 
European Union (Watkins et al., 2012). Not only construction but also building 
maintenance and necessary replacements contribute to that amount (Thomsen et al., 
2011). Although official statistics state that more than half of the construction and 
demolition waste is recycled, observations in practice demonstrate that the quality of 
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those materials is not preserved (ROTOR, 2009). For example, old plasterboards that can 
be reused during the production of new boards are rarely collected by manufacturers. 
After all, boards that are used in conventional buildings are polluted with non-removable 
finishing layers or end up in a mixed debris (Billiet et al., 2012). This makes the recycling of 
plasterboards and other building materials ineffective and unfeasible (Billiet & Ghyoot, 
2012) and clearly shows that the way materials are used today is decisive for the course of 
their service life. 

The second consequence of our static way of building is related to its resource 
consumption. Already in 1992 a report of the World Resources Institute pointed out that a 
serious depletion of the earth’s mineral and fossil resources will ultimately restrict their 
availability (Spence & Mulligan, 1995). In Europe, around 36 kg of raw materials such as 
sand, clay and ore are extracted per person per day and 43 kg are consumed (SERI, 2009). 
At least 45 percent of that consumption is attributed to activities of the construction 
industry and the built environment (Hawken et al., 2010). Moreover, the extraction and 
processing of raw materials is very intensive in the use of energy, water and land (SERI, 
2009). The consequent social and environmental burdens such as the destruction of fertile 
land, toxic pollution or human rights violations are undeniable and cannot be ignored. In 
sum, the irreversible effects of today’s careless material consumption will put enormous 
pressure on future generations. 

As a third effect, the embodied energy of buildings is gaining in importance as their 
operational energy performance receives the most attention. The embodied energy that 
is required for the construction of a nearly zero-energy dwelling is 40 to 60 percent of its 
energy use over a period of 60 years (Crowther, 1999; Thormark, 2002). Moreover, 
although all resources are used increasingly efficiently, their depletion will continue as 
long as the relation between resource use and economic growth is maintained and a 
linear take, make and dispose attitude characterises our economy (WEF, 2016). To 
remedy this, key industries such as housing need to be radically transformed (EEA, 2015). 
As the European Environment Agency points out, “Living well within ecological limits will 
require fundamental transitions in the systems of production and consumption that are 
the root cause of environmental and climate pressures” (EEA, 2015, p. 14). “Such 
transitions will entail profound changes in institutions, technologies, policies, lifestyles 
and thinking” (Ibid.). 

Consequently, a policy of waste awareness has emerged (EEA, 2012b; Weterings et al., 
2014). For example, landfill costs in the European Union have grown considerably due to 
rising taxes and gate fees. Other directives such as compulsory sorting and recycling of 
smaller waste fractions have also had a positive effect by forcing construction practice 
towards new demolition processes and raising investors’ awareness of the long-term 
environmental, social and financial burdens of construction (OVAM, 2010; Eijkelenburg & 
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Van de Velde, 2013). Consequently, architects and engineers are now often challenged to 
develop and apply design strategies that anticipate society’s dynamism (Debacker et al., 
2015). After all, when all these consequences of conventional building are considered, one 
thing is certain: all resources need to be used wisely. 
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2. Transformable building as an alternative design strategy 

Inspired by the work of architects and lecturers Habraken, Kroll and Van Der Meeren, 
Hendrik Hendrickx and Hedwig Vanwalleghem developed the design strategy 
4Dimensional Design in the 1970s. They considered time as the fourth design variable, 
aiming to anticipate change and facilitate building alterations (Galle, 2013). Although 
Hendrickx and Vanwalleghem’s strategy found little response in practice, it was studied 
during practical and policy-oriented research projects. These projects developed further it 
into design strategies such as Transformable Building (De Temmerman et al., 2012) 
forming a starting point for Design for Change (Debacker et al., 2015). 

2.1. A holistic vision on building design 

Following their advice to the United Nations agency for human settlements and 
sustainable urban development, in 1996 Hendrickx and Vanwalleghem presented the 
design principles they developed in the unpublished essay Syntectuur. In this paper, they 
put forward the two basic principles of 4Dimensional Design: a generative dimensioning 
system and reversible connections. The resulting compatibility and demountability of 
building components foster their reuse, close the gap between their technical and 
functional service life, and enable the realisation of closed material loops (De Wilde & 
Hendrickx, 2002). 

The first principle of 4Dimensional Design is a generative dimensioning system, i.e. set of 
mathematical design rules (see Figure 1.1). It aligns both the shape and dimensions of 
building elements and materials, similar to modelling toys like Meccano® (Debacker, 
2009). A kit of such generic, compatible and thus interchangeable components is 
expected to facilitate direct reuse during future alterations (De Temmerman et al., 2012). 
Pilots that tested this principle in practice, for example in the Living Structures project 
(Isaacs, 1974) and the Open Structures project (Lommée, 2009), could confirm that a 
generative dimensioning system increases the generality of building components and the 
number of design opportunities. 

The second principle of 4Dimensional Design is that, to preserve their reuse potential, all 
components should be decoupled and connected in a reversible way (see Figure 1.2). 
Faster ageing components such as technical services and space plan elements cannot be 
integrated into slower ageing elements such as the building’s envelope and load bearing 
structure. Moreover, reversible connections like screws and bolts instead of glue and 
mortar guarantee that building elements and materials can be disassembled and reused 
in an effective and non-destructive way. These ideas were further refined as Design for 
Disassembly by Debacker (2009) and Paduart (2012). 
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Figure 1.1 Interchangeability of components that fit a generative dimensioning system 

 To facilitate the direct reuse of building components during future alterations 4Dimensional Design 
requires the adoption of a generative dimensioning system. Image adapted from Lommée (2009). 

 
 

 

 

 

Figure 1.2 Conventional (left) and demountable (right) external wall element 

To preserve their reuse potential, components should be connected in a reversible way, e.g. with 
screws and bolts instead of glue and mortar. Image adapted from Paduart (2012, p. 189). 
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The above-mentioned generative dimensioning system and reversible connections foster 
the reuse of buildings and building components. Accordingly, their functional service life 
is extended, waste production is avoided and new resources are no longer deployed 
(Durmisevic, 2006). Both principles open the way for urban mining, which uses the 
existing building stock as a material source (Thomsen et al., 2011). Due to the dynamism 
of our society, the increasing demand for building alterations and the finite nature of raw 
resources, the material efficiency of 4Dimensional Design received the attention of 
regional policy-makers and the Public Waste Agency of Flanders (OVAM). Subsequently, 
the strategy was adopted in the Flemish policy programme on material efficient building 
(Eijkelenburg & Van de Velde, 2013) and a transition was launched towards a construction 
sector and built environment in which 4Dimensional Design stimulates the sustainable 
life cycle management of materials. 

The end goal of the initiated transition is Design for Change, which is defined as “the 
design and construction practice that acknowledges the continuously changing 
requirements and aspirations of individual users and the society” (Galle & Herthogs, 2015, 
p. 8). It builds on the idea that only by anticipating future alterations from a building’s 
design onwards is it possible to fulfil changes in user needs and demands with non-
invasive and responsible construction activities. Accordingly, it aims to play a key role in 
reducing the ecological impact of the construction industry and in achieving a genuine 
sustainable and circular building economy (Debacker et al., 2015). 

In current practice, Design for Change is rarely or only implicitly adopted. In reaction, 
OVAM commissioned several research partners to realise concrete actions and push 
forward the envisioned transition. The resulting research projects include explorative case 
studies as well as the development of a transitional framework (Paduart et al., 2013; 
Debacker et al., 2015). Based on interviews with stakeholders and various life cycle 
assessments, exemplary pilot projects and policy advice have been formulated. In 
addition, a common language on Design for Change and a series of design guidelines was 
created. Both outcomes are presented further in this section to provide more insight into 
Design for Change. 

In addition, Design for Change has been the subject of innovative prototyping and 
demonstrator projects. One example is the Dynamic Wall, which was developed in the 
context of the Innoviris Brussels Retrofit XL project (Paduart et al., 2015). Another 
example, the European Horizon 2020 Buildings As Material Banks project, explores 
implementation pathways for circular economies in the construction sector by integrating 
Design for Change and material passports. In the meantime, architectural offices and 
specified construction companies have also adopted Design for Change as the subject of 
an ongoing discussion or an architectural ambition (Debacker et al., 2015). 
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2.2. A common language on Design for Change 

The ongoing transition towards Design for Change is a transdisciplinary undertaking. It 
requires practitioners, policy-makers and researchers to collaborate and communicate in 
an efficient way. However, the terms used in each individual field are highly diverse and 
intertwined (Galle & Herthogs, 2015). In order to tackle that overabundance of definitions, 
all relevant terms have now been mapped. Therefore, a series of Flemish policy 
documents and research reports were first consulted, after which each term and 
description was evaluated on its international and scientific use, semantic logic and 
translation from Dutch to English. The resulting selection, a glossary completed with 
arguments and examples, is presented as one of the deliverables of the Design for 
Change research project (Debacker et al., 2015; Galle & Herthogs, 2015). 

The selected terms constitute a common language. This is a well-structured framework 
that allows us to talk and think about Design for Change, which is why it was adopted in 
the present research. It departs from three distinct design strategies. 

First, multipurpose buildings support changing needs and requirements without 
physical alterations. After all, buildings with a resilient accessibility, redundant technical 
services and versatile rooms can accommodate efficiently a broad range of activities. 

Second, integrating moveable elements, such as sliding doors, pivoting screens 
and foldable walls, makes it possible to adapt a room or building quickly and without 
hindrance. The possible configurations are nevertheless limited. 

Third, a transformable building can be adapted in countless ways because some 
or all of its elements can be disassembled and reused. Consequently, transformability 
supports slower changing needs and requirements. 

These strategies are already applied in practice. Although each of them anticipates future 
changes, their focus and aim is different. Generally, they contribute to either the 
adaptability or versatility of assets, or to both. 

First, a building is considered adaptable if it may be efficiently adjusted to 
changing needs and requirements. This might require the realisation of a transformable 
building as well as the use of movable building elements. Both entail actual alterations. 

Alternatively, an asset is considered versatile if it fits the requirements and 
possibly successive needs of users and activities from the design stage onwards. In effect, 
a versatile asset makes any actual alterations unnecessary. 
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These two characteristics, adaptability and versatility, are the result of the design choice 
to realise a multipurpose building, to integrate moveable components or to build in a 
transformable way (see Figure 1.3). Together, these terms form the basis for the common 
language on Design for Change and act as the framework to define numerous related 
concepts. Consequently, practical guidelines for transformable building (e.g. the use of 
compatible components) as well as concepts that facilitate the successful realisation of 
versatile buildings (e.g. the separation between support and infill) could be adopted in the 
glossary (Galle & Herthogs, 2015). 

 
 
  Design for Change 

 

 Adaptable  Versatile 

 

 Transformable  Movable  Multipurpose 
 

Figure 1.3 Set-up of the common language on Design for Change 

The proposed common language on Design for Change departs from three distinct 
design strategies and relates to two determining characteristics (Galle & Herthogs, 2015). 

 
 
Each of the identified design strategies or characteristics might relate to construction 
materials, building elements, complete assets as well as neighbourhoods. Furthermore, it 
is possible to specify the scope of each strategy or characteristic and refer to its 
architectural dimension or its practical implications and for example differentiate 
between transformable building measures such as the use of reversible connections, on 
the one hand, and transformable design choices such as the proper pace layering of an 
external wall, on the other hand. Some terms have been purposely avoided, since notions 
such as flexible or multifunctional create confusion. Detailed arguments for these choices 
and alternative terms are included in the glossary (Galle & Herthogs, 2015). 

The common language on Design for Change forms a framework that all stakeholders can 
work with and is not limited to the terms that are already included in the glossary. Neither 
does it seek to demarcate all relevant design strategies or options. For that reason, the 
glossary should be completed with more concepts, aspects and scales when it is adopted 
by policy-makers, researchers and designers (Galle & Herthogs, 2015). 
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2.3. A series of design guidelines 

In the context of the Mahatma Gandhi neighbourhood case study, a qualitative 
assessment matrix for Design for Change has been proposed (Paduart et al., 2013). This 
matrix allows us to evaluate the adaptability and versatility of alternative design 
proposals and verify if the conditions for their successful implementation are fulfilled. 
Therefore, the matrix consists of 22 criteria as is shown in Table 1.1. 

By considering criteria at three levels of the built environment, the framework ensures an 
inclusive evaluation. The first level takes into account building elements such as walls, 
technical services and external joinery. Because future refurbishments require the 
addition, alteration or removal of individual elements, the characteristics of these 
elements determine the feasibility and material efficiency of these refurbishments. The 
second level includes buildings regardless of their type or size. A building’s accessibility, 
structural logic and proportions are decisive for its versatility, whereas the way its 
components (i.e. building elements) are integrated determine how it can be altered or 
extended and accommodate new needs. The third level is the neighbourhood level. 
Because this is typically the most inert and slowly changing scale, anticipating changes is 
crucial. Therefore, multipurpose assets are promoted and the possibility to remove them 
is advocated (Paduart et al., 2013; Debacker et al., 2015; Deprins, 2015). 

Furthermore, the comprehensiveness of the qualitative evaluation is guaranteed by the 
discussion of three distinct themes. These themes include the components of the 
considered level, their interface and their composition. 

 

Table 1.1 A breakdown by scale (i.e. elements, buildings, neighbourhoods) and theme (i.e. 

components, interfaces, composition) constitutes a comprehensive assessment matrix for Design 

for Change (Paduart et al., 2013; Debacker et al., 2015; Deprins, 2015). 

 Components Interfaces Composition 

Elements 
Durability 

Compatibility 
Reused 

Simplicity 
Reversibility 

Speed 

Pace-layered 
Independence 
Prefabrication 

Buildings 
Demountability 

Extensibility 
Reusability 

Accessibility Versatility 

Neighbourhoods 
Retrofitted 

Dimensioned 
Removable 

Clear 
Adaptable 

Multipurpose 
Diverse, Unified 

Densificable 
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To simplify the use of the 22 criteria, they are all separately discussed and illustrated on 
separate factsheets (Debacker et al., 2015). These sheets are available online and provide 
designers, developers and policy-makers with a brief description of the aim and 
importance of each criterion. Moreover, they allow interested stakeholders to get 
acquainted with existing design alternatives and the key question that should be verified 
to assess other design proposals. For example, the following criteria are described: 

Are element interfaces reversible? Reversible connections can be undone 
without damaging the components they connect. This is a precondition for the reuse of 
components and facilitates their eventual recycling. Often, reversible connections are not 
continuous, so special attention to air and vapour tightness is required. 

Are components compatible? Compatible components are designed in 
accordance to dimensional or other standards to guarantee their interchangeability and 
increase their reuse potential. Additionally, they facilitate the replacement of existing 
components within a building to keep it up-to-date. 

Are components properly pace-layered? Pace-layering is the principle of 
organising element components or building elements in separate layers according to 
their estimated service life. If this is done properly, layers with a shorter service life are 
easier to reach, increasing the efficiency of future refurbishments. 

Are element components durable? The materials’ resistance to everyday wear 
and tear or the damage of repeated disassembly determine the viability of their reuse. 
Therefore, components with a longer service life are preferred. This is closely connected 
to people’s appreciation and the aesthetic value of materials. 

All 22 criteria have been adopted to evaluate the adaptability and versatility of buildings 
in multiple case studies. They have been tested in the context of renovation and new 
construction projects (Debacker et al., 2015), during design evaluations (Deprins, 2015) as 
well as to assess temporary urban interventions (Selleslag, 2016). Although these case 
studies have demonstrated the usefulness of these criteria to advise designers on the 
adaptability and versatility of design proposals, it is essential that they are further refined, 
validated and benchmarked. They have been criticised for several reasons: some of the 
criticism is criterion-specific, such as the possibly conflicting interpretations of the 
criterion Unified, which may advocate compactness but threatens well-being at the same 
time. Other criticism has been more strategic, such as the redundancy of the criteria 
Reversibility and Demountability (Deprins, 2015). 

Until the assessment matrix has been validated, it seems advisable to interpret the 22 
criteria as design guidelines. In this respect, they already proven to be useful during the 
dissemination of Design for Change to designers and investors (Debacker et al., 2015). 
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3. Challenges and opportunities for transformable building 

Our built environment is not only driven by changing needs. It also deals with the cost to 
fulfil those requirements. Although designers and project owners have shown great 
interest in strategies such as transformable building, a stakeholder survey and various 
publications indicate that they fear an initial cost increase. 

3.1. A stakeholder survey 

Since the 1960’s, various design concepts and strategies have been developed to facilitate 
future changes (Kendall & Teicher, 2000). Nevertheless, Design for Change is still 
restricted to small-scale and specific projects such as temporary office buildings like the 
XX office in Delft (Post, 2012), the LUMC Research Centre in Leiden (Leupen et al., 2005) 
or the university hospital Inselspital in Bern (Heijne & Vink, 2005). To identify the 
impediments of a wider implementation of Design for Change, a qualitative survey of 
Belgian designers, contractors and producers was held in 2013 (Vandenbroucke et al., 
2013). Based on the outcomes of this survey, four trends can be discerned. 

First, it can be noted that Design for Change is unknown in contemporary 
architectural practice. Successful applications are not disseminated and designers have 
insufficient conceptual and practical knowledge about it. Consequently, several 
interviewees maintain the perception that transformable building would restrict the 
designer’s freedom and result in inferior architectural quality. 

Second, designers mention that tools to quantify the adaptability of buildings 
and evaluate their long-term impact are not manageable. Furthermore, Design for 
Change may seem an unrealistic goal as requirements and standards might evolve in the 
most unlikely ways. Moreover, it is feared that thinking about future needs will increase 
the complexity of the design and construction process. 

The third trend is that, considering the existing building stock which is not 
conceived to deal with change, contractors and designers feel that current approaches to 
renovate for change are inconvenient. Additionally, they believe that increasingly 
demanding requirements and conventional construction products and techniques impede 
the realisation of adaptable buildings. 

As a fourth and final trend is that, although each of the 54 questioned 
stakeholders acknowledges one or more advantages of transformable building, 44% 
indicate an initial cost increase as a major impediment for the implementation of 
transformability. This higher investment cost is thus the most often cited obstacle. 
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3.2. A current state of affairs 

In reaction to the identified impediments for implementing Design for Change, the 
second research project commissioned by OVAM aimed to narrow the gap between 
theory and practice (Debacker et al., 2015). To this end, it examined and developed the 
common language presented above, improved and refined the existing assessment 
matrix and provided consultancy to ongoing design project. Furthermore, a qualitative 
analysis of exemplary buildings was conducted. The findings of this analysis are 
illustrative of the state of affairs of Design for Change. 

Based on a comprehensive list of projects that are exemplary for Design for Change, four 
buildings have been selected and analysed in detail: the residential complex Sterrenveld, 
the Grundbau und Siedler apartment building, the hospital AZ Groeninge, and the 
modular construction system LLEXX. An analysis of these buildings showed that several 
criteria for Design for Change are already put into practice and demonstrated an added 
value for designers, manufacturers and users. At the building level, both adaptable and 
versatile projects exist. For example, the hospital AZ Groeninge, situated in the Belgian 
city Kortrijk, can be extended and reused in the future. Its load bearing structure is 
multipurpose and can support an additional storey, whereas its generous spaces can 
accommodate a vast range of functions. At the element level, prefabricated and 
demountable construction systems are found. For example, LLEXX is a kit-of-parts 
system that, using reversible connections and compatible components, facilitates the 
reuse of complete building elements or individual components of school buildings, offices 
and workspaces. In contrast to these promising projects, the conducted analysis also 
revealed several impediments. For example, the reuse of second-hand materials receives 
little attention because designers, manufacturers and constructors only have limited 
knowledge about it (Debacker et al., 2015). 

Moreover, during this qualitative analysis it was observed that Design for Change in 
general and transformable building in particular are rarely pursued because of the 
resource efficient material management they enable. Instead, Design for Change is 
mostly adopted to make buildings more resilient and because financial benefits are 
expected (Debacker et al., 2015). Life cycle cost analyses and case studies conducted 
earlier could demonstrate those benefits for buildings that are altered regularly (Paduart, 
2012; Debacker et al., 2015; Galle, Vandenbroucke et al., 2015). Nevertheless, to refute the 
argument that increased investment costs are the greatest obstacle to implement 
transformable building, its financial feasibility should be investigated further. 
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3.3. A financial SWOT analysis 

As an introductory step towards greater insight into the financial feasibility of 
transformability, a specific literature study was conducted (Galle, De Troyer et al., 2015). 
By reviewing six publications related to Design for Change, we could formulate 14 
hypotheses, each stating a strength, weakness, opportunity or threat. 

Each of the reviewed publications tackles the financial aspects of transformable buildings 
from a particular perspective, including policy-making (Hemans & Damen, 1997), design 
theory (Durmisevic, 2006), construction practice (Crone et al., 2007; Pollution Prevention 
Program Office, 2008), and engineering research (van den Thillart, 2002; Paduart, 2012). 
From this review, over 200 arguments were collected and organised in a SWOT matrix, 
distinguishing internal (i.e. strengths and weaknesses) from external (i.e. opportunities 
and threats) arguments and helpful (i.e. strengths and opportunities) from harmful (i.e. 
weaknesses and threats) ones. Next, the collected and categorised arguments were 
summarised in 14 hypotheses (see Figure 1.4). In the following paragraphs, each 
hypothesis will be discussed and completed with references to ongoing discussions in 
practice, policy and research. Although this review is not comprehensive, it does take a 
broad perspective and therefore fits its introductory purpose. 

 

longer service lives and lower life cycle costs 
increased market value 

technical feasibility 

higher investment and life cycle costs 
counter-productive innovation risks 
resistance to reuse 

STRENGTHS WEAKNESSES 

OPPORTUNITIES THREATS 

changing needs and continuous alterations 
sustainability evaluations and policy measures 

complementary innovation  
solid sector structure and scale 

few innovation incentives for constructors 
inert construction sector structure and scale 
strongly intervening government 
persistence of change 

 

Figure 1.4 SWOT analysis of financial aspects of transformable building 

After the explorative literature review, over 200 arguments were summarised in 14 hypotheses 
stating a financial strength, weakness, opportunity or threat for transformable building. 
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Strength 1 
Adaptability results in longer service lives and lower life cycle costs 

The adaptability of transformable buildings is expected to facilitate future alterations, 
extend the functional service life of buildings and trigger the reuse of the elements they 
are composed of. At the building level, future alterations will be less invasive, resulting in 
more efficient, effective and cheaper refurbishments. Moreover, building owners and 
facility managers are likely to take advantage of this adaptability by constantly 
optimising the performance of the building and balance operational costs and market 
demands (Crone et al., 2007, pp. 11, 26). In addition, Hemans and Damen (1997, p. 9) 
expect reduced maintenance and reparation costs as demountability simplifies regular 
inspections. At the element level, transformability also simplifies the purposeful 
disassembly of building components. These components can be sold, repaired and 
reused. Taking into account the growing interest in second-hand markets, the residual 
value of components could generate actual gains (Pollution Prevention Program Office, 
2008, p. 2). Moreover, if elements are not reused, the option to disassemble them can 
result in purer and therefore cheaper waste flows (Crone et al., 2007, p. 118). 

Strength 2 
Transformable buildings have a higher market value 

In their report, Hemans and Damen (1997, pp. 39, 81, 84) expect that the extended service 
life and reduced life cycle costs of a transformable building will be reflected in its market 
value. Although market valuation studies have hardly been conducted, other authors also 
state that the added value of transformable building might persuade private owners, 
banks and other investors. Therefore, two arguments can be distinguished. The first 
argument relates the added value of transformable buildings to the guaranteed 
functionality throughout their service life. This idea is supported by the economic 
principle of open market valuation: the more users a building can appeal to, the greater 
the interest to rent or buy it, and the more it will be worth. The second argument 
acknowledges the added value created during the generally long design and construction 
process. If buildings are transformable, some decisions can be postponed and prospective 
users can change their mind. Such changes are not uncommon but very costly in 
conventional construction practice. 

Strength 3 
Transformable building is technically feasible 

In the reviewed publications, multiple prototyping and experimental case studies are 
discussed. They demonstrate that it is conceptually, technically and organisationally 
possible to realise transformable buildings. Transformability is rarely high-tech. 
Nevertheless, the case studies do acknowledge that alternative construction techniques 
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are not well-known to architects and that prefabrication or mass customisation may have 
to be adopted to attain a cost optimal design and construction process. Consequently, 
the considered publications frequently point out that a well-thought planning, monitoring 
and marketing of the case studies could have resulted in a higher economic viability. In 
addition to these reservations, the discussed experiments also provide valuable advice 
and confirm that it is important to set reasonable targets. Indeed, when future alterations 
are not expected it might be disadvantageous to build in a transformable way, as the 
findings of earlier life cycle assessments have already shown (Galle, Vandenbroucke et al., 
2015; Vandenbroucke et al., 2015). 

Weaknesses 1 
Transformable building raises investment and life cycle costs 

In contrast to the above-mentioned strengths, the large-scale implementation of 
transformable building may be hampered by higher investment costs. Because this 
sustainable building strategy is not yet common, practitioners fear additional costs to 
develop alternative design solutions, customise building elements or elaborate new 
construction details. Additionally, as a consequence of disassembling and reinstalling 
building elements during the building’s future refurbishments, the share of labour in the 
overall life cycle cost is expected to increase (Paduart, 2012, pp. 257, 279, 282). Because 
labour is very expensive, this might undo the savings related to material reuse. 
Accordingly, the second Design for Change research project concluded that the evolution 
of labour and material prices as well as the technical feasibility of component disassembly 
will ultimately determine the economic viability of transformable building (Debacker et 
al., 2015). Moreover, several case studies have pointed out that also other expenses such 
as transport, storage and equipment costs should be carefully controlled (Crone et al., 
2007). For that reason, it might be useful to review the sector’s knowledge about 
prefabrication, mass customisation and open system building that was acquired during 
the early years of Open Building (De Troyer & Sarja, 1998; Sarja, 2002, 2003), especially in 
the light of emerging technologies such as building information modelling (BIM) and 
additive manufacturing (3D printing). 

Weaknesses 2 
Building innovations entail counter-productive risks 

As for each innovation, the transition towards Design for Change is accompanied by 
uncertainties. New concepts cannot immediately reach a broad market and could fail 
rather than become profitable. These uncertainties might be reflected in product 
developers charging their clients higher prices. For example, ground-breaking Belgian 
constructors like Skilpod, NewCraft and LLEXX have to make large investments but are 
insecure about their market share. To keep their business economically viable, they are  
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forced to ask prices that exceed the market value of their products. During the early 
development stages, they therefore rely on clients that are looking for distinctive 
advantages in a building, such as adaptability and long-term value. Nevertheless, this 
economic reality is an important weakness for the marketing and widespread use of 
demountable building elements. Furthermore, if transformable building relies on 
industrialised production processes or prefabrication to reduce initial investment costs, it 
will be subject to longer production chains. Though, the longer the chain, the higher the 
economic risks and the associated fail costs (van den Thillart, 2002, p. 27). 

Weaknesses 3 
Resistance to reuse hampers second-hand material markets 

In addition to the above-mentioned product and process-related weaknesses, 
transformable building there is another feeble point of transformable building: people 
have to be willing to reuse buildings, elements and materials. Most reviewed publications 
note a general resistance of clients and contractors to use second-hand components. 
They mention three crucial factors. First, various ‘soft’ factors cause reclaimed materials 
to be perceived as low-value and low-quality alternatives. This is confirmed by the 
Belgian architectural office ROTOR, which in reaction created the website Opalis 
disseminating information about reclaimed components and their resellers (ROTOR et 
al., 2015). Second, there is a lack of technical knowledge and there are no shared 
experiences or legal grounds for the use of second-hand materials yet. Although some 
authors point out that salvaged materials offer low-cost options, others argue that 
product warranties, quality control systems and sustainable supply chain models are 
essential if reuse is to be turned into an actual advantage. A third barrier for reuse in 
practice is the unstable supply of second-hand materials. These factors combined, it can 
be concluded that simply designing demountable buildings is not sufficient to complete 
the transition towards Design for Change. 

Opportunity 1 
Constantly changing needs involve continuous building alterations 

Many advantages in the reviewed literature refer to the main premise of Design for 
Change: our increasingly fast-changing lifestyles and requirements. The opportunity that 
this creates is twofold. On the one hand, the reviewed literature formulates opportunities 
at the level of the individual users. For example, an adaptable house is advantageous for 
people that prefer to stay within their familiar habitat even if their requirements have 
changed. To them, transformability offers affordable refurbishment options. On the 
other hand, there are also opportunities for society as a whole. For example, the aging of 
our population, decrease in family sizes and emergence of new housing forms all result in 
changing requirements for our buildings. An adaptable and thus resilient building stock 
allows building owners, investors and governments to respond efficiently to these 
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society-wide trends. Moreover, as the real estate market is characterised by demand-side 
substitution (i.e. the fact that a significant group of consumers is willing to move) 
investors eager to profit from this, are pushed towards quality and differentiation. For 
them too, transformable building could be a valuable opportunity. 

Opportunity 2 
Sustainability evaluations and policy measures form an important incentive 

Another important premise of transformable building is the resource-efficient material 
management it facilitates. The associated environmental savings have already been 
demonstrated by Debacker (2009), Paduart (2012) and Vandenbroucke et al. (2015). In the 
reviewed literature three financial opportunities relate to these environmental savings. 
First, increasing material prices and waste treatment costs could be an important 
incentive to reduce demolition waste. However, according to Hemans and Damen (1997, 
p. 68), a widespread implementation of demountable building requires unprecedented 
cost increases. As a second opportunity, a growing interest from architects and designers 
in second-hand materials could be attributed to a growing demand for sustainability 
certification such as LEED (Pollution Prevention Program Office, 2008, p. 43). Third, tax 
deductions or subsidies that take into account the value of existing buildings and their 
materials as well as the way they are recovered and possibly donated to a non-profit 
organisation is an opportunity to raise awareness of the environmental benefits 
generated by transformable building (Pollution Prevention Program Office, 2008, p. 4). 

Opportunity 3 
Design for Change requires complementary innovation 

Since risks and increased development costs are associated with the transition towards 
Design for Change, complementary innovation is essential. For example, the circular 
economy with a growing share of product-service systems could be a viable business 
model for demountable building products. In addition, three other innovations can be 
identified as an opportunity for transformable building, and vice versa. First, innovation in 
tendering and procurement is cited as a necessity to valorise the long-term advantages of 
transformable building. In this respect, Hemans and Damen (1997, p. 15) propose turnkey 
or design-build-maintain contracts as opportunities for Design for Change. Second, 
innovation in investing strategies and building management is needed, as Crone et al. 
(2007, p. 76) conclude from a series of Dutch pilot projects. Design for Change could, for 
example, facilitate new ownership concepts like renting a support while buying an infill or 
buying a support and leasing an infill. Finally, Hemans and Damen (1997, p. 38) state that 
innovation in policy is also required to encourage sustainable choices and reduce the 
associated risks for construction companies. This could be realised through the 
participation of local governments or governmental corporations in innovative 
construction projects. 
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Opportunity 4 
Solid sector structure and scale facilitate innovation 

Although some authors of the considered publications state that the construction sector 
is reluctant to embrace innovation, other authors point out that it has the proper 
structure and scale to gradually adopt transformable building. The construction sector, 
including designers, manufactures and construction firms, is a stable sector with ample 
experience and a constant turnover. It typically consists of numerous, differently sized 
individual entities. Consequently, the failure of individual initiatives will not destabilise 
the industry as a whole. In addition, the growing renovation segment is identified as an 
extensive opportunity for transformable building, not only because refurbishments are 
illustrative of our changing requirements but also because they generate opportunities to 
introduce new concepts and building products. Belgian policy-makers are well aware of 
this and in 2014 launched a call for living labs about innovative energy renovation 
concepts for dwellings. Among the 10 projects that were awarded funding, two take 
modular building and lifelong living as one of their starting points (WTCB, 2014). 

Threat 1 
Constructors and investors have few incentives to innovate 

Although transformable building could bring immediate as well as long-term advantages, 
these strengths are not self-evident. Three aspects were encountered that might 
constitute a threat. First, during an interview with the construction sector’s 
representative it became clear that individual constructors have little economic space or 
incentive to switch to new construction techniques and promote them to clients and the 
architects they work with (Ramaekers, 2013). Additionally, most building owners and 
investors are not interested in the way their building is realised (Hemans & Damen, 1997, 
p. 78). For them, when they select the constructors they plan to hire, what matters is the 
end result and price. Moreover, although transformable building has the potential to 
appeal to a broad user base including investors in various sectors, aspects such as location 
and surrounding facilities remain the basic determinants for an asset’s market value and 
profitability (Hemans & Damen, 1997, p. 4). Therefore, transformable building and Design 
for Change will have to continue to promote and demonstrate their potential to provide 
adaptable, resilient and thus valuable and sustainable assets. 

Threat 2 
The construction sector is characterised by an inert structure and scale 

The structure of the construction sector is regularly reported to be a threat for the 
implementation of Design for Change. The arguments that were found in the reviewed 
literature are mostly subjective and rarely based on observations. Nevertheless, three 
issues continue to feed the negative perceptions about the sector. First, it is stated that 
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the construction sector is a conservative, closed, protectionist and cost-oriented industry. 
Hemans and Damen (1997, p. 19) for example, write that the industry’s representatives 
tend to slow down innovative frontrunners to keep the peloton together. Second, they 
note that conventional construction methods have been optimised over such a long 
period that it is hard to realise significant financial savings with alternative methods 
(Hemans & Damen, 1997, p. 80). Third, the Life Cycle Construction Resource Guide 
mentions that a few specialised retail yards are insufficient to establish a market of 
demountable and reclaimed building materials (Pollution Prevention Program Office, 
2008, p. 21). To remedy this, the construction sector should be expanded with numerous 
new and possibly specialised actors (Van Dyck et al., 2016). 

Threat 3 
Strongly intervening governments restrict the take-up of transformability 

Although governments can play an important role in supporting innovation, the pilot 
projects realised in the Netherlands demonstrated that strongly intervening governments 
might also impede the breakthrough of transformable building. Two situations illustrate 
this insightfully. First, according to Hemans and Damen (1997), a forced cooperation 
between stakeholders or their top-down coordination will not generate any long-term 
success. The projects they report on showed, among other things that patents could not 
be obtained after public development processes and that commercial price setting was 
restricted because actual costs had been openly discussed. Second, interventions of 
governments at market level through subsidies or regulatory pressure tend to unbalance 
the cost-quality proportion of building products or systems (van den Thillart, 2002). As a 
result, new products are marketed with a quality that consumers are not willing to pay for 
once subsidies are discontinued. This lack of open market development is a threat to the 
up-take and long-term viability of transformable building. 

Threat 4 
Persistence of change 

As a final thought, Hemans and Damen (1997, p. 69) note that change might be more 
persistent than one can imagine. Therefore, it is important to emphasise once again that 
the goal of Design for Change is not to preview expected evolutions but to anticipate and 
enable qualitative and efficient building alterations. 
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4.  Discussion 

After situating transformable building as a particular design and construction strategy 
under the umbrella of Design for Change, presenting the ideas from which it originated 
and its current state of affairs, the review of six relevant publications allowed us to 
formulate 14 hypotheses about the financial feasibility of transformable building. After 
all, this feasibility is the most cited impediment for the widespread implementation of 
transformable building. Among the hypotheses, several contradictions can be found, two 
of which confirm the necessity to gain further insight into the financial consequences of 
this strategy. 

First, the extended service life of buildings and components and the reduced life 
cycle costs are confronted with possibly higher investments and even higher life cycle 
costs. Although transformable building enables less invasive refurbishments and the 
reuse of building components, the related savings will have to outweigh the increased 
development costs and expensive labour costs to disassemble and reconstruct building 
them. Although earlier assessments already studied this contradiction (Paduart, 2012; 
Galle, Vandenbroucke et al., 2015), an appropriate life cycle costing method is still 
missing. Such a method should accurately reflect the financial effects of the reuse of 
demountable building components and truthfully consider the complex service life of 
such components. 

Second, although transformable building is technically, organisationally and 
conceptually possible, the development of demountable and generic building elements is 
associated with important financial risks. Therefore, it is necessary to be able to explore 
the advantages of production strategies such as prefabrication, mass customisation and 
open system building. Furthermore, it should be possible to calculate the gains that new 
technologies such as building information modelling or additive manufacturing bring and 
the earnings that alternative business models generate. These insights are necessary to 
improve transformable design choices, convince investors and move transformable 
building from being merely technically feasible to actually financially viable. To acquire 
these insights, new service life models and suitable assessment methods are 
indispensable. 

Both contradictions are only based on the summarising hypotheses deduced from a 
specific and incomprehensive literature review. Nevertheless, they confirm that current 
insights in the financial consequences of transformable building are insufficient to 
accelerate or sustain the transition towards Design for Change. 



  

Chapter 1. Building for a changing future  |   43 

Reviewed literature 

Crone J., Cüsters J. and SEV Realisatie. (2007). Leren door demonstreren: de oogst van 
zeven jaar industrieel, flexibel en demontabel bouwen. Rotterdam: SEV realisatie. 

Durmisevic E. (2006). Transformable building structures: design for disassembly as a way to 
introduce sustainable engineering to building design and construction (doctoral 
thesis). Technische Universiteit Delft, Delft. 

Hemans M. and Damen A. (1997). De marktpotentie van IFD-bouwen voor de Nederlandse 
bouwindustrie, beleidsrapportage. Rotterdam: Damen Consultants. 

Paduart A. (2012). Re-design for change: a 4 dimensional renovation approach towards a 
dynamic and sustainable building stock (doctoral thesis). Vrije Universiteit 
Brussel, Brussels. 

Pollution Prevention Program Office. (2008). Lifecycle construction resource guide. Atlanta: 
United States Environmental Protection Agency. 

van den Thillart C. (2002). Consumentgerichte industrialisatie in de woningbouwsector: 
virtuele kits als instrument voor benchmarking, variantvorming en selectie 
(doctoral thesis). Technische Universiteit Delft, Delft. 

 

References 

Billiet L. and Ghyoot M. (2012). Glaswol. A+, (236), 78–79. 

Billiet L., Ghyoot M. and Gielen M. (2012). Gipsplaten. A+, (234), 86–87. 

Crone J., Cüsters J. and SEV Realisatie. (2007). Leren door demonstreren: de oogst van 
zeven jaar industrieel, flexibel en demontabel bouwen. Rotterdam: SEV realisatie. 

Crowther P. (1999). Design for disassembly to recover embodied energy. In Proc. of the 
16th Int. Conf. on Passive and Low Energy Architecture. Melbourne. 

De Temmerman N., Alegria Mira L., Vergauwen A., … De Wilde W. P. (2012). 
Transformable structures in architectural engineering. High Performance 
Structures and Materials VI, 457–468. 

De Troyer F. and Sarja A. (1998). Industrialized building: a review of approaches and a 
vision for the future. Open and Industrialised Building, E & FN Spon, London. 

De Wilde W. P. and Hendrickx H. (2002). Solutions derived from natural processes 
harmonizing nature and material culture. In P. Pascolo (Ed.), Proc. of the 1st Conf. 
on Design and Nature. Southampton: WIT Press. 



44   |   Scenario based life cycle costing 

Debacker W. (2009). Structural design and environmental load assessment of multi-use 
construction kits for temporary applications based on 4Dimensional design 
(doctoral thesis). Vrije Universiteit Brussel, Brussels. 

Debacker W., Galle W., Vandenbroucke M., … De Weerdt Y. (2015). Veranderingsgericht 
bouwen: ontwikkeling van een beleids-en transitiekader. Mechelen: Openbare 
Vlaamse Afvalstoffen Maatschappij. 

Deprins L. (2015). Analysing the transformability degree in Design for Change (master 
thesis). Vrije Universiteit Brussel, Brussels. 

Durmisevic E. (2006). Transformable building structures: design for disassembly as a way to 
introduce sustainable engineering to building design and construction (doctoral 
thesis). Technische Universiteit Delft, Delft. 

EEA. (2012a). Signals: Building the future we want. Luxembourg: European Environment 
Agency, Publications Office of the European Union. 

EEA. (2012b). The European environment 2010: state and outlook material resources and 
waste. Luxembourg: European Environment Agency, Publications Office of the 
European Union. 

EEA. (2015). The European environment 2015: state and outlook (Synthesis report). 
Luxembourg: European Environment Agency, Publications Office of the 
European Union. 

Eijkelenburg A. and Van de Velde P. (2013, October). Ontwerp van het beleidsprogramma 
‘Materiaalbewust bouwen in kringlopen’, het preventieprogramma duurzaam 
materialenbeheer in de bouwsector 2014-2020. Presented at the Public Waste 
Agency of Flanders OVAM, Mechelen. 

Galle W. (2013). Transform. In 7x5. 35 jaar opleiding ingenieur-architect aan de Vrije 
Universiteit Brussel (1979-2014). Brussels: Department of Architectural 
Engineering, Vrije Universiteit Brussel. 

Galle W., De Troyer F. and De Temmerman N. (2015). The strengths, weaknesses, 
opportunities and threats of open and transformable building related to its 
financial feasibility. In Proc. of the Int. conf. the Future of Open Building. Zürich: 
ETH-Zürich. 

Galle W. and Herthogs P. (2015). Veranderingsgericht bouwen: gemeenschappelijke taal. 
Mechelen: Openbare Vlaamse Afvalstoffen Maatschappij. 

Galle W., Vandenbroucke M. and De Temmerman N. (2015). Life cycle costing as an early 
stage feasibility analysis: the adaptable transformation of Willy Van Der 
Meeren’s student residences. Procedia Economics and Finance, 21, 14–22. 



  

Chapter 1. Building for a changing future  |   45 

Hawken P., Lovins A. and Lovins L. (2010). Natural capitalism: the next industrial revolution 
(Rev. ed. 10th anniversary edition). London: Earthscan. 

Heijne R. and Vink J. (2005). Flex-buildings, designed to respond to change. In B. Leupen 
& J. Van Zwol (Eds.), Time-based architecture: architecture able to withstand 
changes through time (pp. 58–67). Rotterdam: 010 Publishers. 

Hemans M. and Damen A. (1997). De marktpotentie van IFD-bouwen voor de Nederlandse 
bouwindustrie, beleidsrapportage. Rotterdam: Damen Consultants. 

Isaacs K. (1974). How to build your own living structures. New York: Harmony Books. 

Kendall S. and Teicher J. (2000). Residential open building. London: Spon Press. 

Leupen B., Heijne R. and Zwol J. V. (Eds.). (2005). Time-based architecture: architecture 
able to withstand changes through time. Rotterdam: 010 Publishers. 

Lommée T. (2009). Open structures. Retrieved May 2016, from openstructures.net. 

OVAM. (2010). Bedrijfsafvalstoffen productiejaar 2008. Mechelen: Openbare Vlaamse 
Afvalstoffen Maatschappij. 

Paduart A. (2012). Re-design for change: a 4 dimensional renovation approach towards a 
dynamic and sustainable building stock (doctoral thesis). Vrije Universiteit 
Brussel, Brussels. 

Paduart A., De Temmerman N., Trigaux D., … Servaes R. (2013). Casestudy ontwerp van 
gebouwen in functie van aanpasbaarheid: Mahatma Gandhiwijk Mechelen. 
Mechelen: Openbare Vlaamse Afvalstoffen Maatschappij. 

Paduart A., Elsen S. and De Temmerman N. (2015). DynStra Dynamic reuse strategies for 
the retrofitting of post-war housing in Brussels. Brussels: Innoviris. 

Pollution Prevention Program Office. (2008). Lifecycle construction resource guide. Atlanta: 
United States Environmental Protection Agency. 

Post. (2012). XX Architecten. Retrieved from http://xxarchitecten.nl. 

Ramaekers G. (2013, August 27). Interview. 

ROTOR. (2009). Pré-étude en vue de la création d’une filière des matériaux de 
déconstruction en économie sociale. Brussels: ROTOR. 

ROTOR, Seys S., Billiet L., … Ghyoot M. (2015). Vade Mecum pour le réemploi hors-site. 
Brussels: Brussels Environment. 

Sarja A. (2002). Integrated life cycle design of structures. London: Spon Press. 

Sarja A. (2003). Open and industrialised building. Abingdon: Routledge. 

Schwehr P. and Plagaro Cowee N. (2011). Resonance based design method for preventive 
architecture learning from evolutionary principles and their key success factors. 



46   |   Scenario based life cycle costing 

In Proc. of the Joint Conf. of CIB W104 and W110 on Architecture in the Fourth 
Dimension. Boston: International Council for Research and Innovation in Building 
Construction. 

Selleslag I. (2016). The Dynamic Design Matrix as a tool for the analysis and design of 
temporary uses (master thesis). Vrije Universiteit Brussel, Brussels. 

SERI. (2009). Overconsumption? Sustainable Europe Research Institute. 

Spence R. and Mulligan H. (1995). Sustainable development and the construction 
industry. Habitat International, 19(3), 279–292. 

Thomsen A., Schultmann F. and Kohler N. (2011). Deconstruction, demolition and 
destruction. Building Research & Information, 39(4), 327–332. 

Thormark C. (2002). A low energy building in a life cycle: its embodied energy, energy 
need for operation and recycling potential. Building and Environment, 37(4), 429–
435. 

van den Thillart C. (2002). Consumentgerichte industrialisatie in de woningbouwsector: 
virtuele kits als instrument voor benchmarking, variantvorming en selectie 
(doctoral thesis). Technische Universiteit Delft, Delft. 

Van Dyck L., Van Eynde S. and Bachus K. (2016). Quickscan van jobpotentieel van een 
circulaire economie in Vlaanderen. Mechelen: Openbare Vlaamse Afvalstoffen 
Maatschappij. 

Van Meerbeeck C. (2016, May). DTZ Property Times Brussels office Q2 2015. Retrieved 
May 2016, from 
researchcentral.co/dtz/2015/7/26/Jxcm75RE3jXSLgJa2ZtxyZ/#page_12. 

Van Meerbeeck C. and O’Neill S. (2012). Belgium secondary markets H1 2012. Brussels: 
DTZ Research. 

Vandenbroucke M., De Temmerman N., Paduart A. and Debacker W. (2013). 
Opportunities and obstacles of implementing transformable architecture. In 
Proc. of the Int. Conf. on Sustainable Building. Guimarães: University of Minho. 

Vandenbroucke M., Galle W., De Temmerman N., … Paduart A. (2015). Using life cycle 
assessment to inform decision-making for sustainable building. Buildings, 5(2), 
536–559. 

Wassenberg F. (2011). Demolition in the Bijlmermeer: lessons from transforming a large 
housing estate. Building Research & Information, 39(4), 363–379. 

Watkins E., Hogg D., Mitsios A., … Van Acoleyen M. (2012). Use of economic instruments 
and waste management performances: final report. Brussels: European 
Commission. 



  

Chapter 1. Building for a changing future  |   47 

WEF. (2016). Intelligent assets: unlocking the circular economy potential. Cowes: Ellen 
MacArthur Foundation and World Economic Forum as Part of Project 
MainStream. 

Weterings R., Bastein T., Tukker A., … de Ridder M. (2014). Resources for our future: key 
issues and best practices in resource efficiency. Amsterdam: University Press. 

Woodford K. and Kuljanin M. (2012). Occupier perspective office review Europe. Brussels: 
DTZ Research. 

WTCB. (2014). Vlaams kennisplatform woningrenovatie. Retrieved May 2016, from 
wtcb.be/homepage/index.cfm?cat=projects&proj=26. 

 



2.0   |   Scenario based life cycle costing 

  



  

 
 

 

Chapter 2. 
Towards scenario based life cycle costing 

Life cycle costing is a suitable point of departure for the present research. On the one 
hand it is a well-known analysis method and on the other a versatile analysis framework. 
Both characteristics will facilitate the introduction of features that are essential for 
acquiring enhanced insight in the financial feasibility of transformable building. 

This chapter introduces first the conceptual, procedural and practical principles of life 
cycle costing. Thereafter, it sketches the delineation of the present research by referring 
to ongoing trends in the long-term evaluation of design choices. Subsequently, it defines 
the present research’s ambitions, goals and deliverables. 
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1. Life cycle costing as a point of departure 

Life cycle methods, including life cycle costing, “have been generally accepted within the 
research community as a legitimate basis to compare competing alternatives” (Cole & 
Sterner, 2000, p. 368). Why life cycle costing is also a legitimate point of departure for the 
present research is discussed in the following introduction. 

1.1. A well-known analysis approach 

Life cycle cost analyses study long-term costs and revenues. They allow to look beyond 
the investment cost as the sole financial criterion and make better informed decisions. 
According to Cole and Sterner, life cycle costing “was first developed in the mid-1960s to 
assist the US Department of Defence in the procurement of military equipment” (2000, p. 
369). Later, in the 1970s, it was used to evaluate the yield of competing measures to 
increase the energy efficiency of buildings. Today, life cycle cost analyses are used to 
assess the effectiveness of competing measures to reduce buildings’ environmental 
impact (Delem & Vrijders, 2009; Hofer et al., 2010; Torriti, 2012; Debacker et al., 2013). 

Corresponding to the various motivations to conduct life cycle cost analyses, different 
definitions have been adopted. Barringer refers for example to the adage “it’s unwise to 
pay too much, but it’s foolish to spend too little,” as the “operating principle of life cycle 
costing” (Barringer, 2003, p. 2). Clift and Bourke (1999) state that life cycle costing 
“involves the systematic consideration of all relevant costs and revenues associated with 
the acquisition and ownership of an asset” (Cole & Sterner, 2000, p. 369). On their turn, 
Bartlett and Howard (2000, p. 319) describe life cycle costing as “a tool to assist in 
assessing the cost performance of construction works, aimed at facilitating choices where 
there are alternative means of achieving the client’s objectives, and where those 
alternatives differ not only in their initial costs but also in their subsequent operational 
costs”. In any case, life cycle costing is relevant during building development as well as 
estate management as is explained in the applicable ISO 15686-5 standard (2008, p. viii). 

Regularly a distinction is made between life cycle costing and whole life costing. While 
the first is limited to construction costs, the latter includes also non-construction costs 
and eventual revenues (Kohler et al., 2010). The European Task Group on life cycle costing 
nuances however that whole life costing is often used to describe the same as life cycle 
costing (Task Group 4, 2003). They notice that “the expression whole life costing is more 
commonly used in UK, essentially to describe the life cycle of a building” (2003, p. 4). 
“Internationally it appears that life cycle costing is used for both a building and a material” 
they complete (Ibid.). Howsoever, because the scope of a life cycle cost analysis might be 
different for every project, the European Task Group interprets life cycle costing in the 
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first place as a versatile analysis framework. This interpretation is maintained throughout 
the present research. 

According to Cole and Sterner (2000, p. 370) the theoretical basis for life cycle costing is 
well developed. To prove this they refer to publications on life cycle costing by Flanagan 
et al. (1989), Bon (1989) and Kirk and Dell’Isola (1995). This list can be completed with the 
work of for example Bull (1993) and Dhillon (2010, 2013) who focus on life cycle costing in 
construction and engineering. In these publications the conceptual and procedural 
principles of life cycle costing are extensively discussed. Nevertheless, Scharnhorst et al. 
(2004, p. 147) state that “life cycle costing continues to be an emerging field”. Although 
“the importance of addressing the economic dimension in addition to the environmental 
and social dimensions is now broadly accepted, there are still intensive discussions going 
on, addressing how the scope, boundaries and modelling choices should be selected” 
they explain (Ibid.). Consequently, life cycle costing has not yet become common 
practice. 

Furthermore, there is little legislation that requires life cycle costing. The European Task 
Group reported however that many public procurement directives promote life cycle cost 
analyses (Task Group 4, 2003). For example in the United Kingdom and Germany 
government departments are required to report on the estimated operation and 
maintenance costs of new projects. Further, Finland, Sweden, Ireland, Luxemburg and 
The Netherlands developed a policy or guidelines on life cycle costing. If this already led 
to thorough implementation of life cycle cost analysis is nevertheless unclear. 

1.2. A versatile analysis framework 

Although the theoretical basis for life cycle costing is well developed, it is not a strict 
analysis method. Because it exists of a series of conceptual and procedural principles it is 
possible to interpret it as a versatile framework. Reviewing different publications, the 
most important principles are introduced below. 

a) The basic concepts 

A life cycle approach implies that all relevant and significant costs and gains that occur 
during the asset’s service life are considered (ISO, 2008). They include construction, 
operation and decommissioning. However, unlike the description might suggest life cycle 
costing is not just summing all relevant costs. Different alternatives might entail costs 
that occur at a different moment in time. For example, one component might require 
yearly repairs while the alternative one needs to be replaced every so many years. If the 
sum of all repair and replacement costs would be the same during a certain period, both 
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components would seem equally cost-effective. Yet, the latter component will be 
preferred because of two economic principles. First, while spending money to yearly 
repairs, the opportunity to invest that money and let it grow is foregone. This desire to 
postpone expenses and advance earnings is known as people’s time preference and 
relates to the opportunity cost of money (Guth, 2009). Second, in case the alternative 
component could be replaced by a cheaper one in the future, continuously repairing the 
first one would have been an unnecessary expense. This relates to the principle of risk and 
lost aversion (Bull, 1993). 

To make intertemporal choices like the problem presented above, a single value criterion 
remains useful (Barringer, 2003). Therefore, the standard measure of an alternative’s life 
cycle cost is its net present value . This is the sum of all relevant costs weighted to 
their moment of occurrence . Practically, each cost’s present value  is achieved after 
discounting its current value  at a real discount rate   (equation (2.2). Subsequently, all 
present values are summed and multiplied by their quantity  using equation (2.1). 
Thereupon, the alternative with the smallest net present value is preferred. 

= ( , ) (2.1) 

( , ) = ++  (2.2) 

 

A positive discount rate corrects not only for time preference or risk and loss aversion but 
also for endowment and other psychological factors reflecting our behaviour (Frederick et 
al., 2002). Consequently, the real discount rate  is often interpreted as a model 
parameter for uncertainty and as a minimum investment premium over and above the 
inflation and real growth rate  (Ellingham & Fawcett, 2006; DLMC, 2007). The relevance 
of discounting is discussed in insight 1, p. 82. How the real discount rate relates to the real 
and nominal growth rates and to the inflation rate  is discussed in insight 4, p. 282.  

Because their moment of occurrence plays an important role when costs are discounted, 
simulating the life cycle of the building and its elements is of great importance. This is 
known as service life modelling. According to the applicable ISO standard 15686-1, each 
model should describe all building interventions as well as their timing (ISO, 2000). How 
far ahead should be planned is however project dependent. The standard on life cycle 
costing explains: “the period of analysis should be based on the client's requirements, 
which may be over the life cycle of the asset” (ISO, 2008, p. 17). It suggests different issues 
that can be taken into account, for example “the period of foreseeable need or 
occupation of the constructed asset”, “a period determined by a contractual liability” or 
simply “a standard investment-analysis period” (Ibid.). 
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b) The common procedure 

In the Davis Langdon report (DLMC, 2007) a common procedure for life cycle costing is 
proposed. The authors of this report recognise that “life cycle costing is applied in various 
ways and with differing parameters across the EU” (DLMC, 2007, p. 1).  Because a single 
prescriptive methodology would therefore not be appropriate, they provided “a 
methodological framework for the common and consistent application of life cycle 
costing” (Ibid.). The proposed procedure identifies 15 steps and provides practical 
guidance for each of them (Figure 2.1). Throughout the present research this method is 
adopted. How this is done is introduced below and detailed in the following chapters. 

Step 1. 
Identify the purpose of the life cycle cost analysis 

First, the purpose of life cycle costing needs to be identified to understand the analysis’ 
applicability and that of its outcomes. In the present research, life cycle costing is used as 
a comparative analysis for informing clients and designers about the long-term feasibility 
of transformable design alternatives. Consequently, the outcomes should demonstrate in 
absolute and relative numbers the initial and long-term competitiveness of each 
transformable alternative compared to a conventional equivalent. 

Step 2.   
Identify the scope of the life cycle cost analysis 

Second, defining the analysis’ scope will support in achieving the purpose. According to 
the common method this includes the identification of “the stage(s) in the asset life cycle 
at which it is undertaken, the boundaries of the analysis and whether there are any 
specific inclusions or exclusions” (DLMC, 2007, p. 13). Simultaneously, data requirements 
are formulated. For the evaluation of transformability’s feasibility, a three-level hierarchy 
is adopted wherein building elements are the basic entity (cf. chapter 7). 

Step 3. 
Identify the extent to which environmental analyses relate to life cycle costing 

“Life cycle costing practitioners widely accept that the environmental impact associated 
with constructed assets can be significant and should always be considered” states the 
Davis Langdon report (2007, p. 17). This is particularly true for transformable building that 
finds its reason of being in the resource efficiency it entails. The resulting environmental 
savings have already been demonstrated by Paduart (2012), Debacker et al. (2015) and 
Vandenbroucke et al. (2015). The insight their life cycle assessments brought will be taken 
into account during the life cycle cost analyses in the present research. 
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Figure 2.1 Common life cycle costing procedure 

The common procedure for life cycle costing proposed in the Davis Langdon report takes 15 steps. 
Because of its generality it provides a suitable point of departure for the present research. 
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Step 4. 
Identify the period of analysis 

Thereafter, the period of analysis should be defined. This is discussed above, but the 
common method completes: “the selected analysis period can have a fundamental 
impact on the outcome of a life cycle costing exercise and it is essential that the 
appropriate consideration is given to it” (DLMC, 2007, p. 20). Indeed, selecting a longer 
period could increase the uncertainty as long-term impacts are increasingly difficult to 
preview. The related risks should be understood and accounted for, for example with the 
uncertainty analysis techniques presented in the next section of this chapter. 

Step 5. 
Identify the need for additional uncertainty analyses 

“The fact that life cycle costing is concerned with predicting future costs and activities 
means that an element of risk will almost always be built into the calculations. It is 
therefore important that clients are made aware of this issue and of the steps that can be 
taken to quantify and in some cases mitigate the risks” states the common method 
(DLMC, 2007, p. 26). During the assembly of cost and time data in chapter 4 uncertainties 
are identified and appropriate measures are formulated. 

Step 6. 
Identify project requirements 

Before developing and analysing alternative design choices, the project requirements 
should be clearly identified. This allows developing equivalent alternatives, which is of 
great importance as explained in chapter 7. In addition to technical requirements, the 
common method states that also functional, environmental and process related 
characteristics can be part of the identified requirements. Where information would be 
incomplete, assumptions should be communicated and verified (DLMC, 2007). 

Step 7. 
Design alternatives to be included in the analyses 

Considering the comparative purpose of the proposed life cycle cost analysis, different 
alternatives need to be designed including conventional as well as transformable 
equivalents. These alternatives can be defined at building level (e.g. different plan lay-
outs), at element level (e.g. conventional and demountable wall assemblies) and at 
material level (e.g. reusable and recyclable materials). “Good alternatives for life cycle 
costing require creative ideas” writes Barringer (2003, p. 9). Therefore, designers and 
advising engineers should play a prominent role in life cycle costing. 
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Step 8. 
Assemble cost and time data 

For each design alternative, relevant prices need to be collected and service lives have to 
be modelled. As the common method explains “there is currently no universally accepted 
international cost breakdown structure for either capital or life cycle costs” (DLMC, 2007, 
p. 41). Therefore, taking into account some principles of environmental life cycle 
assessments, chapter 4 proposes an assembly of life cycle stages, interventions and cost 
categories that allows structuring the required data of both conventional and 
demountable building elements. 

Step 9 & 10. 
Verify data and review risk strategy 

Life cycle costing is an iterative process wherein the collected data and developed 
alternatives can be reviewed and adjusted wherever necessary. The common method 
formalises this in steps 9 and 10. In step 9 the collected cost and time data is reviewed 
after all preparations have been made. In step 10 the way that data will be processed is 
questioned and additional uncertainties are defined. Accordingly, also the features 
presented during the present research have been developed in an iterative way.  

Step 11. 
Perform required net present value calculations 

Bringing together all input, the net present value of each alternative can be calculated. 
Therefore, a spreadsheet environment within Microsoft Excel® has been developed, 
allowing an automation of the life cycle cost calculations with Visual Basic® scrips as is 
explained in chapter 7. To make this possible for transformable building elements new 
features had to be developed. They include geometric discounting (chapter 5) and an 
analytical life cycle costing method (chapter 6). 

Step 12 & 13. 
Carry out detailed uncertainty analyses  

Subsequently, the uncertainties considered in step 5 have to be verified. Therefore, 
sensitivity analyses and probabilistic Monte Carlo simulations can be conducted. Their 
results support the final decision by confirming earlier findings or by guiding towards 
optimised design alternatives. Both techniques, introduced further in this chapter, are 
widely known but rarely used. The common method relates this finding to a lack of 
practical experience and of insight in “the level of risk the organisation can tolerate” 
(DLMC, 2007, p. 57). 
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Step 14 & 15. 
Interpret and present the results 

After the life cycle and uncertainty analyses the outcomes have to be interpreted and 
“discussed with the client upon their presentation” (DLMC, 2007, p. 65). Therewith, 
specific reference can be made to the objectives determined in the first steps and to the 
techniques and measures selected in step 5 and implemented in steps 12 and 13. 
Exemplary analyses of transformable building choices are presented in chapter 8. 

From this brief presentation it might be clear that the common procedure proposed in the 
Davis Langdon report allows taking into account the specificities of each project, the 
diversity of alternatives and the amount of available data. Moreover, it gives a clear role 
to the client during the first and last steps as well as to the involved designers during the 
development of the alternatives, data collection and interpretation of the results. Both 
characteristics will be important to integrate the features that are developed further in 
the present research and are essential for evaluating the financial feasibility of 
transformable buildings. 

c) The calculation techniques 

At the core of the common method for life cycle costing lay the net present value 
calculations. After all, life cycle costing is a tool to quantify costs. Three types of analyses 
are generally distinguished, each having its own purpose and advantage (Barringer, 2003). 

When the cost and time data used during the net present value calculations exists of 
expected values, a deterministic approach is taken. This is the most common and 
straightforward approach, but does not allow to identify the uncertainty and risk related 
to the assumptions that have to be made during service life planning and discounting. 
The outcomes of deterministic calculations can be interpreted in various ways. The Davis 
Langdon report presents five different interpretations (DLMC, 2007). Which interpretation 
is the most suitable depends on the identified purpose and scope. 

  First, the Pay Back period is “the measure of how long it takes to recover initial 
investment costs” (DLMC, 2007, p. 24). It is a useful basis to evaluate investment 
alternatives that bring continuous incomes, but ignores eventual costs and savings that 
occur later during the period of analysis. 

Second, the Net Benefit or Net Saving is the present value of benefits or savings 
of an alternative less its additional investment cost. “It provides a measure of cost-
effectiveness” (DLMC, 2007, p. 24) and can be directly obtained by subtracting the 
alternative’s net present value from a reference’s one. 
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Third, the Savings to Investment Ratio is the present value of benefits or savings 
of an alternative divided by its additional investment cost. Also this interpretation of the 
calculated net present value is a measure of cost-effectiveness and can be used to 
prioritise different alternatives (DLMC, 2007). 

Fourth, the Adjusted Internal Rate of Return expresses the yield of an additional 
investment cost over the period of analysis. If the yield is expressed on a yearly basis the 
considered alternative can be easily compared to for example government bonds or the 
selected discount rate (DLMC, 2007). 

Fifth, the Annual Equivalent Value is the alternative’s net present value divided 
by the duration of the period of analysis. According to the Davis Langdon report it can be 
used when comparing alternatives for which one meaningful period of analysis is difficult 
to determine (DLMC, 2007). 

When further in the present research, in particular during the case study in chapter 8 the 
life cycle cost of transformable buildings and building elements will be discussed this will 
be done by referring either to their net present value or to their net benefit. In the latter 
case, a comparison will be made with an equivalent conventional alternative. The net 
benefit can consequently be presented in absolute and relative terms. Other 
interpretations of the calculated net present value are less relevant. The objective of the 
life cycle cost analyses is after all to identify the feasibility of transformable building 
rather than its yield. 

“For life cycle costing to become widely accepted, concerns about uncertainties in 
forecasting must be overcome” concludes the European Task Group on life cycle costing 
in their report (Task Group 4, 2003, p. 21). “These uncertainties must be reduced, either 
through the collection of more reliable information or the development of more reliable 
predictive models, or must be accommodated within the system by enabling the level of 
risk to be quantified” they explain (Ibid.). Because reliable data about transformable 
buildings and elements is not always available (cf. chapter 4) and the future of a building, 
in particular a transformable one, cannot be predicted, priority is given to the latter 
suggestion of the Task Group. 

To enable the level of risk to be quantified, uncertainty should be acknowledged explicitly 
during life cycle cost analyses. To a certain extend this can be done through discrete 
what-if and continuous sensitivity analyses (Clemen and Reilly, 2013). During these 
analyses assumptions are reviewed and model parameters are varied between 
predetermined bounds. Monitoring how the resulting net present value consequently 
changes allows determining the relative effect of the studied parameters. As a result, 
“analysts can identify some subset of model variables that exert significant influence on 



62   |   Scenario based life cycle costing 

model results and determine break-even points that alter the ranking of considered 
options” explains the Davis Langdon report (DLMC, 2007, p. 48). Such uncertainty 
analyses provide thus important insights to those “who are rightly sceptical” about “even 
the most careful and judicious deterministic analyses” (DLMC, 2007, p. 48). As will be 
illustrated during the case study, these insights steer iteratively design improvements and 
allow the well-considered implementation of transformable building elements. 

Although what-if and sensitivity analyses are useful to identify critical model parameters, 
they have “limited effectiveness in providing a comprehensive sense of overall 
uncertainty” (DLMC, 2007, p. 31). Though they acknowledge the range over which model 
parameters can vary, they do not reveal their probability. How certain or uncertain a 
resulting net present value is remains in other words unknown. In contrast, probabilistic 
analyses reveal their likelihood. Therefore, they follow the following procedure, known as 
Monte Carlo simulations (Marshall, 1988). First, probability distributions are assigned to 
one or more input variables (cf. insight 2, p. 86). A sample of variables is accordingly 
generated (cf. insight 3, p. 87) and the alternative’s net present value is calculated. The 
sampling and calculating are repeated until the required level of reliability is achieved. 
After aggregating all calculation outcomes the result is a probability distribution of the 
alternative’s net present value and a cumulative graph showing the chance that the net 
present value does not exceed a certain level (DLMC, 2007). After comparing the 
statistical figures of the alternative design choices, such as the mode, mean and standard 
deviation of the net present value, stochastic dominance can be determined and the 
related risks discussed. The most favourable alternative can then be chosen depending on 
the designer’s and owner’s risk attitudes (Marshall, 1988). 

Many types of probability distributions can be assigned to the input variables. For 
example uniform distributions consider each value between a defined minimum and 
maximum value equally probable. Triangular distributions consider a linearly growing 
probability between a defined minimum and the most expected value and a linearly 
decreasing probability until a defined maximum. Both distributions can be used when 
data is less detailed or based on expert input, for example a Delphi study. Alternatively, 
normal distributions can be built when the expected value and the population’s standard 
deviation are known from for example historical data. Related to this, the Davis Langdon 
report warns that “the robustness of the outputs is directly related to the robustness of 
the probability distributions” and that “it is therefore essential that the results are 
interpreted in the context of the data used” (DLMC, 2007, p. 32). 

Probabilistic analyses are widely discussed, for example by Björklund (2002) and 
Chouquet et al. (2003), but few practical examples are known. Marshall cites in this light 
Seldon (1979, p. 163) who wrote about a nondeterministic approach for life cycle costing:  
“its variable output is harder to understand, it is more costly to set up and operate, and its 
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answer is often unwelcome. Few managers want to tell their supervisor or their customer 
that a project is risky or an estimate uncertain. Thus, although it is possible to construct 
probabilistic models that are intellectually satisfying and mathematically rigorous, most 
life cycle costing models are deterministic”. On his turn Marshall (1988, p. 71) counters 
the cited arguments with the observation that “increasing education in these techniques” 
and “the increased availability, decreased cost, and better understanding of computers 
and applied software” make it gradually more feasible to perform probabilistic analyses. 

The four presented analysis techniques, i.e. deterministic, what-if, sensitivity and 
probabilistic analyses, can be combined taking into account the specific purpose and 
scope as well as the available of cost and time data. Therewith, existing literature 
provides sufficient guidance and makes the necessary reservations. With the present 
research, this series of analysis techniques will be extended with several new features. 

1.3. A suitable point of departure 

Because life cycle costing combines conceptual and procedural principles in a generic way 
it can be adjusted and extended to fit a particular goal and scope. In the light of an 
enhanced insight in the long-term consequences of transformable building three 
discussions illustrate the framework’s relevance. 

First, construction costs represent only a small percentage of the total costs incurred in 
assets. ”Over a 40 year life cycle of a typical office building, the cost of people to process 
information (salaries, benefits etc.) have been estimated in the order of 92% of the total 
costs incurred in an office, the operating, maintenance and replacement costs 
approximately 6 to 8%, and the remaining 2% for the cost of the building itself” state Cole 
and Sterner (2000, p. 369). Nevertheless, although their direct cost is small, initial design 
choices determine to a large extent the asset’s life cycle costs: the durability of materials 
determines how often they need to be maintained and replaced, a building’s versatility 
determines how efficiently its use can be reorganised and its transformability facilitates 
future refurbishments. Because life cycle costing includes also the latter impacts, it allows 
gaining insight in the long-term consequences of transformable design choices.  

Second, “life cycle cost analyses are most typically used to ascertain the most cost-
effective strategy amongst a range of competing options” state Cole and Sterner (2000, p. 
370). Nevertheless, building as cost-effective as possible is not transformability’s goal. Its 
environmental and social advantages, facilitating alterations and maximising the 
building’s quality and value over time are its rationale. Therefore, transformability’s  
financial feasibility is aspired: only with a minimal increase of the initial and long-term 
costs transformability’s sustainable and social advantages are likely to be exploited. 
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Because the different interpretations of the life cycle cost analyses’ outcomes allow 
gaining insight in short and long-term costs, the competitiveness of transformable 
building strategies can be easily verified. 

The minimal acceptable cost increase is furthermore dependent on the project’s specific 
context. Amongst other factors, it is related to the project’s ambitions as well as the 
clients’ willingness to take a financial risk. Risk or “the probability of investing in a project 
that will have a less favourable economic outcome than what is desired or from what is 
expected” results from the uncertain assumptions that have to be made during service life 
planning, discounting and calculating life cycle costs (Marshall, 1988, p. 2). After all, the 
future cannot be predicted. Because the different uncertainty analyses presented above 
are a well-known feature of the existing life cycle costing framework, this framework is 
particularly suitable for studying the feasibility of transformable buildings that have a 
service life that is even more uncertain than that of conventional ones. 

Although its holistic perspective makes life cycle cost analysis particularly suitable to 
study the feasibility of transformable building, various aspects such as the specific scope, 
boundaries and modelling choices are not yet provided by the adopted framework 
(Scharnhorst et al., 2004, p. 147). They are developed and discussed further in the present 
research. 
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2. Ongoing trends in the life cycle assessment of design alternatives 

Simultaneously with an increasing interest in life cycle costing, three other tendencies in 
the long-term evaluation of the built environment are noticed. Before the present 
research develops new features for the life cycle costing of transformable building is 
argued how it differentiates from or aligns itself with those trends. 

2.1. Increasing interest for reuse and recycling  

Following their concern about the environmental impact of buildings, many researchers 
show a growing interest in the reuse and recycling of building components (Sassi, 2008; 
Thomsen et al., 2011). Their publications report for example on studies about the 
disassembly of residential building (Diyamandoglu & Fortuna, 2015) or student housing 
and offices (Boyd et al., 2012) as well as about the reuse potential of lumber and 
hardwood (Bergman et al., 2011) or concrete panels (Huuhka et al., 2015). To evaluate the 
effectiveness and feasibility of those alternative end-of-life options these researchers 
assessed the related impacts in environmental and financial terms. 

Boyd et al. (2012) estimated for example that the reuse and recycling of building 
components can result in a reduction of greenhouse gas emissions of 50% compared to 
their demolition. The cost per saved tonne greenhouse gas, varying between 889 and 
1.744 dollar in case of reuse or recycling is however much higher than that of “a typical 
energy efficiency project” varying around 100 dollar (Boyd et al., 2012, p. 398). 
Nevertheless, Boyd et al. admit that indirect environmental benefits of reuse and 
recycling such as avoided groundwater contamination, resource depletion or air pollution 
are not yet included in their evaluations. 

At their turn Diyamandoglu and Fortuna (2015) report after the comparisons they made 
that recycling results in the highest reduction of greenhouse gas emission, but reuse 
brings the highest savings in energy consumption. Moreover, their figures point out that 
disassembly doubles the resale value of salvaged materials and can halve the cost of 
purchasing equivalent materials. Consequently, they conclude that disassembly “can be a 
cost effective and environmentally beneficial process in regions with an existing resale 
market, especially if high value materials are adequately removed and salvaged using low 
impacting processes” (Diyamandoglu & Fortuna, 2015, p. 29). 

With these and other studies, for example in the light of a circular economy, “numerous 
tools for modelling waste management have been developed” write Diyamandoglu and 
Fortuna (2015, p. 22). The key is however to facilitate reuse and recycling and turn 
potential savings into an actual gain. Multiple researchers already revealed a variety of 
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aspects that are critical for a feasible deconstruction and reuse. Those aspects include 
technical as well as legislative issues (Chini, 2001; Hobbs & Hurley, 2001; Addis, 2006) and 
are intertwined with  initial design choices (Crowther, 1999; Durmisevic & Brouwer, 2002; 
Thormark, 2006; Debacker et al., 2015). Nevertheless, a bold question by Dorsthorst and 
Kowalczyk (2002, p. 65) remains pertinent and unanswered: “almost everything is 
dismantable (sic.) with the current techniques, but will it be economically profitable?”  

From the studies presented above the importance of reusing and recycling components 
might be clear. Nevertheless, those studies’ focus on reuse and recycling tells only half of 
the story. Among other aspects, design choices are of great importance too. Therefore, 
the present research takes a life cycle perspective wherein the initial, operational and 
end-of-life costs are included. It aims for a comparison of competing design choices that 
entail not only a different end-of-life but a completely different service life. 

2.2. Growing integration of financial and environmental assessments 

Although “life cycle costing has a much longer history than environmental life cycle 
assessments” and “theories and techniques for performing life cycle cost analyses are 
well developed, its application in the building sector remains limited” state Cole and 
Sterner (2000, p. 368). Nevertheless, “whereas the research community and 
manufacturers are concerned with quantifying and profiling environmental 
consequences, building design practice requires that choices also be set within a cost 
framework” they emphasise (Ibid.). In reaction, the integration of financial and 
environmental life cycle evaluations is increasingly often discussed and studied 
(Scharnhorst et al., 2004). These studies occur in various fields such as the automotive 
industry (Hoogmartens et al., 2014) as well as in construction (Andreas et al., 2007; Delem 
& Vrijders, 2009; Allacker, 2010; Debacker et al., 2010; Allacker et al., 2011; Swarr et al., 
2011; Paduart, 2012; Paduart et al., 2013). 

When life cycle costing and life cycle assessments are used in parallel but with little 
integration this “causes double work in data acquisition and a lack of consistency of the 
underlying analyses' scopes” and limits consequently “the significance of the analysis 
results” argue Bierer et al. (2015, p. 1). Therefore, various research projects have worked 
on an integrated assessment tools. For example “a new tool called ENVEST has been 
developed by BRE to bring the simultaneous assessment of cost and environmental 
impact into the earliest stages of the design process” (Bartlett & Howard, 2000, p. 320). Or 
the tool “CILECCTA and its underlying LCC+A approach allow the modelling of both 
economic and environmental aspects in a single model” (Kroepelien & Eek, 2013, p. 21).  
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After all, various similarities between life cycle costing and environmental life cycle 
assessments encourage their integration: both have a similar purpose, consider the 
impacts of an assembly of components, and address those components’ full life cycle 
(Kotaji et al., 2003; Hoogmartens et al., 2014). Also the international standard on life cycle 
costing  anticipates an integration and discusses how under the label of whole life costing 
externalities such as environmental damage, social advantages, functional efficiency and 
user satisfaction can be internalised (ISO, 2008). Furthermore, the authors of the Davis 
Langdon report (DLMC, 2007) encourage a relation with environmental life cycle 
assessments from the third step of the common method they propose. Nevertheless, 
they state, like König and De Cristofaro (2012), that it is not generally feasible to merge 
completely life cycle costing and environmental life cycle assessments.  

Because the tendency towards a growing integration of financial and environmental 
evaluations requires further experience, the present research gives priority to the 
challenging lack of insight in the financial feasibility of transformable buildings noticed 
during the explorative literature review presented in the previous chapter. Nevertheless, 
the aim is to be as generic as possible and develop life cycle modelling and costing 
techniques that are independent from the considered cost category. An integration of 
environmental or other costs is thus not elaborated or verified, but neither excluded. 

2.3. Advancing acknowledgement of uncertainty 

Since life cycle costing, and in particular discounting and service life planning require 
projections into the future, “speculation of future changes” is unavoidable, warn Cole and 
Sterner (2000, p. 370). This speculation introduces “uncertainty regarding future payment 
flows, the development of expenditure and income, as well as any development in the 
value of money” (Girmscheid, 2008, p. 2). For quantifying and understanding the related 
risks probabilistic analyses are proposed increasingly often. Monte Carlo simulations are 
for example integrated in the risk-based life cycle costing tool that was developed during 
the EuroLifeForm research project (Clift, 2003). “The approach is innovative in that it 
utilises a stochastic whole life cycle cost model in conjunction with a series of 
deterioration analysis algorithms and a decision support application to assist in 
optimising the whole life cycle costing design process” emphasise the developers 
(Kirkham et al., 2004, p. 1). 

Although the risk that results from uncertain speculations of future changes is 
acknowledged in probabilistic life cycle cost analyses, still “it is assumed that the first 
decision is repeated like-for-like throughout the study period” notice Kroepelien and Eek 
(2013, p. 29). “This is unrealistic” they say, “some alternatives can be expected to 
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disappear during the service life, and new ones become available” (Ibid.). In reaction, the 
analysis tool developed during the CILECCTA research project considers a set of ‘options’ 
that can be selected during future interventions (Fawcett et al., 2011). Subsequently, the 
tool runs Monte Carlo simulations wherein at each intervention a random sample of 
model parameters is generated and the option with the most advantageous ‘option value’ 
(e.g. the sum of all future net present values weighted according to their probability) is 
selected (Ellingham & Fawcett, 2006). After sufficient simulations, the resulting net 
present value distribution can be compared to that of a different set of alternatives. This 
way, the CILECCTA tool allows comparing conventional building strategies to 
transformable ones (Fawcett et al., 2012). 

The option based approach of the CILECCTA tool shows nevertheless several 
disadvantages. First, at each life cycle intervention the tool considers the most cost-
effective option. Though, when studying transformable buildings or elements their 
feasibility is of importance. Second, only continuous input variables and uncertainties can 
be modelled. In contrast, transformable buildings have a complex service life with a 
variety of cost types and with interactions amongst different life cycle intervention (cf. 
chapter 4 and chapter 5). Third, a range of option based case studies show that modelling 
more than three option is practically impossible while transformable buildings can change 
in countless ways (Greden, 2005; Zhao & Tseng, 2007; Tseng et al., 2009; Clifford et al., 
2010; Espinoza, 2011; Pellegrino et al., 2011; Van Reedt Dortland et al., 2013). In 
conclusion, the service lives of transformable buildings do not lend themselves to be 
translated into the existing formulas of an option based analyses. As a result, it proves to 
be extremely difficult to use option based life cycle costing to study their long-term 
impact (Vimpari & Junnila, 2015). 

Following the previous observation, the present research steps back from an option 
based approach in favour of deterministic and probabilistic life cycle cost analyses. 
Because life cycle costing is a generic framework and hosts a variety of analysis 
techniques, it can be related more easily to the complexity of transformable buildings 
than option based evaluations. 
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3. Goal and scope of scenario based life cycle costing 

What is needed is “a platform for consideration of flexible strategies in which the 
specifications can change during a building’s service life” (Fawcett et al., 2012, p. 547). 
Therefore, the goal of the present research is to develop a financial assessment method 
that better fits the dynamic nature of transformable buildings by adopting ‘scenarios’. 

3.1. State of the affairs 

Few life cycle assessments of transformable buildings have already been conducted. 
Three case studies are particularly interesting. They have been completed in the context 
of advice- and policy-oriented research projects and profited from a close collaboration 
between researchers, designers and users. Thanks to that collaboration, different 
shortcomings were revealed, occasionally undermining the relevance of the assessments. 

The first assessment considered the new construction of the social housing 
neighbourhood Mahatma Ghandi, located in the city of Mechelen and designed by KPW 
Architecten for the social housing company Mechelse Goedkope Woning (Paduart et al., 
2013). To evaluate the long-term advantage of using demountable and reusable instead 
of conventional walls, this study involved environmental and financial life cycle 
assessments and simulated the recurrent merging and splitting of apartments (cf. chapter 
6). With the introduction of such transformations the researchers and designers gained 
understanding of the added value of using demountable elements compared to 
conventional ones. It was however impossible to compare the analysis outcomes to other 
design measures such as the building’s versatility and to relate the presupposed 
transformations to changing user requirements. Consequently, it remained difficult to 
appraise the outcomes’ representativeness. 

The second case considered the transformation of Van Der Meeren’s student residences, 
located at the Vrije Universiteit Brussels’ campus Etterbeek, commissioned by the 
university’s project office (Galle et al., 2015; Vandenbroucke et al., 2015). To evaluate the 
long-term advantage of a transformable renovation compared to a series of conventional 
renovation or reconstruction strategies both environmental and financial life cycle 
assessments were conducted. Supported by what-if analyses considering a minimum, 
average and maximum number of future refurbishments the variability of each strategy’s 
impact could be discussed. The transformable renovation strategy performed the worst in 
case of an average number of refurbishments. How likely an average number of 
refurbishments is and the probability of the related outcome could however not be 
determined. Nevertheless, this insight would have been of great interest when 
formulating the final advices. 
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The third study considered the renovation of the HoZe apartment block designed by KPW 
Architecten after a competition launched by the Flemish Society for Social Housing 
VMSW (Debacker et al., 2015). With the use of life cycle assessments this study evaluated 
the environmental and financial feasibility of reusable building elements. The 
assessments’ outcomes showed that the long-term advantages are different for each 
element and depend largely on the assumed number of future refurbishments. Therefore, 
an exploration of a differentiated use of demountable elements was conducted. It 
pointed out that a combination of conventional and demountable building elements 
could minimise the initial cost increases without undoing all life cycle savings. 
Nevertheless, this study’s report states that a series of more and less realistic service lives 
should be developed before such partial use of demountable elements can be evaluated. 
Moreover, “uncertainty about physical, financial and environmental data” should have 
been considered to confirm the developed advices (Debacker et al., 2015, p. 165). 

For each of the three projects the mentioned critiques result from discussions with the 
designers, investors or users. From their comments it was concluded that the detail and 
accuracy of the assessments’ outcomes or formulated advices were often in contrast to 
their general and strategic questions. Therefore, connection has to be sought between 
the life cycle assessments and the interests of designers and investors. 

3.2. Problem statement and research question 

Earlier studies revealed how a weak relation between life cycle costing and the designers’ 
insight reduces the relevance of the analyses’ outcomes. In reaction, the present research 
will study how the analysis outcomes can be related to the designers’ insight and the 
investors’ and users’ interests with the use of the business strategy ‘scenario planning’. 

Like all owners, eventually represented by their designers, “governments are increasingly 
focusing on achieving better value from constructed assets” conclude the authors of the 
Davis Langdon report (2007, p. 3). “With this has come a recognition that better value 
does not mean lowest capital cost alone. Instead, the focus has shifted to the evaluation 
of all the costs and impacts of operating constructed assets over their life cycle, and to 
minimising both the life cycle costs and the environmental impact” they continue (Ibid.). 
Today, various life cycle methods claim to be a legitimate basis for such evaluations, 
amongst them life cycle costing (Cole & Sterner, 2000). Indeed, life cycle costing allows a 
holistic evaluation wherein the effects of element reuse, recycling and residual value are 
included. It allows the internalisation of externalities such as environmental and social 
costs. And it acknowledges explicitly uncertainty about model parameters and data with 
the use of what-if, sensitivity and probabilistic analyses. 
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Although the theoretical basis for life cycle cost analyses is well developed and suits the 
current focus on long-term value, in practice it fails to inform designers, investors and 
users in an adequate way (Flanagan et al., 1989; Cole & Sterner, 2000). The earlier case 
studies on transformable building could confirm this (Paduart et al., 2013; Debacker et al., 
2015; Galle et al., 2015). Those cases showed that the main hindrances for the analyses’ 
relevance include first the inability to acknowledge architectural qualities such as 
versatility, cultural or historical value and their influence on the building’s service life, 
second the assumption that the building’s performance is unchanged during the period of 
analysis which contrasts the dynamic nature of transformable buildings, and third the 
modelling of constantly recurring interventions maintaining no relation with the changing 
needs transformable building anticipates. In reaction, the two first aims are formulated. 

Aim 1. 
Integrate the dynamic service life of transformable buildings 

For bringing relevant analysis outcomes and design advices, it is important to go beyond 
the constant building performance and recurring interventions that are conventionally 
modelled during life cycle cost analyses. For that reason, the dynamic nature of 
transformable buildings and their complex service lives should be integrated in the 
analyses. Service life models should therefore describe how a building is altered in 
reaction to changing requirements or standards, and take into account the possible 
alterations the building facilitates or the designers previewed. During the elaboration of 
these models, the insights of designers, investors and users should be taken into account. 
As a result, a strong relation between their interests and the analyses can be established. 

Aim 2. 
Establish a structured relation with the designers’ interests 

Although life cycle costing is no exact but an applied science adapted to the particular 
goal and scope of each project, the integration of the insights of designers, investors and 
users about the service life of a building has to be established in a structured way. On the 
one hand this facilitates the management, processing and interpretation of input and 
output figures. On the other hand this allows reproducing and reviewing outcomes and 
eventually refining the analyses. Moreover, a structured relation with the designers’, 
investors’ and users’ interests is particularly important because architectural qualities and 
their effect on the building’s service life are not easily expressed in numerical terms. 

Further, for long time investors used to consider that most risk is related to the 
construction of a building (Clift 2003 p. 38). Risks result indeed from the uncertainty about 
for example ground and weather conditions, or resource prices and availability. 
Nevertheless, since the time investors have been funding projects in new forms like public 
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finance initiatives, their awareness has grown that there is even greater uncertainty about 
the operational stages of buildings. Should they for example anticipate rising vacancy 
rates or increasingly often refurbishments? Together with the understanding that 
buildings have a major impact on valuable material flows and on our vulnerable 
environment, such questions made grow investors’ interest in the building’s complete life 
cycle and life cycle cost analyses. 

Nevertheless, as the future becomes increasingly uncertain now technology and life-
styles are chanting faster than ever, it might seem impossible, if still relevant, to model 
with increasing complexity the service life of a building and simply prefer the design 
alternative with the lowest life cycle cost. Therefore, De Temmerman et al. (2012) 
propose to anticipate uncertainty instead of minimising it. Particularly through 
transformable design choices that facilitate future alterations, buildings can be adapted 
in an efficient and effective way “according to changing circumstances” and “to meet 
rapidly evolving needs” (De Temmerman et al., 2012, p. 458). Modelling only the most 
expected service life is consequently of little interest when assessing the feasibility of 
transformable building. Therefore, a third research aim is formulated. 

Aim 3. 
Evaluate the robustness of design choices 

Because a building’s future cannot be predicted it is important to evaluate the robustness 
in addition to the size, variability and probability of its life cycle cost. Therefore, not the 
most probable or expected service life but different and diverse service lives have to be 
developed and evaluated. Moreover, each evaluation has to relate in a structured way to 
the designers’ interests and integrate the dynamic service life of transformable buildings. 
In other words, an uncertainty analysis that is complementary to sensitivity and 
probabilistic analyses is aimed for. 

Considering the need for a structured relation between the life cycle cost analyses and 
the design as well as the need for more realistic uncertainty analyses, the business 
strategy ‘scenario planning’ arouses the interest. Diverse scenarios or ‘imaginable futures’ 
could be built from the proposals of the involved designers and take into account the 
particular insight and experience of the investors and users. Subjecting subsequently each 
alternative to that series of scenarios would allow appraising the robustness of its long-
term impact. After such an appraisal, selecting the most robust alternative allows saying 
“I am prepared for whatever happens” after the futurist Peter Schwartz (1991 p. 6). 

Schnaars has noticed a growing interest in scenarios since “planners have recognised the 
importance of considering a number of plausible future environments […], rather than 
relying on a single forecast” (1987 p. 105). However, in construction scenario development 
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is rather rare (Goodier et al. 2010). In view of a scenario based life cycle costing method, 
the present research questions how scenarios can introduce the dynamic nature of 
transformable buildings in a structured way in life cycle cost analyses while 
acknowledging the increasing uncertainty about their future service life. Hence, an 
alternative method for conventional and option-based life cycle costing is aimed for. 

3.3. Research goal and deliverables 

When adopting scenarios for finding how robust design alternatives are, life cycle cost 
analyses contrast strikingly to their conventional counterpart. Unlike sensitivity or 
probabilistic analyses with constant parameter values throughout the period of analyses, 
transformation scenarios introduce a changing specification, altering building lay-out and 
varying element quantities in the analyses. Modelling consistently the service life of the 
considered alternatives is therefore of great importance. It is after all during those 
transformations that the potential life cycle benefits of transformable elements such as 
their reuse, recycling and residual value are turned into an actual saving or gain. 

To develop a consistent scenario based life cycle costing method several studies have 
been conducted within the present research. Each study is presented as a separate 
deliverable and corresponds to one of the following chapters. Two key principles are 
maintained throughout those studies. On the one hand, a parametric analysis method is 
aimed for. When introducing in life cycle costing the dynamic nature of a building and the 
various ways in which it can transform, the net present value calculations become 
increasingly complex. Compact spreadsheets and automated calculations are thus 
required to guarantee the feasibility of the developed method. A parametric method 
allows evaluating the life cycle cost of large series of alternatives and element instances, 
and still facilitates sensitivity and probabilistic risk analyses. On the other hand, an 
accurate analysis method is needed. Although the service life models are largely 
parametrised, the outcomes still have to correspond to the life cycle cost as if the models 
and scenarios were real. Both principles are discussed during the development of all 
deliverables, including: 

Chapter 3. 
Scenario planning in building design and life cycle assessment 

First, a broad exploration of the use of scenarios in architectural design and life cycle 
assessments is made. From that exploration a procedural framework for creating 
effective scenarios is built. The framework merges a thorough contextual analysis with 
the designers’ insight and allows envisioning the most relevant ‘imaginable futures’. 
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Chapter 4. 
Identifying life cycle costs and savings in a circular model 

Second, existing service life models are reappraised resulting in an adjusted circular set-
up. Within this set-up the financial life cycle savings of transformable buildings are clearly 
defined. These savings include the reuse of building elements, their residual value and 
their recycling during different life cycle intervention or at their end-of-life. 

Chapter 5. 
Parametric discounting of interacting interventions 

Third, the life cycle cost calculations of interacting interventions is parametrised. With the 
developed ‘geometric discounting’ technique it is possible to express an element’s net 
present value by a limited number of variables. This facilitates the assessments’ 
automation which is indispensable for evaluating the developed scenarios. 

Chapter 6. 
Life cycle cost calculations of reused building elements 

Fourth, a simple and clear calculation method is aspired to assess the large series of 
added, removed and reused elements that constitute a building and vary amongst the 
elaborated scenarios and design alternatives. After all, a single net present value per unit 
and building element can no longer be determined. 

Chapter 7. 
Modelling, characterising and analysing design alternatives 

Fifth, a protocol has been developed for describing and modelling design alternatives. It 
guarantees that the alternatives’ service lives are correctly modelled, evaluated and 
compared. To do so, it relates various element properties to calculation parameters and 
discusses the conditions under which different assumptions are valid. 

To illustrate the feasibility of scenario based life cycle cost analyses a case study is 
conducted. After developing relevant scenarios, exemplary life cycle and uncertainty 
analyses illustrate the detail and insight that can be obtained from the implementation of 
the developed deliverables. This is followed by a critical review that questions the added 
value of scenarios. Therewith, attention goes to the relation of the analyses with the 
interest of the designers, the dynamic nature of transformable buildings and their 
uncertain service life.  
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Insight 1.  
Discounting and sustainability 

During the life cycle cost analysis of building elements costs are discounted. Discounting 
corrects for time preference, risk and loss aversion, endowment and many other concepts 
reflecting our behaviour (Frederick et al., 2002). Consequently, the real discount rate  is 
often interpreted as a parameter for uncertainty and as a minimum investment premium 
over and above the real growth rate  (Ellingham & Fawcett, 2006; DLMC, 2007). 

Discounting is not only used in financial decision making such as life cycle cost analyses, 
risk-benefit analyses (Ellingwood & Wen, 2005) or portfolio management (Bon, 2001). 
Scaling costs to their time of occurrence is also applied in dynamic (Collinge et al., 2012), 
social (Wood & Hertwich, 2012), environmental (Vandenbroucke et al., 2015) and 
integrated life cycle assessments (Allacker, 2012; Simões et al., 2013). In these studies the 
considered impacts are expressed in monetary units reflecting environmental burdens 
(Allacker, 2010; Swarr et al., 2011; Paduart, 2012) or other externalities (Bachmann, 2012) 
and are discounted to take into account the time aspect. However, the appropriateness of 
discounting and the size of the discount rate are subject of an unceasing discussion as is 
illustrated by Hellweg and Frischknecht (2004) and elaborated by Deakin (1999) and 
Hellweg et al. (2003). This unsettled matter calls for transparent calculation methods, 
reproducible results and consistent uncertainty analyses. 

Norgaard and Howarth (1992, p. 89) explain: “from the perspective of a utility-
maximizing individual or profit-maximizing firm, discounting the future makes sense”. 
Because discounting is “highly descriptive of how individuals and firms behave, it has 
considerable explanatory power” (Ibid.). Consequently, they define the discount rate as 
“the return on foregone present consumption that is sacrificed to secure future 
consumption” (Ibid.). Securing future consumption is basically sustainable. However, 
“since a positive discount rate means that effectively no weight is given to resource use or 
welfare beyond a generation, discounting appears to be inconsistent with sustainability” 
(Ibid.). Or in other words: “although discounting is appropriate with respect to the 
efficient use of this generation's resources it is inappropriate when this generation is 
primarily concerned with redistributing resource rights to future generations,” Norgaard 
and Howarth conclude (1992, p. 88). 

On the other hand, although a positive discount rate is only valid in an ideal economy 
with no market failures, it allows to take into account growing prosperity (Guth, 2009, p. 
104). Perrings (1992, p. 320) explains: “the underlying assumption of the economists’ 
models (in contrast with the limits to growth models) was that increasing resource 
scarcity would always generate price signals which would engender compensating 
economic and technological developments, such as resource substitution, recycling, 
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exploration, and increased efficiency of resource utilization”. Therefore, not discounting 
at all is discouraged too. Instead Deakin (1999), Frederick et al. (2002) and Swarr et al. 
(2011) advocate a critical and project specific approach when discounting future costs. 

Norgaard and Howarth (1992) provide nevertheless a more fundamental answer to the 
dilemma between discounting and sustainability. From their theoretical and numerical 
analysis they conclude: 

“In our model and perhaps in reality, there is nothing intrinsic about economies that 
ensure that living standards will continue to improve over time or even remain at current 
levels. The future will unfold from the choices, including sacrifices, made by our ancestors 
and those we make ourselves. The ongoing discussion within the profession of economics 
and international development agencies as to whether sustainable development and 
intergenerational equity can be addressed through ad hoc manipulations of the discount rate 
are rooted in an inappropriate theoretical framing of the choices before us. Questions which 
are fundamentally matters of equity should be treated as such. If we are concerned about 
the distribution of welfare across generations, then we should transfer wealth, not engage in 
inefficient investments. Transfer mechanisms might include setting aside natural resources 
and protecting environments, educating the young, and developing technologies for the 
sustainable management of renewable resources. Some of these might be viewed as 
worthwhile investments on the part of this generation, but if their intent is to function as 
transfers, then they should not be evaluated as investments. The benefits from transfers, in 
short, should not be discounted.” 

      (Norgaard & Howarth, 1992, p. 98) 

From this conclusion can be understood that life cycle costing and discounting do allow 
studying investment problems but do not provide guidance on the distribution of 
resources to future generations. Nevertheless, to convince investors to invest in 
alternative design choices with a demonstrated environmental benefit, it is necessary to 
provide insight in the financial feasibility and risks related to those investments. For the 
transition towards such sustainable investments, life cycle costing and discounting are 
appropriate analysis tools. However, the development of these tools should always 
enable the indispensable uncertainty analyses of the selected discount rate. 
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Insight 2.  
Input probability distributions 

Uncertainty analyses are indispensable due to the model and data uncertainties inherent 
to the service life planning of buildings. Such analyses allow to gain insight in the 
variability of life cycle costing outcomes and to compare the risks that are related to each 
of the evaluated alternatives. In particular probabilistic uncertainty analyses are valuable 
as they not only return the variability of the assessment outcomes but also their 
likeliness. Therefore, Monte Carlo simulations are conducted as introduced in chapter 2. 

The first step of a Monte Carlo simulation is to identify the input variables  and assign to 
them a representative probability distribution. With this distribution, a sample of 
variables  can be determined from a series of random values  situated between 0 
and 1 (cf. insight 3, p. 87). Therefore, the distributions have to be expressed as a relation 
between  and . As an example, the two kinds of distributions used during the 
uncertainty analyses of the case study in chapter 8 are presented. 

 

The first type is a uniform distribution between  and , wherefore: 

= + ( ) (1) 

 

With  the parameter value, 
 the random generated value between 0 and 1, 

 the selected minimum value and  the selected maximum value. 

 

The second type is a triangular distribution between  and , with an expected value : 

= + ( )( )    ;   
( )( )( )    ;      (2) 

 

With  the parameter value, 
 the random generated value between 0 and 1, 

 the selected minimum value,  the maximum value and  the expected value. 
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Insight 3.  
Monte Carlo simulations in Microsoft Excel® 

As introduced in chapter 2, the second step of a Monte Carlo simulation is the generation 
of a series of random values  situated between 0 and 1. With the defined probability 
distributions this series can be translated into a sample of variables  that forms the 
input for the life cycle cost analyses (cf. insight 2, p. 86). Because the cost analyses of the 
present research are realised within the spreadsheets of Microsoft Excel® (cf. chapter 7) 
this insight section explores how to generate random values within the same software. 

The generation of random values in Excel is the subject of discussions in research as well 
as on online fora. Mélard (2014) writes that the three ways to generate random values in 
Excel witness important differences. The generator in Excel’s Analysis ToolPak® as well 
as the Rnd() function in the Visual Basic® scripting environment (VBA) he describes as 
“known to be bad” (Mélard, 2014, p. 14). In contrast, the generator “called upon by the 
RAND() function” within Excel’s spreadsheets passed Mélard’s statistical tests with 
success (Ibid.). Hence, he states: “to avoid the very bad Rnd() function, it should be nice to 
use the Excel function in VBA macros” (Mélard, 2014, p. 17). 

A simple exploration indicates nevertheless that the uniformity of the generated values 
depends on the generators’ actual implementation. When generating for example a 
uniform distribution between 1 and 4 with 22.188 simulations, the RAND() function has 
indeed the closest match with the expected distribution. This is shown in Figure 1 to 
Figure 3 and can be confirmed with the statistical figures given in Table 1. The RAND() 
function is however closely followed by the generator in Excel’s ToolPak if it is seeded 
with a Rnd() function in VBA. Worst performs the ToolPak when it is seeded with a 
combination of Rnd() functions or when it is not seeded at all. Repeating these 
explorations for 7.988 and 2.049 simulations led to the same conclusions (Table 1). 

Considering these explorations and Mélard’s findings (2014) it is chosen to generate the 
random values  immediately in the environment where they are needed. For example, 
the variable service life of a component is generated with the RAND() function in the 
spreadsheet environment, whereas a variable discount rate is generated with Excel’s 
ToolPak generator seeded with a Rnd() function in the VBA environment. This minimises 
the time to recalculate spreadsheets. Practically, within the VBA environment each 
random value  is generated as follows: 

Seed = Rnd() 

Application.Run "ATPVBAEN.XLAM!Random",ActiveCell, , , 1, Seed, 1, 3 

ui = (ActiveCell - 1) / 2 
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Figure 1 Generating a uniform distribution between 1 and 4 with 22.188 random variables  shows 
that the RAND() function in the spreadsheets has the closest match with the expected distribution. 

 

Figure 2 The cumulative distribution graph shows however that the RAND() function is closely 
followed by Excel’s ToolPak generator when it is seeded with a single Rnd() function in VBA. 

 

Figure 3 Also the difference between the expected and the generated distribution is smallest when 
the values are generated with the ToolPak and a Rnd() seed or with the RAND() function. 
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Table 1 The statistical figures of the generated distributions confirm that the RAND() function and  

the ToolPak seeded with a Rnd() function result in the most reliable output. 

 
Expected 
distribution 

RAND() 
function 
in Excel 

ToolPak, 
with Rnd() 
seed 

Rnd() 
function 
in VBA 

ToolPak, 
2*Rnd()-
Rnd() seed 

ToolPak, 
without 
seed 

       

22.188 simulations     
Rank  1st  2nd  3rd  4th  5th  
       

Mean  2,5000 2,5025 2,5044 2,4930 2,4008 2,5359 
Standard div.  0,8660 0,8666 0,8658 0,8624 0,8499 0,8203 
Variance  0,7500 0,7509 0,7496 0,7437 0,7223 0,6728 
Median  2,5000 2,5030 2,5081 2,4833 2,3516 2,5806 
CV  /   0,3464 0,3463 0,3457 0,3459 0,3540 0,3235 
       

7.988 simulations     
Rank  1st  2nd  3rd  4th  5th  
       

Mean  2,5000 2,5032 2,4950 2,4949 2,4148 2,5374 
Standard div.  0,8660 0,8689 0,8517 0,8600 0,8529 0,8190 
Variance  0,7500 0,7550 0,7254 0,7396 0,7274 0,6708 
Median  2,5000 2,4984 2,4976 2,4943 2,3754 2,5806 
CV  /   0,3464 0,3471 0,3414 0,3447 0,3532 0,3228 
       

2.049 simulations     
Rank  1st  2nd  3rd  4th  5th  
       

Mean  2,5000 2,3058 2,3547 3,0835 2,2918 2,1909 
Standard div.  0,8660 0,8610 0,8654 0,8588 0,8545 0,8222 
Variance  0,7500 0,7412 0,7489 0,7376 0,7302 0,6761 
Median  2,5000 2,5315 2,4474 2,5447 2,3155 2,5806 
CV  /   0,3464 0,3413 0,3509 0,3410 0,3576 0,3246 

 

Table 2 Given the populations’ statistical characteristics the required number of simulations  can 

be determined to attain representative samples according to a chosen confidence level and error. 

 Uniform(0,1) Uniform(1,4) Uniform(0,1) 
    

Confidence multiplier  2,58 2,58 1,96 
Relative standard error  /  0,01 0,01 0,025 
    

Mean  0,5000 2,5000 0,5000 
Standard div.  0,2887 0,8660 0,2887 
Variance  0,0833 0,7500 0,0833 
Median  0,5000 2,5000 0,5000 
CV  /   0,5774 0,3464 0,5774 
    

Sample size  22.188 7.988 2.049 
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To attain representative samples, 22.188 simulations are performed during the 
explorations above. 22.188 is the sample size  that corresponds to the 99% certainty 
that a sample’s standard error (i.e. the difference between the population’s and a 
sample’s mean) is not larger than one hundredth of the population’s mean. With the 
assumption that the standard error is normally distributed its relation with the required 
sample size  is given by the equation (Rubinstein & Kroese, 2011, sec. 1.13): 

=  (1) 

 

With   the standard error,  
 the confidence multiplier of a two tailed normal distribution, and 
 the population’s standard deviation. 

This estimate can be made because the statistical characteristics of population of  are 
known. Table 2 shows for example its standard deviation  and mean . Also for the 
uniform distribution between 1 and 4 that is studied above the population characteristics 
are known. This allows calculating that a sample size of 7.988 simulations corresponds to 
the 99% certainty that each sample’s mean is not larger than one hundredth of the 
population’s mean. The characteristics of the population of simulated life cycle costs are 
however not known. After all, those costs result from interacting model parameters and 
discrete conditions embedded in the model. They cannot be determined analytically. 
Nevertheless, it would be possible to determine iteratively the required sample size based 
on the statistical characteristics of every previous sample until the characteristics are 
stable and approach those of the population (Kroese et al., 2013; Landau & Binder, 2014). 
For the uncertainty analyses in chapter 8 a sample size of 2.049 simulations was chosen. 
This corresponds to the 95% certainty that the mean of the generated values is not larger 
or smaller than 2,5% of their population’s mean (Table 2). 
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Chapter 3. 
Scenario planning in building design 
and life cycle assessment 

Although life cycle costing offers insight in the long-term financial impact of alternative 
design choices, it has become impossible to model with reasonable certainty the service 
life of a building and its components. So what if reality diverges from the expected service 
life? What if the building is decommissioned very early or forced to accommodate new 
functions? Would the same design decisions have been made or would a futureproofed 
alternative have been preferred? 

As this small example shows scenarios allow challenging our prejudices. Therefore, this 
chapter discusses wherefrom scenario planning originates and how it appeared hitherto 
in architectural design and life cycle assessments. Thereafter, it explores how designers 
and assessors can profit from scenarios when raising awareness and creating design 
alternatives. Subsequently, a procedural framework for effective scenario development is 
proposed. 

 

 

 

 

 

 

 
 

 
 

 

 
 
Row house, Machelen aan de Leie 
Architect and owner unknown 
December 9th, 2010
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This chapter builds on earlier research presented in: 

Galle W., De Temmerman N. and De Meyer R. (2015). Scenario Modelling for life-cycle 
analyses: an explorative use of conventional 3D BIM. Presented at the Beyond BIM Open 
Symposium. Ghent: Ghent University. 
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1. Taking a scenario based approach 

When searching for futureproofed design alternatives not only the size of their life cycle 
cost is studied, also its variability is of interest. Therefore, the management strategy 
scenario planning arouses the interest. By developing divergent scenarios and subjecting 
each alternative to those imaginable futures the alternatives’ robustness can be studied 
(Courtney, 2010, p. 352). Before adopting scenarios it is valuable to understand their 
purpose and strength and to review the way they have already been used during building 
design and life cycle assessment. Therefore, this section explores the state of affairs and 
added value of a scenario based approach in both fields. 

1.1. Origin, form and use of scenarios 

Since scenario planning evolved from a military prognostication technique in the 1940s to 
a popular business strategy by the 1990s, it has been implemented in various forms and to 
various extents. However, during building design and life cycle assessment it was rarely 
adopted as is illustrated with the following literature review. 

a) Scenarios in business 

In his book The Art of the Long View futurist Peter Schwartz (1991) evokes the emergence  
of scenario planning in business. Following earlier developments during World War II, 
military strategist and system theorist Herman Kahn transformed scenario planning from 
a military organisation method into a prognostication technique at the American army. 
Later, in the early 1970s Pierre Wack and Ted Newland, both managing director at the 
Royal Dutch Shell Group, developed it further into a strategic business approach. Wack 
and Newland did so with success. With the use of the scenarios they created, both 
directors were able to make the enterprise’s executives review reality, question outdated 
assumptions and prepare for unexpected shocks. According to Wack (1985b), it were 
those preparations that allowed Shell to survive the 1973 oil crisis. Until today, the Shell 
Group employs a team of scenario planners. Their outlooks are published and made 
available to the public on a regular basis (Shell, 2016). 

“Scenarios are not predictions” emphasises Schwartz (1991, p. 4). They are in contrast 
imaginable evolutions describing subsequent events, situation or any “development from 
the present to the future” (Pesonen et al., 2000, p. 21). In that regard, evaluating scenarios 
are a particular kind of what-if analyses. Whereas conventional what-if analyses consider 
alternative model variables (cf. chapter 2), scenarios consider in addition those variables’ 
evolution over time. Therefore, “scenario writing is based on the assumption that the 
future is not merely some mathematical manipulation of the past, but the confluence of 
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many forces, past, present and future that can best be understood by simply thinking 
about the problem” explains Steven Schnaars (1987, p. 106). It is a highly qualitative 
approach that “proceeds more from the gut than from the computer” he clarifies (Ibid.). 

Like the theoretical basis of life cycle costing, the concept of scenario planning is well 
developed. During a broad literature review Bishop et al. found no less than “eight 
categories of techniques that include a total of 23 variations used to develop scenarios” 
(Bishop et al., 2007, p. 5). Moreover, the vast number of journals publishing about scenario 
planning, including Futures, Foresight, Futures Research Quarterly, Journal of Futures 
Studies and The Futurist, confirms that scenarios have become “the stock-in-trade of 
futures studies” (Bishop et al., 2007, p. 5). In addition to publications by Linneman and 
Kennell (1977), Wack (1985a, 1985b) and Schnaars (1987), one of the most cited theories is 
established by Schwartz (1991). His eight-step plan for scenario development has been 
the subject of frequent refinements for example by Korte and Chermack (2007) or 
Bradfield et al. (2016) and is also adopted in the present research. 

b) Scenarios in building design 

In contrast to its popularity in business, scenario planning is hardly adopted in building 
design or construction (Goodier et al. 2010). As far as could be found, entrepreneur 
Stewart Brand was the first to link both disciplines. In his book How Buildings Learn (1995) 
Brand devotes a complete chapter to the idea of the scenario buffered building. In that 
chapter he sets off scenario planning against building programming. He states: “unlike 
programming, scenario planning reaches into the deeper future” (Brand, 1995, p. 181) and 
“instead of converging on a single path, its whole essence is divergence” (Ibid.). 
Moreover, with the concrete example of the design of a radio studio Brand demonstrates 
how scenario planning is able to assist designers during the early design stages as well as 
during the building’s post-occupancy management. 

Until today, there is nevertheless little evidence that Scenario Planning is educated to 
architectural students or applied in practice. Only a few exceptions are known. Palmer 
and Ward (2010) report for example about their experiments with descriptive scenario 
development and scenario based design briefs during the architectural design studios at 
the University of South Australia. Yet, they had to notice that students “tended to revert 
to the security of predefined aims when faced with complex or unfamiliar design 
challenges” (Palmer & Ward, 2010, p. 5). The adoption of scenarios by the architectural 
office EGM was on the other hand more successful (Durmisevic, 2006). During their design 
of the LUMC Research Centre located in Leiden, scenarios allowed the designers to 
anticipate the recurrent expansion and contraction of research departments, the 
increasingly stringent building standards as well as the urgent need of new laboratory 
units. Further, it could be noticed that scenario planning is occasionally adopted in 
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specific domains of architecture such as the design of healthcare infrastructure (Astley et 
al., 2011) and of urban neighbourhoods (Herthogs et al., 2014).  

Although they are few in number, the presented examples and theoretic approaches 
demonstrate scenarios’ added value in the context of building design. Moreover, they 
confirm the findings of Selin et al. (2015) who identified nine features building design and 
scenario development have in common. Those features include for example both 
disciplines their iterative nature, inherent user focus and discursive as well as material 
implications. Consequently, Selin et al. (2015) argue that the interaction between both 
should be studied further. 

c) Scenarios in life cycle assessment 

In literature on life cycle assessment, scenarios are frequently mentioned. Nevertheless, 
they are rarely used to identify robust, futureproofed or resilient design choices. An 
important reason for this mismatch between life cycle assessment and scenario planning 
might be found in the definitions given in the European standards on the sustainability 
EN 15978 (CEN, 2011) and EN 15804 (CEN, 2012). These standards state that a scenario 
should be “an expected sequence of possible future events” (CEN, 2011, p. 11), “shall be 
realistic and representative” (CEN, 2012, p. 27), “shall not include processes or procedures 
that are not in current use” (CEN, 2012, p. 27) and “shall only model processes e.g. 
recycling systems that have been proven to be economically and technically viable” (CEN, 
2012, p. 40). It goes without saying that such scenarios serve a different goal than those 
developed during scenario planning. Instead of anticipating risks, the standards tend to 
minimise uncertainty by relying on possibly outdated certainties. 

Occasionally the alternatives under comparison are called scenarios, for example in Joyce 
et al. (2010), Kroepelien and Eek (2013) or Lord et al. (2010). Nevertheless, most 
publications on environmental life cycle assessments and life cycle costing adopt the 
standards’ definitions. They evaluate for example different transport modes (Allacker, 
2010), technical service performances (Debacker, 2009; Woods & Bakshi, 2014), water and 
energy supply and use rates (Arvesen & Hertwich, 2011; Blom et al., 2011; Dahlstrøm et 
al., 2012; Rasmussen et al., 2013), maintenance regimes (Xu et al., 2014), repair and 
replacement routines (Allacker, 2012) or end-of-life options (Durmisevic, 2006; Dewulf et 
al., 2009; Debacker et al., 2013). Such scenarios allow to conduct the what-if analyses that 
are promoted by Björklund (2002) and Fuller et al. (1996). They bring insight in the 
variability of the assessment’s outcomes, but not in the robustness of the assessed 
alternatives. 

Only exceptionally case studies adopt scenarios in a way that resembles the purpose of 
scenario planning. Paduart (2012) developed for example very distinct service lives to 
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evaluate the feasibility of demountable and reusable building elements. Her scenarios 
describe imaginable, yet surprising futures of these elements including their early 
unanticipated demolition. Moreover, these scenarios fit the definition of Kahn and 
Wiener stating that a scenario should be a “hypothetical sequence of events” (Kahn & 
Wiener, 1967, p. 6) and are in accordance with the definition by the SETAC Working 
Group on Scenario Development in Environmental Life Cycle Assessment stating that 
scenarios should describe “the development from the present to the future” (Pesonen et 
al., 2000, p. 21). Both this hypothetical and procedural character of the developed 
scenarios are essential during a scenario planning process and enabled Paduart (2012) to 
evaluate the robustness of the demountable elements’ long-term cost. 

Although other life cycle assessments such as by McLaren et al. (1999), Miyamoto et al. 
(2000), Shimada et al. (2000), Collinge et al. (2011) or Hellweg et al. (2005) adopted an 
approach that is as innovative as that of Paduart (2012), and inspiring frameworks have 
already been proposed by Fukushima and Hirao (2002) as well as by Mahmoud et al. 
(2009), a practical approach for integrating scenario planning in life cycle costing has not 
yet been developed. The framework for creating and implementing scenarios proposed 
further in this chapter has the ambition to fill this vacuum. 

1.2. Role of scenario planning in building design 

During the literature review three reasons for adopting scenarios could be discerned. 
They include raising awareness, co-creating alternatives and decision making. Although 
each can be part of the same design process, they differ in goal, scope and deliverable. A 
range of inspiring theories, tools and cases was selected to illustrate this. 

a) Raising awareness 

Being narrative by nature, scenarios have the power to communicate design problems 
and proposals (Selin et al., 2015). Schwartz (1991) argues for example that in contrast to 
graphs and equations, stories and myths have a psychological impact. According to him 
such stories open people to multiple perspectives, help them to cope with uncertainty, 
and allow them to describe and envision feelings, values, forces and events. Especially 
ideas that are “too complex or imprecise for conventional languages of business and 
science”, can be communicated using “the language of stories and myths” Schwartz 
writes (1991, p. 40). It is needless to say that imaginable futures and the service life of 
buildings belong to this category of ideas. 

As a consequence of scenarios’ communicative power they have the potential to raise 
awareness and bring new insights (Goodier et al., 2010). This is not only true in business 
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about which De Geus (1988, p. 70) writes: “planning means changing minds, not making 
plans”. Also in the context of building design the scenario planning process can raise 
awareness. Brand (1995, p. 183) states for example that “the job of scenario planning is to 
question whether a building is really needed at all” and cast doubt on the design briefs 
clients propose. Scenarios that frame the building in a larger context can even move a 
question such as “we need a bigger building” to “we need to handle growth” (Ibid.). 

b) Co-creation 

If one wants scenarios to have “the power to break old stereotypes” they have to be 
developed and approved by all stakeholders (Schwartz, 1991, p. 234). “Scenario making is 
intensely participatory, or it fails” (Ibid.). Once that condition is fulfilled the evaluation of 
the scenarios’ impact and elaboration of responsive design alternatives are in reach. Two 
design methods, one by Herthogs et al. (2014) and another by Astley et al. (2011) take 
advantage of this participatory continuum between scenario planning and strategy 
development. Moreover, both demonstrated successfully the added value of adopting 
scenarios during co-creation workshops in which various stakeholders participated. 

First, the Lab for Urban Fragment Futures (LUFF) aims at introducing the idea of 
transformable building during the early stages of urban development projects (Herthogs 
et al., 2014). Therefore, a design charrette with various stakeholders is organised during 
which the participants are invited to ‘refurbish’ the design proposal under discussion. 
Therewith, they have to take into account a set of scenarios describing changes in for 
example the users’ space requirements or mobility. To raise the participants’ awareness, a 
conventional as well as a transformable alternative is considered and each is evaluated in 
terms of predefined long-term goals. In doing so, participants earn insight in the 
resilience of the considered proposal and in the potential of the project’s transformable 
materialisation. Based on those insights participants are able to create an adjusted 
proposal. Tis was demonstrated with the workshop Herthogs et al. (2014) report about. 

Also clinicians, well awareness of their day-to-day routine are not readily able to pinpoint 
how their work environment changes (Astley et al., 2014). For that reason, Astley et al. 
(2009; 2011) developed another scenario planning technique. Their method uses scenario 
based discussions as a systematic tool to guide decisions about existing and future 
healthcare infrastructure (Astley et al., 2011). Therefore, the framework tackles three 
different perspectives. First, a strategic perspective considers large scale changes. 
Second, a tactical perspective responds to small scale changes. And third, an 
opportunistic perspective addresses unforeseen chances. The feasibility of the technique 
was observed during service re-organisation projects within six English Foundation Trust 
hospitals and supported by additional case studies elsewhere in Europe. The eventual 
outcome was a range of change-ready design alternatives (Astley et al., 2011). 
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c) Decision making 

Although scenario planning is essentially a qualitative procedure it is worthwhile to 
describe and express scenarios in numeric terms. Such a quantification can be “fed into 
computational models to generate simulation outcomes” (Mahmoud et al., 2009, p. 803). 
In case of life cycle cost analysis, the generated net present value would not only allow to 
compare the expected life cycle cost of the considered alternatives. Also the variability of 
that cost in each of the divergent scenarios could be compared. Consequently, when 
translated into numeric terms scenarios enhance the design and decision making process 
(Grant & Ries, 2013). 

The fact that better-informed design decisions result from life cycle analyses integrating 
scenarios was already illustrated in the context of two Design for Change research 
projects (Paduart et al., 2013; Debacker et al., 2015). Through the adoption of various 
refurbishment types and rates during the environmental and financial assessment of 
demountable building elements, researchers not only gained understanding of the 
potential advantage of reusing demountable elements. The adopted scenarios also led 
towards concrete design advices, for example about the need to combine conventional 
and demountable elements to reduce the risk of under- or overinvesting in one of both. 
The adopted scenarios were however not developed together with the designers and 
were as a consequence not refined enough to answer their specific needs (cf. chapter 8). 
Howsoever, because of their narrative and procedural nature, scenarios have the 
potential to take into account the knowledge and interest of designers, owner and users. 

1.3. Importance of deliberate scenario development 

According to Pesonen et al. (2000) there is no universal answer to the question: what are 
good scenarios. Nonetheless, Schnaars (1987) emphasises that scenarios should be 
developed deliberately as the effect of plausible and surprising ones might be very 
different. Further, normative and random scenarios can be distinguished. 

a) Plausible versus surprising scenarios 

When scenario planning has the intention to verify the feasibility of an established plan or 
transition towards a specific objective within a determined period, adopting plausible 
scenarios is purposeful. Those scenarios take into account current evolutions and allow 
determining key indicators for the plan’s further execution. Kahn and Wiener (1967) call 
such scenarios surprise-free or baseline scenarios. Schnaars (1987, p. 108) writes about 
them: “this usually entails selecting a scenario that represents an optimistic prediction 
and another that represents a pessimistic prediction”. It should however be noticed that 
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surprise-free scenarios are not necessarily expected or likely scenarios. Still a wide range 
of scenarios is needed to evaluate the resilience of the considered strategy. 

If in contrast, the goal of scenario planning is to evaluate and compare the resilience of 
design alternatives, it is necessary to go further and confront those alternatives with less 
plausible scenarios (Figure 3.1). Such stress tests require surprising assumptions, but 
allow revealing unknown vulnerabilities and improving design proposals. Schwartz (1991) 
calls surprising scenarios wild card scenarios while Pesonen et al. (2000) and Kotaji et al. 
(2003) name them cornerstone scenarios. These scenarios come with a warning. The 
change they include should never be so dramatic that no response is engendered. Such an 
unbroken-line scenario is not useful for raising awareness, co-creating strategies or 
improving alternatives and should therefore be avoided (Schwartz, 1991).  

 

 

Figure 3.1 Schematic representation of the divergence of surprising and plausible scenarios 

Because the desired scenario might change in an unpredictable way, an effective selection of 
scenarios includes plausible as well as surprising ones. Image adapted from Hancock et al. (1994). 

 

b) Random versus normative scenarios 

More subtle but not less important is the difference between random and normative 
scenarios. Although it is not discussed in literature, this difference cannot be ignored 
when scenarios are quantified and used during life cycle cost or other numerical analyses. 
Although deliberate scenario development is indispensable, the resulting scenarios might 
become rather normative when turned into numbers. Normative scenarios are useful to 
verify well-defined hypotheses, but provide little insight in design aspects that were not 
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identified as ‘variables’ in advance. Alternatively, it might be useful to consider the 
development of random scenarios that trigger more surprising insights. Or perhaps a 
combination of both approaches is most appropriate, resembling Schwartz’s criterion 
that scenarios should be “both plausible and surprising” (Schwartz, 1991, p. 234). 

For the development and quantification of normative and random scenarios it is helpful 
to define boundary conditions. Therefore, the concepts time-horizon and bandwidth are 
purposeful (Galle & De Temmerman, 2013). First, defining a time-horizon makes explicit 
which range of service lives is of interest. It is, in analogy to life cycle costing’s period of 
analysis “specific to the industry, product or market under consideration” (Schnaars, 
1987, p. 108). Evaluating the design of a temporary exhibition hall requires for example 
shorter scenarios than the evaluation of an apartment building. Accordingly, aspects such 
as the recycling potential and durability of building materials will be valued in an 
appropriate way. Second, no building needs to be able to cope with every imaginable 
change. Therefore, the definition of the project’s bandwidth can facilitate the selection of 
plausible yet surprising scenarios (Heijne & Vink, 2005). 

Given the explorations presented in this section, it was possible to identify scenario 
planning as a promising approach in regard to the evaluation and development of 
transformable design strategies and alternatives. On the one hand, scenario planning 
allows taking into account the uncertainty about the future service life of buildings and 
gaining additional insight in the resilience of the proposed alternatives. On the other 
hand, scenario planning is well-known and demonstrated already its added-value for the 
design and life cycle assessment of buildings during a select number of theoretic 
reflections, design methods and case studies. To support the adoption of scenarios in life 
cycle costing, the next section proposes an adapted framework. 
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2. Framework for developing and implementing effective scenarios 

For the development and use of scenarios during life cycle assessment, a framework that 
is practical, analytical as well as conceptual is presented. It departs from the eight-step 
plan for scenario development created by Schwartz (1991) and is adjusted to the 
specificities of buildings. Therefore, it identifies critical uncertainties in the built 
environment, involves the understanding of users’ requirements and reveals the life cycle 
options the considered design alternatives offer. An overview is presented in Figure 3.2. 

2.1. Identifying conceptual building blocks 

The first step Schwartz discusses is the collection of a range of elementary information. It 
includes the goal, scope and boundary conditions of the previewed assessment as well as 
the relevant design alternatives, their characteristics and related cost figures. Some 
information is already discussed in the previous half of this chapter, such as the boundary 
conditions bandwidth and time-horizon. Other information is presented in chapter 2, in 
particular the goal and scope of life cycle costing. While detailed figures are introduced in 
chapter 4, including life cycle costs, savings and gains. After this information is collected, 
the actual scenario development starts. 

a) Identify predetermined elements and critical uncertainties 

Schwartz’s second step is to unveil predetermined elements and critical uncertainties for 
the building’s service life. Together they form the conceptual building blocks of the 
scenarios under development. First, predetermined elements include relatively slow-
changing phenomena. Typical examples are changes in demography. Predetermined 
elements also include constrained situations such as the path-dependency of nuclear 
energy production (Foxon, 2002) and situation that are already in the pipeline such as the 
rapidly growing forced migration from the Middle-East (UNHCR, 2015). These building 
blocks are often referred to as the known unknowns. 

Second, critical uncertainties are factors that might determine the success or failure of 
the alternatives under assessment. Their identification might be based on earlier 
experiences or the gut feel of the involved stakeholders. Alternatively, sensitivity analyses 
during earlier studies allow identifying such hot-spots. Examples are user behaviour 
influencing the effectiveness of energy efficiency measures (Blom et al., 2011), building 
components’ service life being crucial for their reuse potential (Paduart, 2012) and on-site 
waste management determining the up- and recyclability of various construction 
materials (ROTOR et al., 2012). These conceptual building blocks are identified as the 
unknown unknowns. 
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Figure 3.2 Framework for developing and implementing effective scenarios 

The developed framework departs from the eight-step plan created by Schwartz (1991) and is 
adjusted to the specificities of the life cycle costing of buildings. 
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In his third step Schwartz emphasises the importance of understanding the meaning and 
effect of the predetermined elements and critical uncertainties. Therefore, “every 
scenario requires specific research” he writes (Schwartz, 1991, p. 66). From his experience 
science and technology, perception-shaping events, disruptive knowledge and even 
music might provide valuable insights. Nevertheless, “everyone’s list of research tactics is 
personal and probably different” Schwartz states (1991, p. 78). For him, unconventional 
thinkers are key gates to new information. However, in the context of building design 
various research reports offer readily available information. 

For example demographic studies offer a vast amount of known unknowns. Based on 
reoccurring surveys they collect so-called panel data. From those historical observations 
reliable projections can be made about the population’s future composition. Even at the 
level of individual households projections are elaborated. Deboosere et al. (2009) 
analysed for example the evolution of 8 households types and 12 individual family 
positions in Belgium since the 1970s. Their findings predict population’s continued ageing, 
declining family sizes and growing diversification (Deboosere et al., 2009, p. 164). Such 
findings are predetermined elements when developing scenarios. 

Likewise, attempts have been made to collect panel data about buildings. For example 
Morita et al. (2011) observed how Japanese dwellings expanded, Kincaid (2003) studied 
how London buildings switched functions, while Maury (1999) surveyed subsequent 
transformations of 26 American buildings. From their quantitative data one could build 
probabilistic models and generate random building service lives, using for example 
discrete Markov chains (Puz & Radic, 2011). Such data is however scarce and limited to 
unrepresentative samples. Moreover, it is questionable if such a sophisticated approach is 
desirable. After all, the future cannot be predicted. 

In contrast, many experts studying housing ideals, paths and types agree that individual 
households are subject to non-deterministic evolutions. For that reason, they focus on 
the identification of drivers and trends rather than on data and simulations. For example 
Luyten et al. (2015) studied how recent changes in partnership and parenthood result in 
increasingly dynamic and diverse housing needs. On their turn Meeus and De Decker 
(2013) had to recognise that a complex interplay of experiences and trends determines an 
individual’s housing ideals. More than quantitative data about housing types and sizes 
such findings are useful to identify critical uncertainties. 

Further, Mahmoud et al. (2009) distinguish expert driven from stakeholder driven 
scenarios. “Expert driven scenarios model future conditions by means of scientific 
knowledge derived from decisions, rules, objectives and criteria established by science 
investigators and field experts” (Mahmoud et al., 2009, p. 801). Their advantage is the 
integration of “a wide range of pertinent information and the ability to build a 
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scientifically based consensus”. In contrast, stakeholder driven scenarios “involve 
stakeholders in defining the assumptions about the future that are to be incorporated 
into scenarios” (Ibid.). According to Mahmoud et al., such scenarios have usually greater 
political plausibility and public acceptance than expert driven scenarios. 

b) Detect and rank driving forces by importance and uncertainty 

From a thorough understanding of the selected building blocks it is possible to identify 
the forces that drive them and rank these forces by importance and uncertainty. Driving 
forces include external factors as well as intrinsic characteristics. For example, both the 
amount of rainfall (i.e. external force) and the installed amenities (i.e. internal force) 
determine the risk of flooding (i.e. critical uncertainty). Changes in these forces lead to 
different imaginable futures and thus divergent scenarios. Key questions to reveal such 
forces are according to Schwartz (1991, p. 110): “what keeps practice going” and “what 
would affect the outcome”. 

Schwartz organises driving forces in five categories: social drivers (such as literacy, 
knowledge, diversity and perception), technological drivers (such as communication, 
mobility and recycling technology), economic drivers (for example resource availability 
and inflation), political drivers (like tax and subsidy policies as well as legal requirements 
and prohibitions) and environmental drivers (such as soil pollution and wild animal 
stocks). Various alternatives for this categorisation are found in literature on 
transformable, adaptable and open building strategies. For example, in the tradition of 
Maury (1999) three types of change are consistently discerned including changes in the 
building’s functions, in the capacity of its systems, and in the flow of the people in and 
around it (Keymer, 2000; Slaughter, 2001; Schwehr & Plagaro Cowee, 2011). Blakstad 
(2001) however acknowledges six categories including organisational change, changing 
needs of society and users, as well as changes in size, fashion and urban development. On 
their turn, Schwehr and Cowee (2011) distinguish between stressors at context level (e.g. 
a new road in the neighbourhood), at use level (e.g. the desire for more space) and at 
building element level (e.g. normal wear and tear). Furthermore, Priemus (1968) 
categorises driving forces by their frequency (occasional or reoccurring), nature 
(accidental or trend-wise) and origin (endogenous and exogenous). 

In contrast to the various categorisations for driving forces found in literature, the four 
comprehensive and user related dimensions of performance defined by Iselin and Lemer 
(1993) are preferred as the structuring element for this framework. These dimensions 
distinguish functional, technological, economic and social drivers and might cause “rising 
expectations, obsolescence, and increased expenses” (Iselin & Lemer, 1993, p. 20). For 
each dimension of performance Table 3.1 presents a non-exhaustive overview of 
imaginable driving forces. This overview is inspired by the various categorisations that are 
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presented above as well as by the practical approaches that are published in the book 
Time Based Design (Leupen et al., 2005). The construction costs of building alterations 
coping with changing needs, requirements or trends are not included in this overview. 
Although they might be a determining factor for the service life of a building, the goal of 
the planned life cycle cost analyses is to evaluate and compare the long-term financial 
feasibility of alternative design strategies (cf. chapter 2). Therefore, alterations are 
assumed to be realised at any cost and are only evaluated afterwards. During more 
dynamic life cycle assessments this approach can be reviewed. 

 

Table 3.1 Drivers for change can be categorised into the four dimensions proposed by Iselin and 

Lemer (1993). Their categorisation is adopted for its comprehensiveness and relation with the 

building’s performance. Per dimension some examples are ordered from internal to external. 

Functional drivers, 
related to the purpose of the building, its elements or amenities. 
 

Natural wear and tear, maintenance and possible (ab)use of the building. 
User and owner needs, such as spatial capacity and organisation. 
Nuisances and services within the building’s environment, such as climate conditions. 
… 

 
Technological drivers, 
related to the efficiency of the installed technology compared to that of alternative ones. 
 

Building components’ inherent quality, safety and effect on the environment and health. 
Technological innovations, such as the emergence of smart energy management. 
Standards on energy efficiency, accessibility or indoor comfort. 
… 

 
Economic drivers, 
related to the cost of the existing building, compared to the expense for an alternative one. 
 

Operational expenses, such as management and maintenance costs. 
Property valuation, related to the location and eventual urban developments. 
Development of real-estate markets, including opportunities to sell and let the building. 
… 

 
Social, legal, political and cultural drivers, 
related to the broad influence of social values, political agendas or lifestyles. 
 

Household and dwelling forms, such as co-parenthood, house sharing, etc. 
Cultural changes, for example in heritage valuation or environmental impact valuation. 
Policy and legislation, reflected in building and spatial planning regulations. 
… 



110   |   Scenario based life cycle costing 

After the driving forces of change are identified, they should be ranked. This is Schwartz’s 
fourth step. He stresses that the goal of this ordering is to “identify the two or three 
factors or trends that are the most important and uncertain” (Schwartz, 1991, p. 228). 
After all, those forces will determine the differences between the scenarios under 
development. To identify which forces are the most important, their effect can be studied 
with the use of sensitivity analyses (cf. chapter 2). To evaluate their uncertainty, expert 
judgements can be consulted. 

c) Relate driving forces to building quality and user satisfaction 

Before key drivers can be translated into scenarios, their effect should be understood. 
After all, not every change of a driver entails a building alteration. Alterations are only 
required if changes result in a significant mismatch between defined requirements and 
the buildings’ performance (Blakstad, 2001). To model the effect of changing drivers the 
concepts requirement and performance are defined first. Thereafter, it is questioned 
which performance mismatches will trigger a building alteration. 

Almeida et al. (2010) state that every building envisions the fulfilment of requirements. 
They include needs, expectations and obligations specified or implied by the end-users, 
governments or any other stakeholder. The international standard on quality 
management discusses a wide range of requirements (ISO, 2015). Specified requirements 
are stated in documents, e.g. the European Directive on the energy performance. Implied 
requirements are in contrast common practice, e.g. the rise and run of a stair. 

Depending on its performance, a building fulfils the defined requirements. A building’s 
performance is thus defined by the way it can be used (ISO, 2010). Nevertheless, “the 
performance approach is primarily concerned with the description of what building 
processes, products and services are able to achieve and not on how they should be 
achieved” (Almeida et al., 2010, p. 159). Consequently, a building’s performance is mostly 
described by quantitative metrics such as its load bearing capacity per floor area.  

Understanding changes in requirements and performance due to changing drivers is 
specific to the considered project and thus a tough task. Several tools are however at 
hand. For individual performance indicators, quantitative metrics and qualitative criteria 
can be used. They are discussed in standards such as the ISO 15928 standard on the 
performance of houses (ISO, 2003). To evaluate interacting sets of indicators multi-
criteria analyses such as the Compliment Assessment Tool (Hermann et al., 2007) and 
conceptual frameworks such as the Building Performance Sketch (Donn et al., 2012) can 
be adopted. For the same purpose Preiser and Vischer (2005) developed the Balanced 
Performance Framework including the four dimensions of performance that are defined 
by Iselin and Lemer (1993). 
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To know which performance mismatches will eventually trigger a building alteration the 
concept of user satisfaction is introduced. According to the ISO 9000 standard (2015) user 
satisfaction is the degree to which users perceive their individual requirements are met. 
Accordingly, users’ satisfaction can be related to a required performance level. 

However, only one example could be found that relates both concepts: Fanger’s model 
for evaluating thermal environments (Fanger, 1970, 1973). Based on experiments with 
nearly 1300 persons Fanger composed a curve that gives a Predicted Percentage of 
Dissatisfied persons (PPD) as a function of the thermal performance of the considered 
environment (Figure 3.3). That performance is expressed by a single score, the Predicted 
Mean Vote (PMV) that takes into account four thermal variables. Consequently, Fanger’s 
model allows verifying if the environment’s performance drops below or rises above the 
satisfactory thresholds and triggers an alteration. When for example a PPD of maximum 
10% is accepted, the PMV-score should vary between -0,5 and 0,5. If this condition is no 
longer fulfilled because the requirements have changed alterations will be necessary to 
adjust one or more performance indicators (i.e. the four thermal variables including air 
and radiant temperature, air velocity and vapour pressure). 

Developing curves relating performance to user satisfaction was however out of the 
scope of the present research. As an alternative, stakeholders might determine minimum 
performance thresholds. For example, a handbook on social housing (VMSW, 2008) 
defining minimum indicator values was used during the case study in chapter 8. 

 

 

Figure 3.3 Experimental curve relating user satisfaction to thermal performance 

Image adopted from Fanger (1973, p. 322). 
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2.2. Elaborating scenario narratives 

Now all input information is collected and understood, time has come to elaborate the 
scenarios and “weave the pieces together in a form of a narrative” (Schwartz, 1991, p. 
230). Therefore, this framework introduces the idea of real and life cycle options and 
adopts the concept of story plots. 

a) Identify and select real and life cycle options  

As shown above, changes in key drivers not necessarily trigger a building alteration. After 
all, there are many ways to deal with change. These possibilities are referred to as the 
options a building offers. Taking into account the predetermined elements, critical 
uncertainties and the user’s changing requirements, appropriate series of options can be 
selected to constitute different scenarios. The idea of options originates from stock 
trading. There, a (financial) option is the possibility but not the obligation to undertake a 
certain (business) initiative. In the context of a building’s service life an option can be the 
possibility to refurbish the building, to expand it or let it. The more options a building 
offers, the more futureproofed it is expected to be. Like in stock trading each building 
option has its cost but avoids the risk to be confronted with escalating expenses in the 
future. Several studies already developed methods to assess and compare the value of 
such options as discussed in chapter 2 (Ellingham & Fawcett, 2006; Zhao & Tseng, 2007; 
Espinoza, 2011; Kroepelien & Eek, 2013). 

A distinction can be made between real and life cycle options. First, real options can be 
defined as managerial options. They are nevertheless real and not financial as they apply 
to assets and not to financial bonds for example. Such options are discussed by Blakstad 
(2001) and Tseng, Zhao and Fu (2007; 2009) and summarised by six categories  in Table 3.2. 
These categories include the possibility to execute, defer, abandon, expand, swich and 
renegociate a life cycle option. Second, life cycle options are the possibility to change the 
building’s performance, its users’ requirements or their level of satisfaction. Numerous 
authors present an overview of possible alterations including Priemus (1968), Maury 
(1999), Keymer (2000), Slaughter (2001), Blakstad (2001), Friedman (2002), Scheider and 
Till (2005, 2007), Leupen (2006), Ellingham and Fawcett (2006), Fawcett (2011) and Fawcett 
et al. (2011, 2012). However, departing from the comprehensive categories defined by 
Glogar (2011) and Durmisevic (2006) Table 3.3 and Table 3.4 were composed to provide 
support during the exploration and description of life cycle options. 

Both real and life cycle options mighht constitute a scenario. First, real options are the 
different ways a building manager can react to an unacceptable change of one of the key 
drivers. The feasibilty of those options might be determined by the adopted design 
strategy and choices. As an example, two Design for Change strategies can be discussed. 
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Each of them facilitates very different options. First, a multi-purpose building is designed 
in such a way that it facilitates adapting the requirements without physical alterations. 
Within such a building activities can be easily reorganised due to the building’s generic 
layout, versatile services and multi-functional spaces. Alternatively, a transformable 
building facilitates adapting its performance in an efficient and effective way. Because 
the components of such a building can be disassembled and reconfigured, spatial, 
structural and material alterations allow maintaining the expected level of satisfaction. 

 

Table 3.2 After the work of Blakstad (2001) and Tseng, Zhao and Fu (2007; 2009) six categories of 

real options are distinguished. Although these managerial options not necessarily alter the building, 

they might have an important impact on the feasibility of the alternatives under assessment. 

The option to execute a life cycle option 
allows maintaining the expected quality 
 

e.g. reconfiguring a demountable wall to adjust an apartment’s layout 
 
The option to defer or postpone a life cycle option 
until more information has become available and uncertainty has decreased 
 

e.g. not reconfiguring a demountable wall, but find another temporary solution 
 
The option to abandon a life cycle option 
when market conditions have changed and are not expected to change further 
 

e.g. replacing the demountable wall with a conventional one 
 
The option to expand or contract a life cycle option 
when the technical possibilities or the uncertainty about the requirements changed 
 

e.g. upgrade the demountable wall so also its insulation level could be altered 
 
The option to switch a life cycle option 
when old uncertainties have disappeared but new ones arose 
 

e.g. use the demountable wall to build a transformable cupboard 
 
The option to renegotiate a life cycle option 
when market conditions or the uncertainty about the requirements have changed 
 

e.g. replace the demountable wall with an increasingly cheaper sliding door 
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Table 3.3 To obtain a selection of appropriate life cycle options for fleshing out life cycle scenarios,  

three categories of adaptations can be explored (Glogar, 2011). 

The option to adapt the requirements 
after Glogar’s use and utilisation adaptability 
 

The use is reorganised within the same building by adapting the use’s structure, 
form or timing. Consequently, the expected level of satisfaction is maintained. 

 
The option to adapt the expected level of satisfaction 
after Glogar’s organisational and social adaptability 
 

The existing building and its performance is accepted 
possibly at the (indirect) cost of a lower level of satisfaction. 

 
The option to adapt the performance 
after Glogar’s structural and constructive adaptability 
 

The existing building, its elements or components are altered 
to adjust their performance and realise the expected level of satisfaction. 

 

Table 3.4 All options can be expressed at three different levels. Detailing their implications at each 

level will facilitate their translation into building service lives and life cycle costs (Durmisevic, 2006). 

Building alterations 
after Durmisevic’s spatial adaptability 
 

location (rearrangement and reconfiguration) 
volume (expansion or contraction) 
repartitioning (splitting or merging) 

 
Element alterations 
after Durmisevic’s structural adaptability 
 

construct 
deconstruct 
replace 
relocate 

 
Component alterations 
after Durmisevic’s material adaptability 
 

elimination (old) 
addition (new) 
move (reuse) 
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b) Selecting scenario plots and develop narratives 

The fifth of Schwartz’s eight steps is to select one or more scenario logics. These logics 
are “the plots that best captures the dynamics of the situation and communicate the 
point effectively” (Schwartz, 1991, p. 230). They are the scenarios’ backbone, tying 
together the life cycle options. In his book Schwartz discusses some typical plots such as 
the winners and losers plot, the challenge and response plot and the evolution plot. 
Further, he mentions the revolution plot, the plot of decay and rejuvenation, the plot of 
infinite possibility, the lone ranger plot and the my-generation plot. Each of them 
combines the same ingredient to a different scenario. When selecting plots and 
developing scenarios Schwartz warns for two pitfalls: selecting too many plots and too 
evident ones. 

First, the number of plots and scenarios is frequently discussed in literature. Linneman 
and Kennell (1977, p. 146) recommend for example to “develop at least three, but no 
more than four scenarios” while Durance and Godet (2010, p. 1489) advise “to limit the 
scenarios to several key hypotheses, say four to six”. Both argue that too many scenarios 
might be overwhelming and hamper their profound understanding. Alternatively, De 
Jouvenel (2000, p. 7) relates the number of scenario to the amount of uncertainty: “the 
higher the number, the greater the uncertainty” he writes. Nevertheless, he continues: 
“experience shows that, in general, a third of the total possible scenarios is enough to 
cover 80% of the field of probables” (Ibid.). 

Second, when a limited number of scenarios is selected, Schwartz (1991, p. 147) warns for 
selecting too evident plots: “it is easy to offer a bland assortment in which one represents 
the high road, one the low road, and one the average of the two”. Though, “people not 
familiar with scenarios […] will be tempted to identify one of the three as the middle or 
most likely scenario and […] treat it as a single-point forecast” (Schwartz, 1991, p. 233). 
Consequently, “all the advantages of the multiple-scenario methodology will be lost” 
(Ibid.). However, as already stated before, Schwartz (1991, p. 166) also warns for creating 
scenarios that include “an unbroken line” and do not provoke any response because the 
change is beyond the decision maker’s power. Those scenarios are hardly meaningful in a 
strategic planning process. 

In the context of building design, few concrete and inspiring scenarios are at hand. The 
scenarios Brand (1995) developed remain very strategic and include few life cycle options, 
while those of Friedman (2002) include many options but are not divergent. Therefore, 
during the present research four scenarios are developed in the context of the proof-of-
concept case study discussed in chapter 8. 
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2.3. Quantifying scenarios  

When different scenario narratives are developed from the most important and uncertain 
key drivers of change and expressed in terms of real and life cycle options, it is necessary 
to structure them in such a way they form input for and contribute to the planned 
scenario based life cycle cost analyses. Fleshing out scenarios is Schwartz’s sixth step. 

a) Identify scenario implications 

Although Schnaars (1987) emphasises that the strength of scenario planning lays in its 
qualitative evocation of how the present might evolve into the future, it is necessary to 
quantify the scenarios to support the planning process with calculation outcomes. 
Pesonen et al. (2000) see three implications that can be adopted to support the 
quantification of scenarios: first technological implications, second contextual 
implications and third value implications. 

First, technological implications of scenarios are reflected in the alternatives’ 
service lives. After the introduction of life cycle options they include not only a particular 
series of interventions such as maintenance, repair and reuse (cf. chapter 4), but also 
changing component quantities. After all, the different options and alterations give rise 
to the addition and removal of various building elements. 

Second, contextual implications are reflected in the characterisation of the life 
cycle interventions’ costs. After all, important key drivers for change might be the future 
energy, labour and materials prices. Therefore, these financial impacts should be studied 
in detail and their possible evolution within the analysis’ boundary conditions should be 
described for each individual scenario. 

Third, value implications of scenarios are reflected in the weighting of the life 
cycle costs. This can be done through the selected discount, growth and inflation rates 
(cf. chapter 4). Each of them determines to what extend the different costs and cost 
categories that are related to the developed scenarios are taken into account, compared 
to current values and to each other. 

The approach that is taken in the present research is a hierarchical one combining 
components to elements which form together the building. This is explained in detail in 
chapter 7. At each of these three levels, scenarios have implications. For example, value 
implications apply to the building as a whole, whereas technological implications are 
generally expressed at the level of the individual components. Because for both 
implication categories the hierarchical approach is maintained, no exceptional modelling 
or calculation features are required. In contrast, changing element quantities resulting 
from alterations at the building level do not comply with the strict three-level hierarchy. 
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Consequently, they cannot be calculated with the use of the conventional net present 
value formula, i.e. by multiplying its element’s quantity by its constant net present value 
per unit. After all, such a constant net present value per unit can no longer be determined. 
In reaction, the concept of life cycle interventions is introduced in chapter 4, a new 
calculation approach is developed in chapter 6 and a distinction between simple and 
transformation scenarios is made below. 

b) Model simple and transformation scenarios 

Simple scenarios are defined at element level. They are restricted to alterations 
reoccurring every so many years and do not result in changing element quantities during 
the period of analysis. Consequently, it is possible to calculate an element’s life cycle cost 
using the conventional net present value approach, i.e. by multiplying its quantity by a 
constant net present value per unit. Therefore, only one additional variable has to be 
defined: the refurbishment periodicity . For different scenarios different values for 
the refurbishment periodicity can be selected (Galle et al., 2015; Vandenbroucke et al., 
2015). Imaginable applications for simple scenarios are: 

the repeated retracing of technical services above a suspended ceiling, 
the frequent space repartitioning by moving all space dividing walls, and 
the reoccurring inspections that require the removal of a wall’s finishing layers. 

Such reoccurring refurbishments are however rather rare. They will not result from the 
complex scenarios that are inspired by key drivers for change and take into account the 
variety of real and life cycle options a building offers. Therefore, the presented framework 
also includes transformation scenarios. These scenarios are defined at building level. 
They result in service lives with changing quantities throughout the period of analysis. 
Therefore, large inventories of sub-service lives and a new calculation method (cf. chapter 
6) are required. Imaginable transformation scenarios are: 

the transformation from a single-room apartment to a 2-room apartment, 
the specific repartitioning of an office building’s plan layout, and 
the expansion and contraction of a dwelling’s volume. 

To support the translation of a life cycle scenario into a building service life with changing 
element quantities, digital modelling tools are promising. Van Nederveen and Gielingh 
(2009, p. 674) state: “buildings are considered as temporary configurations of components 
and materials”. Therefore, “object based, parametric design technologies become more 
important than ever before” (Ibid.). Building information modelling (BIM) is such a 
technology. How it can be used to model simple and transformation scenarios is 
discussed in chapter 7. 
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Now, as the scenarios are developed with sufficient detail, the seventh step of Schwartz‘s 
scenario planning process can be undertaken: the life cycle cost analysis. For every 
scenario the life cycle cost of each design alternative can be calculated. Based on the 
outcomes several questions can be answered. Which alternative is the most 
advantageous one? Which returns the least variable long-term cost? And what 
vulnerabilities are revealed? Because the studied scenarios include the interests and 
insight of the stakeholders that defined together the critical uncertainties, because the 
scenarios take into account the options the designers introduced in each design 
alternative and because the scenarios are no predictions but imaginable futures, the 
resulting outcomes are expected to offer relevant insights and foster better-informed 
design decisions. 

Moreover, as Schwartz’s eighth step says, the findings of scenario planning include also 
the “selection of leading indicators and signposts” for monitoring the actual service life of 
the preferred design alternative (Schwartz, 1991, p. 231). Consequently, not only during 
the building’s design stage the developed scenarios are of value, also during the following 
life cycle stages they might support building designers, owners and users. 
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3. Discussion 

The principal aim of this two-part chapter was to advocate and support the integration of 
simple and transformation scenarios in life cycle cost analysis. In the first part the added 
value of scenario planning and its potential for building design and life cycle costing was 
explored. This exploration showed that scenarios’ main strength include the awareness 
they create about the long-term effects of initial design choices and the robustness of the 
alternatives at the table. In the second part a framework for the development and 
implementation of effective scenarios was proposed. It discusses the identification of key 
drivers for change, their impact on user requirements and satisfaction, and the real and 
life cycle options that a building offers. The framework takes a multifaceted approach, 
being conceptual, analytical and practical at the same time. 

The presented framework is deliberately conceptual. That allows designers as 
well assessors to make the required interpretations when adopting the framework in the 
context of a specific design strategy, development process or assessment technique. 

Simultaneously, the framework takes a very analytic approach. Laying apart all 
critical uncertainty, driving forces, life cycle option and scenario plots allows preparing 
scenario based life cycle cost analyses for any project stage, scale, level or type. 

Nevertheless, the framework also wants to give some practical support. By 
providing examples and suggestions about how it can be used, modelled and maybe 
automated, the framework aims at being adapted and refined continuously. 

Apart from their contribution to scenario based life cycle costing it appeared that 
scenarios can play an important role during building design. Through the participative 
process of scenario development new ideas and design proposals might be created. 
Moreover, although the analytic approach of identifying a design’s life cycle options 
might be inconsistent with the creative nature of the design discipline, it could be an 
important tool to raise awareness about the adaptability of a building. It could identify 
vulnerabilities in the initial design proposals, reveal life cycle options designers were not 
yet aware of and give an indication of the building’s transformational capacity. 

Nevertheless, when performing scenario based life cycle cost analyses, the outcomes 
themselves will not reveal why one design alternative is more robust than another one. 
Therefore, it would be useful to be able to identify more objectively what made the 
building cope with the presupposed changes. Was it its generality or transformability? In 
addition to the qualitative methods to evaluate a building’s transformational capacity 
(Maury, 1999; Moffat & Russel, 2001; Paduart et al., 2013; Debacker et al., 2015) a 
quantitative tool was recently developed by Hertoghs et al. (2013). This Spatial 
Assessment of the Generality and Adaptability of buildings (SAGA) quantifies a floor 
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plans’ transformational capacity, based on space syntax's justified plan graph theory. It 
allows comparing the generality and adaptability of buildings without having to develop 
time-consuming scenarios that strongly rely on predictions and assumptions (Herthogs et 
al., 2013). However, because the goal of the framework proposed with this chapter 
remains to support the quantification of the long-term cost of alternative design choices, 
SAGA is considered to be complementary to scenario development. 
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Chapter 4. 
Identifying life cycle costs and savings in a circular model 

Whereas life cycle stages constitute an established framework for assessing conventional 
buildings, they fail to describe the dynamic nature of transformable ones and the 
complex service life of their elements. For that reason, the idea of life cycle interventions 
is proposed in this chapter. In addition to stages such as construction, use, maintenance 
and end-of-life, interventions such as assembly, disassembly, repair and reuse allow to set 
up circular service life models. 

Because such service life models take into account the life cycle savings transformable 
building fosters, in particular the reuse of building elements, their efficient recycling and 
residual value, a transformable building’s life cycle cost can be compared objectively to 
that of a conventional one. Therefore, available cost data is collected and structured per 
life cycle intervention. Where data is unavailable or inaccurate the necessary reservations 
and uncertainty analyses are formulated. 
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1. Taking a circular life cycle approach 

Conducting life cycle cost analyses requires a thorough understanding of the service life 
of buildings and their components. To provide guidance in this matter, this section 
proposes a combination of life cycle stages, interventions and costs to set up detailed 
service life models and cost calculations. In contrast to the linear approach adopted by 
the international standards (ISO, 2000; CEN, 2011) the proposed method facilitates a 
circular approach and the set up closed-loop service life models. 

1.1. Life cycle stages 

A building’s life cycle is commonly described as a linear process that reaches from cradle 
to grave: “material and energy input is needed to extract raw materials, to process them 
into construction elements and to assemble them into a qualitative building” (Debacker, 
2009, p. 16). “When the building no longer meets the requirements, it is more often than 
not demolished and reduced to waste” (Ibid.). The European standards on life cycle 
costing ISO 15696-5 (ISO, 2013) and the sustainability of construction works EN 15978 
(CEN, 2011) formalise this linear approach. The latter standard states for example that it is 
mandatory to cover in every environmental life cycle assessment the stages production 
and construction (stages A1-5), maintenance (stage B2), repair (stage B3), replacement 
(stage B4), refurbishment (stage B5), energy and water consumption (stage B6-7) and 
end-of-life (stages C1-4). Benefits and loads beyond the system boundaries are optionally 
included in module D as shown in Table 4.1. 

In contrast to the European standards on the sustainability of construction works, the 
international standards on service life planning ISO 15696-1 (ISO, 2000) and life cycle 
costing ISO 15696-5 (ISO, 2013) do not mention mandatory life cycle stages. They only 
require that “a life cycle cost analysis shall include a scoping section that indicates which 
costs are situated within the boundary conditions” (ISO, 2013, p. 9). Nevertheless, the 
provided overview of possible life cycle costs suggests again a cradle-to-grave approach. 
It is shown in Table 4.2 and includes construction costs, operation costs, maintenance 
costs and end-of-life costs. For reasons of uniformity and harmonisation amongst 
financial and environmental assessments, it would be useful to adopt during life cycle 
costing the life cycle stages proposed by the European standards on the sustainability of 
construction works. The similarities between the life cycle stages in Table 4.1 and the life 
cycle costs in Table 4.2 facilitate this adoption. 

Notwithstanding the uniformity established by the European standards, the service life of 
a transformable building does not fit a cradle-to-grave approach. The disassembly and 
reuse or recycling that transformable design fosters, give rise to closed material loops. 
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Table 4.1 The European standards on the sustainability of construction works EN 15978 (CEN, 2011) 

and EN 15804 (CEN, 2012) state it is mandatory to cover a series of sixteen different stages during 

environmental life cycle assessments.  

A1-3, Product stages 
include the provision of all materials, products and energy, as well as waste processing up to the 
end-of waste state or disposal of final residues during this product stages. 
 
A1, raw material extraction and processing, processing of secondary material input 
A2, transport to the manufacturer 
A3, manufacturing 
 
A4-5, Construction process stages 
include all impacts and aspects related to any losses during this stage, including production, 
transport, waste processing and disposal of the lost products and materials. 
 
A4, transport to the building site 
A5, installation into the building 
 
B1-5, Use stages related to the building fabric 
include the provision and transport of all products and related energy and water use, as well as 
waste processing up to the end-of-waste state or disposal of final residues during this use stage. 
 
B1, use or application of the installed product 
B2, maintenance 
B3, repair 
B4, replacement 
B5, refurbishment 
 
B6-7, Use stages related to the operation of the building 
include the provision and transport of all materials, products, energy and water use, as well as 
waste processing up to the end-of-waste state or disposal of final residues during this use stage. 
 
B6, operational energy use (e.g. operation of heating systems and other installed services) 
B7, operational water use 
 
C1-4, End-of-life stages 
include the provision and all transport, materials, products and related energy use. 
 
C1, deconstruction, demolition 
C2, transport to waste processing 
C3, waste processing for reuse, recovery or recycling 
C4, disposal 
 
D, Benefits and loads beyond the system boundary 
D, reuse, recovery or recycling potentials, expressed as optional net impacts or benefits. 
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Table 4.2 The standards on service life planning ISO 15696-1 (ISO, 2000) and life cycle costing ISO 

15696-5 (ISO, 2013) suggest a range of costs that can be considered but leaves it up to the assessor 

to determine which are relevant to be included in each life cycle cost analysis. 

Construction costs 
Professional fees (project design and engineering, statutory consents) 
Temporary works (site clearance, etc.) 
Construction of the asset (including infrastructure, fixtures, fitting-out) 
Taxes 
… 
 
Operation costs 
Rent 
Insurance 
Cyclical regulatory costs (fire, access inspections) 
Utilities (incl. fuel for heating, cooling, power, lighting, water) 
Taxes (rates, local charges, environmental taxes) 
… 
 
Maintenance costs 
Maintenance management 
Adaptation or refurbishment of asset in use 
Repairs and replacement of minor components 
Replacement of major systems and components 
Cleaning 
Grounds maintenance 
Redecoration 
Taxes on maintenance goods and services 
… 
 
End-of-Life costs 
Disposal inspections (final condition inspections) 
Disposal and demolition 
Reinstatement to meet contractual requirements 
Taxes 
… 
  



138   |   Scenario based life cycle costing 

Henceforth, a cradle-to-cradle approach and corresponding service life models are 
required. Only this way the advantages of transformable building choices, including 
diminished resource consumption and avoided waste production can be properly 
modelled and evaluated. The established life cycle stages characterised by a fixed order 
contrast however with the interventions that constitute a transformable building’s service 
life. When for example demountable building elements are replaced both disassembly 
and reconstruction costs apply. Or when a transformable building is refurbished the 
material cost of a reused component is different from that of a new one, while their 
assembly entails the same labour and equipment costs. 

Altogether, in a closed-loop service life model financial impacts (such as material, labour 
and equipment costs) cannot be assigned to a single moment in time. They might occur 
during different life cycle stages and result from interventions at building level (e.g. 
refurbishment), element level (e.g. replacements) and material level (e.g. repairs). A strict 
adoption of the life cycle stages during life cycle costing would as such lead to 
fragmented cost information and increase the risk of calculation errors. But despite this 
mismatch between life cycle stages and life cycle costs, the European standards 
emphasise that the strength of using life cycle stages (also known as the modularity 
principle) lays in the consistent comparison and structured reporting it facilitates. 
Therefore, the present research studied the feasibility of a set of life cycle interventions in 
addition to life cycle stages for setting up closed-loop service life models and organising 
cost information within a circular life cycle approach. 

1.2. Life cycle interventions 

Conventionally, a building’s life cycle cost is calculated by multiplying its elements’ 
quantities by their net present value per unit (cf. chapter 2 and 6). This element based 
approach fits conventional cost surveys and corresponds to the international CEEC code 
of measurement for cost planning (Stoy & Wright, 2007). Nevertheless, it falls short when 
transformation scenarios introduce varying element quantities into the service life 
models and a constant net present value per unit can no longer be determined (cf. 
chapter 3). Consequently, an element’s net present value has to be calculated for sub-
quantities with an identical service life or for sub-periods with a constant quantity. In both 
cases it is necessary to go beyond the level of life cycle stages. Earlier construction 
process (Russell-Smith & Lepech, 2012) and financial risk analyses (Emblemsvåg, 2003) 
profited from an activity based approach. By thinking in terms of activities instead of 
elements a higher level of detail can be achieved (Roberts et al., 1991). In the context of 
environmental life cycle assessments, activities are known as processes (ISO, 2006, p. 3). 
Throughout the present research activities are called life cycle interventions. 
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The service life models set up by Debacker (2009) take an activity based approach. They 
integrate three cycles of processes or interventions: a first cycle at material level, a 
second one at element level and a third one at building level. “Even though these three 
cycles become one during the use of the building, this is not the case before construction 
and after dismantling” says Debacker (2009, p. 18). “For a total picture of the material and 
energy flow and their side effects it is thus important to take all cycles into account” he 
explains (Ibid.). In those cycles Debacker links material states such as element, building 
and waste with generic processes such as use, sorting and recycling. Through such 
processes Debacker succeeds in distinguishing seven typical service life models or paths. 
Some paths reflect a linear course and are characterised by landfilling and combustion. 
Other paths are circular and include feedstock recycling, material recycling, element 
reuse, building renovation and building reuse. 

Debacker’s (2009) service life models have been the starting point to establish a fully-
fledged activity based approach. Taking into account practical construction activities and 
the financial costs they entail, the processes Debacker defined were iteratively 
transformed into a series of twelve life cycle interventions (Figure 4.1). They allow to set 
up the seven paths Debacker identified as well as the closed-loop service life models that 
are typical for transformable buildings. Therefore, three features are crucial. 

First, interventions that relate to primary components are distinguished from 
those that relate to secondary ones (CEN, 2012, p. 10). Primary components result from 
the extraction (1), processing (2) and manufacturing (3) of virgin materials. They are used 
during construction (4a) and refurbishment (9a). Secondary components are in contrast 
salvaged during disassembly (10a), deconstruction (10b) or demolition (10c). They are 
reused in the same (9c) or another (4c) building, recycled (11a) or processed further (11b). 

Second, a distinction is made between life cycle interventions that are typical for 
conventional components and those for demountable ones. In contrast to conventional 
building elements demountable ones can be disassembled (10a) and reused during the 
construction of other buildings (4c) or their own refurbishment (9c). Moreover, 
components of demountable elements can be disassembled (10a) or deconstructed (10b) 
and recycled (11a) while the materials of conventional elements are typically demolished 
(10c) and used as feedstock or disposed (12), possibly after processing (11b). 

Third, the ambiguous status of repairs (7) and replacements (8) in the series of 
life cycle interventions is explicitly acknowledged. After all, both can be defined as a 
combination of other interventions, in particular of disassembly (10a), deconstruction 
(10b) or demolition (10c) and of refurbishment (9a), assembly (9b) or direct reuse (9c). 
Nevertheless, it is useful to preserve them as separate life cycle interventions to be able 
to take into account their particular periodicity, extent and intensity. 
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Figure 4.1 Circular service life model relating all life cycle interventions 

In contrast to conventional cradle-to-grave models, the defined life cycle interventions facilitate 
identifying the closed-loop service lives of transformable buildings and their components. 
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1.3. Life cycle costs 

The defined series of life cycle interventions assists in setting up closed-loop service life 
models. Those models allow describing in detail which building component undergoes 
which interventions. To determine the related life cycle costs, cost data has to be 
collected and structured per life cycle intervention. 

All life cycle costs are defined at element or material level and expressed per unit of 
length ( ), area ( ) or volume ( ). They are labelled as  to  in Table 4.3. They are 
divided in four categories. The motivation behind this categorisation is mainly its 
correspondence with the adopted cost data (ASPEN, 2014a, 2014b). First, labour costs are 
related to the wages workers are paid to realise an intervention. These wages consider 
the required man-hours and expertise. Second, material costs include the purchase of the 
components consumed during an intervention. These components can comprise 
construction materials as well as pre-assembled elements. Third, equipment costs include 
the charges for the use of construction vehicles and tools as well as utilities and fuels. 
Operational energy costs are considered in a fourth category. They are characterised by a 
building dependent heat production and system efficiency. 

The SWOT analysis that was presented in chapter 1 identified a wide range of benefits 
and savings related to open and transformable building strategies. In addition to 
construction related advantages it included new financing methods, alternative tendering 
procedures, simplified building management and innovative decommissioning practices. 
Such indirect advantages are however not considered during the present research. 
Because legislative and managerial measures are required to effectuate them, they fall 
out of the scope of the present research (cf. chapter 2). The financial impacts that are 
considered are related to the building’s construction and emphasise in first place the 
consequences of architectural design choices. 

With the defined range of life cycle stages, interventions and costs a consistent 
framework to set up serve life models and structure cost information is established. 
Consequently, life cycle costs can be reported per stage, intervention and category. How 
these levels relate is presented in Table 4.3 and Table 4.4. The latter table differentiates 
moreover between conventional and demountable building components. Differences are 
noticed for the construction (A4-5), refurbishment (B5) and the end-of-life (C1-2) stages. 
While conventional components are typically demolished, demountable ones can be 
disassembled and reused. The consequently avoided material use, reduced waste 
production, enabled recycling or realised residual value are expected to have an effect on 
the component’s life cycle cost. These effects are detailed in section 3 of this chapter. 
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Table 4.3 The introduction of life cycle interventions in addition to life cycle stages allows to 

calculate the life cycle cost of a building, building element or construction material with the use of 

14 cost figures, labelled  to . * 

Life cycle 
interventions 

Corresponding 
life cycle stages 

Categories: 
labour material equipment energy 

      

1. Extraction A1  

2. Processing A1-2 (costs situated outside the system boundaries) 

3. Manufacturing A2-3  

      

4a. Construction ** A4-5    - 

4b. Assembly ** A4-5       - 

4c. Reuse A4-5       - 

      

5. Use, Operation B1, 6-7 - - -  

      

6. Maintenance B2    - 

      

7. Repairs B3          - 

      

8. Replacement B4    - 

      

9a. Refurbishment A4-5, B3, B4, B5    - 

9b. Assembly A4-5, B3, B4, B5       - 

9c. Direct reuse A4-5, B5       - 

      

10a.Disassembly A4-5, B5, C1-2, D   *** - - 

10b.Deconstruction A4-5, B3, B4, C1-2    - 

10c. Demolition A4-5, B3, B4, B5, C1-2    - 

      

11a.  Recycling C3  

11b.  Processing C3 (costs situated outside the system boundaries) 

12. Disposal C4  

       

 
 
 
* The costs of some interventions differ only with a factor . This factor is defined in section 3. 
** Construction (4a) and assembly (4b) apply only to new built projects (CEN, 2011, pp. 19, 24). 
*** Residual value  is an unsure gain and should be accounted to module D (CEN, 2012, p. 25). 
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Table 4.4 According to the standards, life cycle stages enable a coherent reporting of life cycle 

costs. Already at this point differences between conventional and demountable components can be 

identified for stages A4-5, B4, B5 and C1-2. * 

Stages Conventionally built components:  Demountable components: 
 interventions costs  interventions costs 

A1-3 (costs situated outside the system boundaries) 
      

A4-5 10c. Demolition  , ,   10a. Disassembly , *** 

    10b. Deconstruction , ,  

 4a. Construction** , ,  = 4a. Construction** , ,  

 4b. Assembly** , ,  = 4b. Assembly** , ,  

    4c. Reuse , ,  

 9a. Refurbishment , ,  = 9a. Refurbishment , ,  

 9b. Reassembly , ,  = 9b. Reassembly , ,  

    9c. Direct reuse , ,
      

B1, 6-7 5.Use, Operation  = 5.Use, Operation  
      

B2 6. Maintenance , ,  = 6. Maintenance , ,  
      

B3 7. Repairs ,  = 7. Repairs ,  

  ,   , 

      
      

B4 10c. Demolition  , ,   10b. Deconstruction , ,  

 9a. Refurbishment , ,  = 9a. Refurbishment , ,  

 9b. Assembly , ,  = 9b. Assembly , ,  

    4c. Reuse , ,  
      

B5 10c. Demolition  , ,   10a. Disassembly , *** 

 9a. Refurbishment , ,  = 9a. Refurbishment , ,  

 9b. Assembly , ,  = 9b. Assembly , ,  

    9c. Direct reuse , ,
    4c. Reuse , ,  
      

C1-2 10c. Demolition  , ,   10b. Deconstruction , ,  

    10a. Disassembly , *** 
      

C3-4 (costs situated outside the system boundaries) 
 

* The costs of some interventions differ only with a factor . This factor is defined in section 3. 
** Construction (4a) and assembly (4b) apply only to new built projects (CEN, 2011, pp. 19, 24). 
*** Residual value  is an unsure gain and should be accounted to module D (CEN, 2012, p. 25). 
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2. Collecting life cycle costs 

Besides the set-up of closed-loop service life models, conducting life cycle cost analyses 
requires the input of cost figures such as wages, material prices and equipment costs. 
Therefore, data is collected and structured per life cycle intervention. This is done in 
accordance to defined system boundaries. As it is not always possible to collect complete 
and accurate data, cost and model uncertainties are identified, whereupon appropriate 
measures are formulated. 

2.1. System boundaries 

According to the European standard on environmental life cycle assessments “the system 
boundary determines the unit processes that are taken into account for the object of 
assessment” (CEN, 2011, p. 19). In other words, it states which costs are considered to 
calculate the alternatives’ net present value. Defining these boundaries is an explicit 
requirement of the standard on environmental life cycle assessments. Their 
determination is however not required by the standard on life cycle costing. It is only 
implicitly required by the standard’s demand for maximal transparency (ISO, 2013). 

On this matter, the standard on environmental life cycle assessments proposes that “the 
boundary at the end of an end-of-life stage of the system under study is set where 
outputs, e.g. materials, products or building elements, have gained an economic value” 
(CEN, 2011, p. 27). From a financial perspective that value might be the scrap value of 
deconstructed or demolished materials or the resell value of disassembled elements. In 
analogy, the boundary at the beginning of the system can be set where the input requires 
an economic value. This value might be the purchase cost of the construction materials, 
building elements or second-hand components. 

Taking the perspective of a designer representing the project owner or investor, the 
present research sets the system boundaries where the ownership of the components 
changes. Consequently, the first life cycle interventions and costs that are included in the 
analyses are construction (4a), assembly (4b) and reuse (4c) for new built projects, and 
reconstruction (9a), reassembly (9b) and direct reuse (9c) for renovations. The financial 
impacts of extracting (1), processing (2) and manufacturing (3) are supposed to be 
reflected in the component’s construction cost. In analogy, the costs of recycling (11a), 
processing (11b) and disposal (12) are assumed to be reflected in the deconstruction (10b) 
and demolition costs (10c). These assumptions rely on the principle of added value. It says 
that system after system the cost of a product equals the sum of the cost of its input and 
the value added by processing that input (Lipsey & Harbury, 1992). 
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As a consequence of the chosen system boundaries the off-site sorting, cleaning and 
repair of building elements and materials salvaged from the building are excluded from 
the life cycle cost analyses. They are considered as life cycle interventions of separate 
systems. Nevertheless, if components can be reused in the same building (cf. section 3.1) 
additional costs might apply. These costs are included through various factors detailed 
further. This consideration differs purposefully from the ideas in the standards on the 
sustainability of construction works stating in the context of system boundaries that “all 
output from dismantling, deconstruction or demolition of the building or construction 
works, all debris, all construction products, materials or building elements that are 
discarded, are considered to be waste” (CEN, 2012, p. 24). 

2.2. Cost figures, factors and growth rates 

According to the defined system boundaries the costs of extracting, processing and 
manufacturing components and of recycling, processing and disposing waste are 
assumed to be reflected in the costs of other life cycle interventions. As a result, no 
figures are considered for life cycle stages A1 to A3 and C3 to C4. For all other stages the 
relevant costs are presented below per life cycle intervention. 

a) Construction and assembly 

For life cycle interventions construction (4a), assembly (4b) and reuse (4c) the relevant 
costs figures include labour costs , materials costs  and equipment costs . They are 
taken from ASPEN (2014a), a database collecting average contractor prices. These prices 
are completed with information from the database compiled by the Belgian union of 
contractors BOUWUNIE (2014). In both databases, contractor prices are expressed per 
cost category and include average transport and overhead costs, as well costs resulting 
from material losses during construction. The prices exclude however taxes and designer 
fees. Neither included are the advantages or disadvantages of project scale, mass 
production or prefabrication. 

To assure a correct interpretation of the outcomes of the life cycle cost analyses, two 
remarks have to be made about the used databases. First, very generic specifications 
about material characteristics (e.g. thermal conductance) or construction methods (e.g. 
any required preparations) are attached to these prices. Consequently, uncertainty about 
the representativeness of the selected prices is not uncommon. This reservation is shared 
by different designers, including those involved during the case study of the present 
research. Almost all selected prices were situated well above their expectations. Second, 
the building materials and construction activities listed in these databases are very 
conventional. Innovative materials and construction techniques are lacking, just like costs 
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for recovering and reusing building components. Consequently, additional assumptions 
had to be made, adding up to the uncertainty of some analysis outcomes. Nevertheless, 
the use of generic and consistent cost databases like ASPEN and BOUWUNIE is justified 
by the comparative character of life cycle costing “in which only major cost differences 
between variants are of interest” explains Paduart (2012, p. 295). 

Because both databases contain figures for the year 2014, this year is selected as a 
reference for all service life models and life cycle cost calculations in the present research. 
Construction prices are however not constant over time but grow at an annual rate of 
about 2%. If for example, the construction of a façade would cost € 100 per square meter 
in reference year 2014 (i.e. real price), it is expected that it will cost € 122 in the year 2024 
(i.e. nominal price). As explained by Allacker (2010), 2% is the annual growth that is 
aspired by the European and national banks to prevent deflation and keep price levels 
stable, assuming their positive effect on economy and welfare. Except important 
fluctuations between 4,0% in June 2008 and -0,6% in July 2009, Figure 4.2 shows that the 
average inflation rate after the general Harmonised Index of Consumer Prices over the 20-
year period between January 1994 and January 2014 approaches with 2,0% the aspired 
growth rate (ECB, 2015).  

To take into account the specificities of the construction sector it is necessary to refine 
the growth rate per cost category. In Belgium, three price trends are consistently 
surveyed: the evolution of construction princes in general, the evolution of wages in the 
construction sector and that of construction material prices. From this data, available for 
the past twenty years, a specific annual growth rate is distilled. 

 

 
 

 

Figure 4.2 The growth rate after the Harmonised Index of Consumer Prices (ECB, 2015). 
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Figure 4.3 Growth rate after the ABEX-index of construction prices in Belgium (ABEX, 2015). 

 

 

Figure 4.4 Growth rate after the S-index of Belgian construction wages (VMSW, 2016). 

 

 

Figure 4.5 Growth rate after the I-index of construction material prices (STATBEL, 2016). 
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First, the evolution of construction prices is reflected in the ABEX-index that is composed 
twice a year by the Association of Belgian Experts since 1914 (ABEX, 2015). During the 
period between 1994 and 2014 this index showed an average annual growth rate of 2,5% 
(Figure 4.3). This is in line with the European figures, in particular with the specific 
Harmonised Index of Consumer Prices (HICP) of services for the maintenance and repair 
of dwellings also showing an average annual rate of change of 2,5% over the same period. 
A specific HICP for new construction projects is not available (ECB, 2015). Therefore, the 
growth rate of 2,5% is maintained for equipment costs , ,  and . 

Second, the evolution of wages in the Belgian construction sector is expressed by the 
S-index composed by the National Construction Confederation (Bouwkroniek, 2015). 
Notwithstanding the absolute differences amongst the wages of various profession and 
company size categories, an average annual growth rate of 2,2% characterises the period 
between 1996 and 2016 as Figure 4.4 shows (VMSW, 2016). This value is situated between 
the average growth rate of general labour costs (1,6%) and of construction labour costs 
(2,6%) for the Euro zone between 2003 and 2013 (ECB, 2015). Therefore, 2,2% is chosen as 
the annual growth rate for the labour costs , ,  and . 

Third, the evolution of Belgian material costs is expressed by the I-index composed by the 
Belgian Government (STATBEL, 2016). During the period between 1996 and 2016 the 
annual rate of change varied between -5,3 and 22,2% with an average value of 3,6% 
(Figure 4.5). This value was chosen as the annual growth rate for the material costs , , 

,  and . It is nevertheless unsure that material prices will continue to grow at a 
rate of 3,6%, even if they become increasingly scarce. This is shown by the complex 
theory of natural resource economics (Hartwick & Olewiler, 1986). Uncertainty analyses 
of the growth rates are therefore indispensable. 

Table 4.5 presents an overview of the selected growth rates. During the uncertainty 
analyses below and in chapter 8 their effect will be studied and compared to that of the 
rates used by Allacker (2010) based on the period from 1985 to 2007. 

 

Table 4.5 The selected nominal growth rates for labour and material prices (‘94 - ‘14) seem 

considerably different from those that were used by Allacker (2010) (‘85 - ‘07). 

Cost category  Growth rates ‘85 - ‘07 Growth rates ‘94 - ‘14 
Consumer prices (HICP) n/a 2,0%_ 
Construction prices (ABEX) 2,5% 2,5%_  
Labour prices (S-index) 3,1% 2,2%* 
Material prices (I-index) 1,7% 3,6%* 
 
*figures for the period 1996 – 2016 
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When elements are prefabricated and assembled on site (i.e. life cycle intervention 4b), 
they could fit the idea of mass customisation. This strategy shares several characteristics 
with transformable building, e.g. the aim of building with generic and interchangeable 
components (Debacker et al., 2007). Several authors expect important reductions of the 
construction costs from prefabrication and on-site assembly. These reductions are 
attributed to the cutback of construction waste and the achievement of more efficient 
project and construction processes (Bahamón, 2002; Tam et al., 2007; Smith, 2011). From 
their findings factors  to  are defined. These factors relate the cost figures to  of 
life cycle intervention construction (4a) to those of life cycle intervention assembly (4b). 
Table 4.6 collects these factors for three different outlooks. 

Tatum at al. (1987) expect that the overall cost reduction through prefabrication varies 
around 10%. Their most advantageous outlook is a reduction of the labour costs of 25%. 
Therefore, these values are adopted as the expected and most advantageous outlook for 
factor . On his turn, Smith (2011) states that prefabrication reduces construction waste 
with 50 to 75%. Assuming that 5% of all materials are wasted during construction (Bossink 
& Brouwers, 1996), prefabrication and onsite assembly could result in a material cost 
reduction between 3 and 4%. In the outlook of 20% on-site waste, the material cost 
reduction could reach 16%. These values are adopted for factor  that relates to the 
material costs. Further, Smith notices that prefabrication entails an increase of 20 to 30% 
of the infrastructure costs and of 5% of the transport costs. These values are adopted for 
factor  that relates to the equipment costs. 

Although it is difficult to take these cost reductions for granted, the Dutch Industrial 
Flexible and Demountable (IFD) research projects could confirm the competitiveness of 
on-site assembly (Crone et al., 2007). The comparison amongst the realised IFD projects in 
Figure 4.6 shows that those projects that are characterised by a thorough prefabrication 
are amongst the ones with the lowest construction cost per square meter. Nevertheless, 
the testimonials Crone et al. collected and the varying project cost per square meter 
shown in Figure 4.7 teach that the cost reductions are project specific and context related 
(Crone et al., 2007). Therefore, additional uncertainty analyses are necessary. 

 

Table 4.6 The collected factors  to  express the least, expected and most advantageous costs of 

prefabricated and on-site assembled components compared to their conventional cost. 

Factor per Least advantageous  Expected Most advantageous 
cost category outlook outlook outlook 

 Labour 1,00 0,90 0,75  
 Material  0,97 0,96 0,84 
 Equipment 1,30 1,20 1,05 
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Figure 4.6 Distribution of the IFD construction costs per square meter 

The realised IFD projects with thorough prefabrication (black dots) are amongst the ones with the 
lowest construction cost per square meter. Data derived from Crone et al. (2007). 

 

 

Figure 4.7 Distribution of the IFD project costs per square meter 

In contrast to the construction costs, the project costs per square meter vary considerably for IFD 
projects with thorough prefabrication (black dots). Data derived from Crone et al. (2007). 

 

In addition to construction (4a) and assembly (4b), reuse (4c) was identified as a separate 
life cycle intervention. During this intervention, second-hand components salvaged from 
other projects are used for the construction of the considered building. Because second-
hand material markets are not fully operational yet and corresponding cost information is 
consequently not coherent, it was opted to introduce factors  to . These factors relate 
the cost figures to  of life cycle intervention construction (4a) to those of life cycle 
intervention reuse (4c). The presupposed values for the least, expected and most 
advantageous outlook are collected in Table 4.7. 

Along with the practical and economic feasibility of salvaging second-hand components, 
their cost is related to their technical durability (ROTOR et al., 2012). A first estimation of 
their material cost is therefore their residual value . This value is the proportion of the 
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components’ initial material cost that corresponds to the remaining period of their 
reference service life taking into account their age at the moment of reuse (cf. section 
3.2). It is nevertheless expected that second-hand materials are more expensive than their 
residual value because of the transport, repair and marketing costs they entail (ROTOR et 
al., 2012). Therefore, the expected value for factor  is 1,05 times the residual value. This 
corresponds to the assumptions made by Paduart (2012), Vandenbroucke et al. (2015) and 
Galle et al. (2015). In the least advantageous outlook material costs are another 5% 
higher. In the most advantageous outlook material costs just equal the residual value. 
Further, one could expect it is cheaper to reinstall a second-hand component because it 
fitted a building before. However, the fact that the component has to be reshaped to fit 
its new location is equally probable. Due to this uncertainty, it is assumed that the 
expected labour and equipment costs to reinstall a component equal the costs to install it 
for the first time. Therefore, the expected value for factors  and  is one. In the least 
and most advantageous outlook a 5% higher or lower cost is assumed. 

When elements are reused immediately in the same building, for example during a 
refurbishment, the life cycle intervention direct reuse (9c) should be considered instead of 
reuse (4c). Consequently, other cost figures and factors apply (cf. section 3.1). 

 

Table 4.7 The presupposed factors  to  express the least, expected and most advantageous 

costs of second-hand components compared to their conventional construction cost. 

Factor per Least advantageous Expected Most advantageous 
cost category  outlook outlook outlook 

 Labour 1,05 1,00 0,95 
 Material  1,10   1,05    1,00   
 Equipment 1,05 1,00 0,95 

 

 

b) Use and operation 

After the assessments’ goal defined in chapter 2, the considered financial impacts are 
restricted to construction related costs. All costs related to the use and operation of the 
building are assumed to be identical for each design alternative and are therefore 
omitted. This functional and technical equivalency (cf. chapter 7) should nevertheless be 
verified with the assistance of for example the ISO 15928-1 standard on performance of 
houses (ISO, 2003) or the framework for performance evaluation presented by Preiser and 
Schramm (Preiser & Vischer, 2005). An exception is made for the building’s heating cost. 
Legal requirements on the thermal performance of building elements impose maximal 
values for the elements’ thermal conductance. However, supplementary requirements on 
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the elements’ fire resistance or acoustic insulation necessitate the use of additional 
materials and increase further their thermal performance. To take into account the 
resulting differences the heating costs  are included in the analyses. 

Although a building’s energy consumption depends on its overall characteristic such as its 
compactness, orientation and inertia, it is possible to approach its net heat demand if 
assessments are restricted to the element level. Therefore, the equivalent degree-day 
method, discussed by Santamouris (2010), Pacolet et al. (2012) and several research 
reports (DPWB, 1984a, 1984b) can be used. This method estimates that a well-insulated 
dwelling (i.e. global insulation level K of 45, an airtightness of 0,6 m³ / h·m² and a windows 
surface equal to 22% of its gross floor area) with an average indoor temperature of 18 °C, 
has a net heat demand of approximately 1200 equivalent degree-days (Allacker, 2010, p. 
107). This value is based on the transmission losses corresponding to Belgium’s monthly 
average outdoor temperature. It assumes further that the heating period reaches from 
the first to the last month with an average outdoor temperature lower than 15 °C. And it 
takes into account typical internal and solar gains. Consequently, over an average year 
each square meter of the building skin with a thermal conductance  results in a heat 
loss  compensated with the energy consumption  expressed by equation (4.1).  

=  =   ,  [ / ] (4.1) 

  

Based on technical standards and information reports it is assumed that the required heat 
is generated by a condensing natural gas boiler with an average absolute production 
efficiency  of 94% (equivalent a production efficiency of 104% relative to natural gas’ 
lower heating value), and is distributed through radiators with thermostats resulting in a 
system efficiency  of 89% (WTCB, 2008, 2011b). 

The gas price for the reference year 2014 is shown in Table 4.8 (PETROFED, 2015b; VREG, 
2015a). In analogy with labour and material costs, this cost is subjected to changes over 
time. The specific Harmonised Index of Consumer Prices (HICP) for electricity, gas and 
other fuels shows an average annual rate of change of 4,1% (ECB, 2015). This nominal rate 
is situated between the real rates of 1,6 and 5,7% that were simulated by D’Haeseleer et 
al. (2007) and discussed by Allacker (2010). However, different rates appear from the 
consumer price indexes for electricity, natural gas and oil provided by Belgian Federal 
Ministry of Economic Affairs. Over the period between 2006 and 2014 the average 
nominal annual growth rate for gas was 1.3% as Table 4.9 shows (STATBEL, 2015). This 
value was used further. According to studies by the Flemish Energy Regulator VREG the 
remarkable difference with the international figures relates to the early liberalisation of 
the energy market in Belgium compared to other European countries (VREG, 2008). 
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Table 4.8 Overview of the Belgian energy prices per feedstock type for an average family of 3 

persons* in 2014, weighed to the market share of all energy suppliers and excluding distribution 

costs or subsidies (PETROFED, 2015b; VREG, 2015a). 

Per feedstock type including VAT excluding VAT 
Natural gas  0,06 €/kWh**   0,05 €/kWh 
Electricity     0,18 €/kWh ***   0,17 €/kWh 
Fuel oil 0,073 €/kWh ** 0,060 €/kWh 
 
* With a consumption of 23.260 kWh/year of natural gas, 1.600 kWh/year of electricity during 
daytime and 1.900 kWh at night and making fuel oil orders only from 2000 litre (VREG, 2015a) 
** 21% VAT on natural gas and fuel oil in Belgium since 1996 (PETROFED, 2015a)  
*** 6% VAT on electricity since April 2014, and 21% VAT from September 2015 (VREG, 2015b) 

 

Table 4.9 Overview of average annual growth rates in nominal terms retrieved from the specific 

European (EU) and Belgian (BE) consumer price indexes for electricity, natural gas and fuel oil 

during the period from 2006 to 2014 (ECB, 2015; STATBEL, 2015). 

European average 1996 - 2013 
Electricity, gas and fuels (EU) 4,1% 
 
Per feedstock type 2006 - 2014  
Electricity (BE) 1,1% 
Natural Gas (BE) 1,3% 
Fuel oil (BE) 2,0% 

 

c) Maintenance 

Reoccurring maintenance (i.e. life cycle intervention 6) applies to the finishing layers of 
most building elements. To include the related costs in the life cycle cost analysis, a list of 
about 60 cleaning and refinishing regimes is composed. From this list the most suitable 
regime can be selected per element taking into account its function (e.g. indoor or 
outdoor cladding) and finishing (e.g. painted or varnished). Each maintenance regime is 
characterised by the cost figures ,  and  and a maintenance periodicity. The costs 
are based on prices provided by ASPEN (2014a, 2014b). The maintenance periodicity is 
based on the guide published by the Royal Institution of Chartered Surveyors (BCIS, 
2006). When necessary this information was completed with assumptions that are in 
accordance to the guide on building maintenance published by the Belgian Building 
Research Institute (WTCB, 2011a). 

Maintenance plays an important role in the results of a life cycle cost analysis. Because it 
occurs more frequently than most life cycle interventions, its share in the life cycle cost 
often outweigh differences in construction and replacement costs amongst design 
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alternatives. This could for example be noticed during the evaluation of the HoZe case 
study (Debacker et al., 2015). For the compared alternatives of the floor element, external 
wall, space dividing wall and unit dividing wall the maintenance costs determined which 
variant had the lowest life cycle cost. However, detailed and consistent data about 
maintenance costs (e.g. per finishing quality) is currently lacking. Allacker mentions for 
example that the data she collected from various sources was very divergent and 
perceived to be high (Allacker, 2010, p. 105; Allacker et al., 2011). Therefore, she had to 
adjust data based on the non-structured input of stakeholders and researchers. 
Moreover, possible gains of transformable building during maintenance intervention such 
as a reduced inspection time or prevented replacement costs could not be included in the 
analyses due to a lack of quantified and verified information. Consequently, serious 
reservations should be made when the long-term maintenance costs determine the 
preference of one design alternative over another one. 

d) Repairs 

Notwithstanding regular inspection, cleaning and maintenance, occasional repairs (i.e. 
life cycle intervention 7) might be required. These can be due to for example accidental 
damage, production errors or construction flaws. Because such causes are largely 
unpredictable, a repair regime has to be estimated. This regime can be defined as one of 
the five specific repair interventions for which the costs are given by ASPEN (2014b) or as 
an early replacement for which the costs are discussed further below. Both types of 
regimes can be defined by their periodicity, extensity and intensity. The periodicity , 
varying between frequent and rare, is the number of years between two subsequent 
repairs. For the sake of convenience it is expressed as a fraction of the component’s 
estimated service life  (cf. below). The repair’s extensity  is the share of units (e.g. 
m²) that is subjected to damage every period, being local to ubiquitous. Finally, the 
repair’s intensity  is the fraction per unit that has to be replaced to repair the damage. 
Depending on the elements characteristics, in particular the size of its components, the 
intensity of the repair can vary between complete or fragmental. 

Table 4.10 proposes a quadratic series of factors between zero and one that translate this 
descriptive approach into figures. It has however not been possible to verify these factors 
and validate the presented approach. Therefore, expert surveys and data analyses would 
be necessary. As long as these analyses have not been performed, sensitivity analyses are 
indispensable to verify the related uncertainty. The indicators rare, seldom, occasional or 
frequent correspond respectively to periods of 80, 45, 20 or 5% of the component’s 
estimated service life . Further, 80, 45, 20 or 5% of the installed elements is damaged 
if its extent is judged as ubiquitous, widespread, common or local, of which 80, 45, 20 or 5% 
is replaced if the intensity is considered to be complete, segmental, partial or fragmental. 
Additionally, for each factor a maximum and minimum value is proposed. 
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Table 4.10 Each repair regime is defined by its periodicity, extensity and intensity. To translate the 

descriptive indictors into figures, a quadratic series of factors between zero and one is suggested. 

The indicators and factors that are mentioned in the first example below are underlined. 

Periodicity  Extensity  Intensity  Maximum Expected Minimum 
rare ubiquitous complete 1,00 0,80 0,60 
seldom widespread segmental 0,60 0,45 0,30 
occasional common partial 0,30 0,20 0,10 
frequent local fragmental 0,10 0,05 0,01 

 

As an example, imagine a tiled roof with an expected estimated service life  of 60 
years, a maximum  of 80 years and a minimum  of 30 years. On this roof broken 
tiles are frequently noticed (i.e. the periodicity). Moreover, this damage is quite common 
(i.e. the extensity) but requires only the fragmental (i.e. the intensity) replacement of the 
broken tiles to repair the damage. In this case, it could be expected that one out of 
hundred tiles has to be replaced every 3 years because 0,20 x 0,05 = 0,01 and 60 x 0,05 = 3 
years. In the worst case, one out of thirty tree tiles has to be replaced every four months 
because the minimum  and the minimum value for periodicity frequent bring 30 x 0,01 
= 0,3 year, and the maximum values for extensity common and intensity fragmental bring 
0,30 x 0,10 = 0,03. Alternatively, in the most advantageous situation one out of thousand 
tiles has to be replaced every 8 years because the maximum  and the maximum value 
for the periodicity frequent bring 80 x 0,10 = 8 years, and the minimum values for extensity 
common and intensity fragmental result in 0,10 x 0,01 or a fraction of 0,001 of the tiles that 
has to be replaced. 

In contrast, imagine a window pane with an estimated service life of 40 years that has to 
be replaced due to accidental damage. It can be expected that this happens rarely (i.e. the 
periodicity) and locally (i.e. the extensity). Nevertheless, if a pane brakes it has to be 
replaced completely (i.e. the intensity). This repair is therefore expected every 32 years 
(0,8 x 40 years) for 4% (0,80 x 0,05) of all installed windows. In the worst case, 10% (1,00 x 
0,10) of all panes have to be repaired every 24 years (0,6 x 40 years). In the best case no 
repairs are required (1,00 x 40 years equals the estimated service life). 

Although repairs are included as partial replacements according to this proposal, it is 
considered that they do not influence the overall estimated service life of the evaluated 
element. Moreover, the gains of transformable building on repairs, such as reduced 
inspection time and equipment costs could not yet be quantified. Therefore, thorough 
uncertainty analyses should be conducted when the long-term repair costs would 
determine the preference of one design alternative over another one. 
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e) Replacement 

A replacement (i.e. life cycle intervention 8) is required when a building component no 
longer complies with the requirements it used to fulfil. According to the international 
standard on service life planning, the period a building component “can be expected to 
last” is its reference service life  (ISO, 2000, p. 24). After that period, it has to be 
replaced. Several institutions collected historical data about buildings and published the 
reference service life of various components. The data that is used in the present research 
is published by the Royal Institution of Chartered Surveyors (BCIS, 2006). When necessary 
this data was completed with assumptions that are in accordance with the building 
maintenance guide published by the Belgian Building Research Institute (WTCB, 2011a). 

The reference service life of each component can be adjusted for its specific quality, 
environment and in-use conditions. Therefore, the so-called factor method is used (ISO, 
2008). As equation (4.2) shows, this method multiplies the component’s reference service 
with a set of seven factors. The return is the estimated service life of the component .  

=   (4.2) 

  
Each factor expresses one aspect of the component’s in-use condition compared to a 
reference condition. Conventionally, the factors vary between 0,8 and 1,2. The standard 
on service life prediction advises however to use values between 0,9 and 1,1 (ISO, 2008). 
Alternatively, each factor can be assigned a distribution like in Table 4.11. These 
distributions can be used to perform probabilistic uncertainty analyses and understand 
better the uncertain service life’s effect on the component’s life cycle cost. 

 

Table 4.11 Seven factors expressing the quality and in-use environment of a component allow 

adjusting the component’s reference service life  to its estimated service life  (CEN, 2008). 

Aspect Factor Description minimum expected maximum  
Quality  component quality  0,9 1,0 1,1 
  design level 0,9 1,0 1,1 
   work execution level  0,9 1,0 1,1 
      
Environment   indoor environment  0,9 1,0 1,1 
   outdoor environment  0,9 1,0 1,1 
      
Use  in-use condition  0,9 1,0 1,1 

   maintenance level  0,9 1,0 1,1 
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Generally spoken, a replacement can be described as the components’ deconstruction 
(10b) or demolition (10a), followed by its reconstruction (9a) or reassembly (9b). To the 
latter life cycle interventions correspond cost figures ,  and . These figures are 
generally higher than the figures ,  and  of the life cycle interventions construction 
(4a) and assembly (4b). The difference is due to the practical difficulties that relate to 
building alterations. Figures ,  and  are therefore collected from the ASPEN 
database that provides separate construction costs for renovations projects and building 
alterations (ASPEN, 2014b). A pairwise comparison of the construction costs of about 150 
components showed that the relative difference between ,  and , and ,  and 

 are for most components only related to the considered material and not to the 
component’s application, size or quantity. For example, for various concrete applications, 
including foundations, ground plates and core plates, the material and labour costs are 
always 3,1% and 7,9% higher for renovations than for new construction projects. It was 
however impossible to unveil the systematics that seem to lie behind the ASPEN 
databases. Therefore, separate cost figures had to be maintained. 

In addition to replacements (that occur in life cycle stage B4), the cost figures ,  and 
 apply also to renovation projects (life cycle stages A4-5) and building refurbishments 

(life cycle stage B5). Unlike replacements, the latter alterations emerge from a mismatch 
between the building’s performance and new requirements. This mismatch might have 
various causes (cf. dimensions of performance in chapter 3) and initiate a wide range of 
building alterations (cf. life cycle options in chapter 3). During those alterations building 
components can be added, removed or even relocated and reused. In case components 
are added to the building life cycle interventions reconstruction (9a) or reassembly (9b) 
should be considered. When components are removed life cycle interventions 
disassembly (10a), deconstruction (10b) or demolition (10a) are applicable. If components 
are reused within the same building, life cycle intervention direct reuse (9c) applies. The 
financial impact of the latter interventions is discussed during the following paragraphs 
and sections. 

f) Disassembly, deconstruction and demolition 

At the end of their service life components are disassembled (10a), deconstructed (10b) or 
demolished (10c). Depending on the considered life cycle stage and the component’s 
characteristics, in particular its demountability and age, the costs of one of these 
interventions are taken into account. 

First, demolition (10c) is considered when a conventional component is no longer 
usable and is therefore repaired (life cycle stage B3), replaced (life cycle stage B4) or 
removed (life cycle stages A4-5 and B5) or when the building is decommissioned (life 
cycle stages C1-2). Typically, the material streams that are released during demolition are 



158   |   Scenario based life cycle costing 

mixed in the debris. Therefore, they have to be processed before they can be recycled or 
disposed. Accordingly, the total demolition cost is considered to be the sum of a labour 
demolition cost , a processing cost of unsorted materials  and a transport cost . 

In contrast, deconstruction (10b) is considered when a demountable component 
is repaired (life cycle stage B3) or replaced (life cycle stages A4-5 and B4). After 
deconstruction, the salvaged materials are sorted in purer material streams. Those can be 
efficiently recycled and upcycled or are if necessary disposed. Accordingly, the total 
deconstruction cost is considered to be the sum of a deconstruction labour cost , a 
processing cost of sorted materials  and a transport cost .  

Further, disassembly (10a) is considered when a demountable component is 
removed during a refurbishment (life cycle stages A4-5 and B5) or building 
decommissioning (life cycle stage C1-2) and has not yet reached its estimated service life. 
After disassembly of the component at a disassembly labour cost , its materials can 
be reused in the same building or sold (cf. the conditions for reuse in section 3). Its 
residual value  can consequently be considered as an optional life cycle gain. 

In analogy to the maintenance and repair regimes, an end-of-life regime is defined for 
each component. It relates cost figures to the three end-of-life interventions by defining 
the component’s end-of-life labour actions, material processing cost and transport mode. 

First, filtering 254 relevant cost items retrieved from the ASPEN (2014b) and 
BOUWUNIE (2014) databases resulted in a consistent list of 114 unique end-of-life labour 
actions. Of those actions only five relate to disassembly or deconstruction whereas all the 
rest relates to demolition. Because of this lack of labour costs for deconstruction and 
disassembly, what-if analyses will have to be performed. During these uncertainty 
analyses it will be assumed that the labour costs for deconstruction  and disassembly 

 vary between the component’s construction cost  and its demolition cost . 

Next, material processing costs were listed for various material types. Therefore, 
23 cost items were selected from BOUWUNIE (2014) and CASASDATA (2014). A 
distinction is made between unsorted and sorted materials. Unsorted materials resulting 
from demolition have the material cost . Sorted materials resulting from 
deconstruction have the material cost . Within both categories recyclable and 
unrecyclable materials are distinguished. Therefore, various publications provide the 
required guidelines (BIM, 2009; OVAM, 2009, 2010; Dubois & Christis, 2014; Nakajima & 
Russell, 2014). Further details per material type are shown in Table 4.12. An overview of 
the possible cost range per category is presented in Figure 4.8.  

Finally, for the transport cost  the prices of conventional construction waste 
containers are considered. From the 21 cost items collected from ASPEN (2014b), 
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BOUWUNIE (2014) and CASASDATA (2014), the container costs without material 
processing could be determined for various volumes, including 6, 8, 10, 14, 20, 30 and 
40m³. Consequently, for every building component the required container volume has to 
be estimated. Therefore, the observations by ROTOR et al. (2012) are considered. 

 

Table 4.12 When selecting the end-of-life regime a distinction is made between recyclable and 

unrecyclable salvaged materials (BIM, 2009; OVAM, 2009, 2010; Dubois & Christis, 2014; Nakajima & 

Russell, 2014). The practice of frontrunners is mentioned between brackets. * 

Material 
types 

Collection 
practice 

Re- or 
upcyclable 

Processing 
cost  

Processing 
cost  

     

Metals Sorted Yes Free of charge Free of charge 
Float glass Sorted Yes Free of charge Free of charge 
Wood Mixed (Sorted) Yes 25 €/m³ 3 €/m³ 
Reinforced concrete Mixed (Sorted) Yes 25 €/m³ 5-19 €/m³ 
Masonry Mixed (Sorted) Yes 25 €/m³ 11-30 €/m³ 
Mineral wool Mixed (Sorted)  No (Yes) 43 €/m³ 5 €/m³ 
Synthetic foams Mixed (Sorted) No (Yes) 43 €/m³ 8 €/m³ 
Plastics Mixed (Sorted) No (Yes) 43 €/m³ 16 €/m³ 
Gypsum Mixed (Sorted) No (Yes) 43 €/m³ 24 €/m³ 
Asphalt Mixed (Sorted) No 43 €/m³ 24 €/m³ 
Aerated concrete Mixed (Sorted) No 43 €/m³ 85 €/m³ 
Bitumen Sorted No - 211 €/m³ 
Asbestos Sorted No - 79 €/m³ 
 
* Prices per weight are converted to volumetric figures taking into account the average 
volumetric masses given by OVAM (2014), CASADATA (2014) and VROM (2015). 

 

 

Figure 4.8 Waste processing cost per material and category 

An overview of the cost range per material category shows that processing recyclable sorted 
materials is mostly advantageous compared to mixed and unrecyclable streams. 
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2.3. Uncertainties, reservations and measures 

To obtain reliable conclusions from life cycle costing it is indispensable to use correct cost 
figures. Uncertainty due to a lack of qualitative data should always be avoided (Chouquet 
et al., 2003). However, as discussed before, the cost databases adopted during the 
present research are not always transparent and complete. Therefore, caution should be 
exercised when discussing the life cycle cost of alternative design choices. 

While selecting and sorting cost figures it was necessary to make several assumptions. 
This was due to for example the generality of reference service life figures, the lack of 
construction costs for demountable building elements or when projecting historical 
growth rates into the future. These sources of uncertainty need to be recognised, so that 
their influence on the calculation outcomes and conclusions can be studied. In order to do 
so, uncertainty analysis techniques that are proposed by Marshall (1988) and Chouquet et 
al. (2003) are introduced in chapter 2 and adopted during the proof of concept case study 
in chapter 8. These additional analyses should be performed for at least 23 factors 
introduced in this chapter. These factors are summarised in Table 4.13. 

 

Table 4.13 Supported by uncertainty analyses a reliable life cycle cost evaluation can be conducted. 

According to the presented cost figures the effect of the following parameters should be verified.  

Material, labour and equipment growth rates  in nominal terms (cf. insight 4, p. 282). 
Adjusted construction prices for assembly, through factors ,  and . 
Adjusted construction prices for the use of second-hand materials, through ,  and .  
Repair costs, through factors  and . 
Estimated service life of components , through , , , , ,  and . 
Deconstruction and disassembly labour costs  and . 
Material, labour and equipment costs of direct reuse, through ,  and . 

 

If the uncertainty appears to be determining for the preference of one alternative over 
another, it is important to acknowledge it and report the relates risks consciously 
(Chouquet et al., 2003). If the uncertainty is not determining it should be mentioned as 
well, but no risks should be anticipated. 
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3. Identifying life cycle savings 

The proposed series of life cycle interventions not only facilitates setting up closed-loop 
service life models and structuring cost figures, it also reveals the life cycle savings and 
gains that result from transformable building. Because circular service life models take 
into account a transformable building’s resource efficiency, its life cycle cost can be 
compared objectively to the cost of a conventional building. The resulting savings include 
the reuse of building elements, their potential residual value and recycling.  

3.1. Reuse and direct reuse 

Reuse is defined as “any operation by which products or components that are not wasted 
are used again for the same purpose for which they were conceived or used for other 
purposes without reprocessing” (CEN, 2011, p. 11). This definition corresponds with 
Debacker’s fifth, sixth and seventh life cycle path being the reuse of the building, its 
elements and its materials (Debacker, 2009). According to Addis (2006) reuse brings 
practical benefits to a building project such as obtaining a planning permit faster or 
improving “the reputation of those engaged in building construction” (Addis, 2006, p. 5). 
Moreover, reuse avoids waste processing costs and the consumption of new materials 
(Addis, 2006, p. 7). These advantages of reuse, which are fostered by building in a 
transformable way, are reflected in the costs of the related life cycle interventions. 

First, demountable components can be disassembled (10a) instead of deconstructed 
(10b). Cost figures ,  and  are consequently substituted by . Second, if the 
component is directly reused within the system boundaries (i.e. life cycle stage 9c), then 
the reassembly (9b) or reconstruction (9a) of new components is avoided. Consequently, 
cost figures ,  and  are replaced by costs ,  and . 

The factors  to  reflect the difference between the costs of reconstruction and direct 
reuse. Table 4.14 presents these factors for an expected outlook as well as for a least and 
most advantageous one. The factor  with an expected value of 5% corresponds to the 
average material loss during construction (Bossink & Brouwers, 1996). After all, smaller 
components such as sealing tapes or screws cannot be reused and accidental damage 
during the disassembly might occur. Further, it could be expected that it is cheaper to 
reinstall a component because it fitted the particular building before. However, it is 
equally probable that the component needs to be adjusted to fit a new configuration. 
Therefore, it is assumed that the expected labour and equipment costs to reinstall a 
component are equal to the costs to install it for the first time. 
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Table 4.14 The presupposed factors  to  express the worst, expected and best cost outlook of 

directly reused components compared to their conventional construction cost per category. 

Factor per Least advantageous  Expected Most advantageous 
cost category outlook outlook outlook 

   Labour 1,05 1,00 0,95 
 Material 0,10 0,05 0,00 
 Equipment 1,05 1,00 0,95 

 

After the European standard (CEN, 2011, p. 27) Addis (2006, p. 16) and Paduart (2012, pp. 
211, 277) formulated clear conditions for the reuse of building components. Considering 
direct reuse, i.e. within the system boundaries, those conditions are adopted as: 

the components can be recovered, 
the recovered components are used for a specified purpose, 
the recovered components fulfil the requirements of that purpose, 
the components’ reuse will not lead to adverse financial effects. 

The first condition is guaranteed when the considered element is demountable, for 
example through the use of reversible and independent connections (Debacker et al., 
2015). The second condition is fulfilled if the element is composed of generic and 
interchangeable components that enable immediate reuse in the same building for the 
same purpose. Because the same purpose and requirements are considered, the third 
condition is guaranteed through the rule that a component can only be reused if its 
remaining service life is larger than the fraction  (time quotient) of its estimated service 
life (CEN, 2011, p. 36). The last condition is guaranteed through the rule that an element 
will only be reused if the cost to disassemble  and reinstall it ,  and , is 
smaller than the cost to demolish ,  and , or deconstruct ,  and , and 
replace it ,  and . If a component or element does not fulfil one of these 
conditions it is assumed to be deconstructed (10b) or demolished (10c) instead of 
disassembled (10a). 

3.2. Residual value 

When a salvaged building component is not reused within the system it might still have 
an inherent value. “Design methods which take this value into account potentially 
improve both the economic and environmental efficiency of the entire life cycle” writes 
Paduart (2012, p. 207). Considering the defined system boundaries this value might be 
reflected by the resell value of the components. This value can be included as an optional 
financial gain in the calculated life cycle cost. 
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The actual resell and market value of a component is dependent on its quality as well as 
on consumers’ perception of second-hand materials (ROTOR et al., 2009). Because this 
value is hardly documented in literature, supported by book estimates of assets, nor by 
industry or academic studies, a simplified way to estimate the resell value of a component 
is to calculate its residual value . Therefore, a straight-line depreciation of the 
component’s initial material cost  over its estimated service life  can be conducted 
using equation (4.3). In this equation  is the age of the component at the moment its 
value is claimed (ISO, 2013, p. 21). If the total period of analyses  includes also  
replacements of the component, its residual value can be calculated using equation (4.4).  

=  (  ) (4.3) 

=  (  ) (4.4) 

 

Although the international standard on life cycle costing allows considering “the 
condition of the asset at the end of the period of analysis”, reflecting for example the 
component’s maintenance and in-use conditions, these aspects are already included 
through the factor method that relates the estimated service life of the component to its 
reference service life (ISO, 2013, p. 22). As an alternative for straight-line depreciation, 
which is time-based, it is possible to adopt usage-based depreciation models that take 
into account the number of (re)uses (Carmichael, 2013) or to rely on big data collected 
from online resell platforms. These possibilities could however not be tested and adopted 
within the scope of the present research. Therefore, the straight-line depreciation model 
proposed by the international standard is maintained. 

Additionally, the conditions defined in the European standard for the reuse of 
components also apply to the residual value of building elements (CEN, 2011, p. 27). 
Considering reuse out of the system boundaries, these conditions are adopted as: 

the components can be recovered, 
a market or demand exists for the recovered components, 
the recovered components fulfil the requirements of that demand, 
the components’ marketing will not lead to adverse financial effects. 

The first condition is guaranteed when the considered element is designed and 
assembled in a demountable way. The second condition can hardly be guaranteed with 
the information that is available today. Nevertheless, an increasing interest in second-
hand components could be identified as an important opportunity of transformable 
building in chapter 1. Therefore, the residual value will be included as an unsure but 
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optional gain in the life cycle cost analyses. The third condition is guaranteed if the new 
requirements are identical to the existing ones and the component’s remaining service 
life is larger than a fraction  of its estimated service life (CEN, 2011, p. 36). The last 
condition is guaranteed if the cost to disassemble the element  minus its residual 
value is smaller than the cost to demolish ,  and , or deconstruct it ,  and 

. If an element does not fulfil one of these conditions it is deconstructed (10b) or 
demolished (10c) instead of disassembled (10a). 

3.3. Recycling, upcycling, feedstock and energy recovery 

When a component has reached its estimated service life or cannot be reused, it has no 
resell value as such. Nevertheless, its materials might still be worth some money. After all 
they can be upcycled, recycled, used as feedstock or if necessary result in energy 
recovered during combustion. That value is called a component’s scrap value (DLMC, 
2007). In practice however, the owner does not receive this value in money when the 
component is deconstructed or demolished and taken by the contractor for further 
processing. Nevertheless, in accordance to the defined system boundaries, it can be 
assumed that a component’s scrap value is reflected in the waste processing costs of its 
end-of-life interventions deconstruction (10b) or demolition (10c). 

To include the financial savings resulting from components’ recycling, upcycling, use as 
feedstock or energy recovery, the difference between the processing cost of sorted 
material streams  and mixed flows , as well as between recyclable and unrecyclable 
materials is maintained (cf. Table 4.12). Assuming that conventional building elements 
result in mixed material streams and demountable elements in sorted streams, the waste 
processing cost of a demountable element is situated between 10 and 26% of the cost of 
its conventional alternative (Galle et al., 2015). This difference is related to the low 
processing cost of recyclable components such as wooden substructures and finishing 
layers on the condition they are separated from other materials. But because 
contemporary demolition practice is more complex than the distinction between sorted 
and unsorted waste flows might suggest, Paduart developed a more detailed model of 
conventional and demountable material’s end-of-life (Paduart, 2012, pp. 206–211). 
However, because of a lack of detailed waste processing cost figures, this model could 
not be implemented in the present research. 
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4. Discussion 

Nine life cycle stages, eighteen life cycle interventions and about thirty cost figures and 
factors form together a versatile toolbox to set up circular service life models. These 
models can be built regardless of the project type, stage or extent. Their level of detail 
allows assessors and designers to compare alternative design choices and achieve insight 
in the costs, savings and gains of closed material loops. Consequently, these models will 
form the basis for evaluating transformable design choices during the life cycle cost 
analyses in chapter 5, chapter 7 and chapter 8. 

The use of such circular service life models during life cycle costing requires nevertheless 
the assessor’s appropriate interpretation. Two issues are particularly important and 
should be discussed during every analysis. They concern the allocation of costs and 
savings, and the ownership of buildings and components. 

a) Cost and saving allocation 

A proper allocation of costs guaranties that “no double counting or omission of inputs” 
occurs (CEN, 2012, p. 28). Throughout the present research this is guaranteed by the 
definition of clear system boundaries. Savings realised within the considered system are 
consequently attributed to the related life cycle stage. For example, if an element is 
reused multiple times during subsequent refurbishments, the related advantages are 
reflected in life cycle stage B5. There remain however two ways to include the potential 
advantage of reusing building components outside of the considered system. On the one 
hand, components’ residual value can be included as an optional life cycle gain at their 
end-of-life. Because that residual value is dependent on the component’s remaining 
estimated service life, it reflects future reuse and recycling opportunities. On the other 
hand, when sufficiently detailed data is available, second-hand or recycled components 
can be considered during the initial construction. Because these components have a 
different estimated service life, prices might be lower. However, as each advantage is 
taken into account at a different moment in time it will be discounted in a different way. It 
is therefore advisable that the effect and consequences of both allocation methods are 
compared during additional what-if analyses. 

b) Building and component ownership 

The definition of the system boundaries in section 2.1 relied on the principle of ownership 
and added value. These principles are valid in a conventional construction practice and 
today’s linear business models. However, together with transformable building and 
closed material loops a circular economy might arise (De Baets et al., 2014). Such an 
economy brings new forms of ownership and business models. Examples that are already 
known include community land trusts, component leasing and product-service systems 
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(Dubois & Christis, 2014). In the perspective of these innovations the defined front and 
back boundaries should be reviewed as well as the related costs, savings and gains. 
Howsoever, a circular economy fits a different scope than the one that was defined in 
chapter 2. Alternative business and ownership models are therefore not considered 
further during the present research. 
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Chapter 5. 
Geometric discounting of interacting interventions 

Building elements’ service life models have become increasingly complex, uncertain and 
diverse as a result of the introduced simple and transformation scenarios. For the same 
reason extensive element inventories have to be analysed and numerous uncertainty 
analyses are necessary. To facilitate these analyses a new parametric calculation method 
is developed and presented in this chapter. 

The method’s parametrisation of elements’ service life models allows calculating the 
discounted cost of interacting life cycle interventions without determining their moment 
of occurrence. To validate this method’s accuracy, the resulting present value of 390 
illustrative building elements is compared to the outcomes of an existing parametric 
calculation method and exact manual calculations. 
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1. Calculation challenges 

As discussed in chapter 2, life cycle costing is a suitable method for evaluating the long-
term feasibility of competing design alternatives. For each alternative, life cycle costing 
considers all relevant financial impacts as well as their moment of occurrence  (ISO, 
2013). This allows comparing design alternatives that have a different service life and 
making intertemporal choices (Bull, 1993). Therefore, life cycle costing uses equation 
(5.1). This equation shows how each impact’s present value  is achieved after 
discounting its current cost  at a discount rate  and growth rate . After summing and 
multiplying these values with the corresponding quantity  the alternative with the least 
negative net present value  is preferred. 

= = ++  (5.1) 

 

Although the international standard on life cycle costing ISO 15686-5 (ISO, 2013) 
discusses service life planning and discounting extensively, and various publications deal 
with its implementation, the following three challenges result from the introduction of 
simple and transformation scenarios in life cycle costing. 

Various publications present practical methods for discounting cost. Fuller (1996) 
and Dhillon (2010) discuss for example the difference between one-off and reoccurring 
costs and propose for each a different net present value formula. But as a result of the 
simple refurbishment scenarios introduced in chapter 3 the service life of a building 
element is far more complex than these cost types might suggest. Complexities such as 
the interaction between life cycle interventions (e.g. replacements and simple 
refurbishments) and between element layers (e.g. finishing, insulation and support) 
require advanced service life models and appropriate calculation methods. In contrast to 
conventional assessments, these models and methods should describe realistic service 
lives and discount accurately the savings and gains of reusing and recycling demountable 
building elements. 

The indispensable uncertainty analyses defined in chapter 4 require moreover 
large series of assessments per design alternative. For example sensitivity analyses of the 
chosen period of analysis  (cf. chapter 2), the defined simple refurbishment scenario 
(cf. chapter 3) or the selected time quotient  (cf. chapter 4) require a new assessment 
for every other input value. After all, with every value the service life of the considered 
alternative might change and the moment of occurrence  of every intervention should 
be reviewed. Uncertainty analyses result consequently in extensive spreadsheets and 
lengthy calculations. According to Marshall (1988) this is one of the reasons why few case 
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studies include thorough sensitivity, what-if and probabilistic analyses. Nevertheless, 
these uncertainty analyses are essential for developing reliable and relevant design 
advices based on life cycle cost analysis (ibid.). 

Further, when introducing in addition to simple refurbishments also building 
transformations, elements are added to and removed from the asset at different 
moments during the period of analysis. Consequently, the service lives of a large 
inventory of elements have to be modelled for each design alternative and uncertain 
input value. As explained in chapter 7 and illustrated in chapter 8, those inventories list all 
element instances sorted by their moment of construction and deconstruction. These so-
called sub-service lives have to be modelled and assessed separately because the 
moment of construction and deconstruction determine the moment of occurrence of all 
other life cycle interventions, including replacements and simple refurbishments. Since 
determining the moment of occurrence of every intervention is a demanding task, this 
chapter studies a different approach to determine an alternative’s life cycle cost. 

To anticipate the complex service lives, lengthy uncertainty analyses and extensive 
element inventories that result from the introduction of simple and transformation 
scenarios in life cycle costing, a new parametric service life model and calculation method 
are developed in this chapter. Based on a limited number of parameters they allow taking 
into account the introduced complexities and calculating the alternatives’ net present 
value without determining the moment of occurrence of each life cycle intervention. 
Consequently, they facilitate large series of life cycle assessments, including uncertainty 
and scenario based analyses. 

The parametrisation of the elements’ service life model starts by grouping interventions 
that follow a regular pattern (e.g. reoccurring replacements and simple refurbishments). 
Then, for each group, parameters characterising the interventions’ moment of 
occurrence are defined (e.g. replacement and refurbishment periodicities). Thereafter, 
the most representative parameter values are selected. To evaluate the accuracy of the 
parametrised service life models and selected values, the outcomes of the newly 
developed method are compared to those of an existing parametric method and those of 
exact manual calculations.  
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2. Calculation methodology 

Because the moment of occurrence of each intervention determines its share in the net 
present value, a detailed service life model is presented first. Thereafter, three calculation 
methods are presented: an exact manual method, an existing parametric method and the 
newly developed method. 

2.1. Service life modelling 

In this chapter life cycle cost analyses focus on building elements (e.g. floors, façades and 
internal walls). Such elements are characterised by their constituent material layers and 
their performance (cf. chapter 7). Using them as the analyses’ core entity is in line with 
conventional and innovative life cycle assessments (Mithraratne & Vale, 2004; 
Ostermeyer et al., 2013) and with assessments tools that are currently disseminated 
(Allacker et al., 2013; Trigaux et al., 2013; Debacker et al., 2015). To calculate each 
element’s net present value, a service life model that describes the moment of occurrence 
of all life cycle interventions and their cost is needed. 

In this chapter two life cycle stages and six interventions are modelled. First, 
replacements (i.e. life cycle stage B4) are considered. They entail the life cycle 
interventions demolition (10c) or deconstruction (10b) and reconstruction (9a) or 
reassembly (9b). Second, refurbishments (i.e. life cycle stage B5) are taken into account. 
They entail in addition to the previous interventions also disassembly (10a) and direct 
reuse (9c). Although this selection could be completed with interventions related to 
stages such as maintenance and repair, it is sufficiently complex to demonstrate the 
added value of the models and methods under discussion. 

Replacements occur when element layers reach their technical service life. These 
expenditures ensure that the element preserves its performance and are expected to 
occur at the layer’s estimated service life  (cf. chapter 4). Refurbishments are in 
contrast initiated by functional, economic or social drivers reflecting the changing 
requirements of standards, users or other stakeholders. A layer’s refurbishment is 
therefore given by a simple scenario of reoccurring alterations as introduced in chapter 3. 
The effect of transformation scenarios on an element’s service life is considered 
separately in chapter 6. 

The actual moment of occurrence of replacements and refurbishments depends further 
on three complexities. They include the interaction amongst life cycle interventions, 
between element layers and with the defined period of analysis. Translating those 
complexities into decision rules makes the service life model increasingly realistic. These 
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rules are an implementation of the international standard on service life planning (ISO, 
2008) and inspired by the practical assumptions found in the European standard on the 
environmental performance of buildings (CEN, 2011). Similar implementations are 
discussed in the work of Allacker (2010) and Paduart (2012). 

The first rule relates to the interaction between the interventions of different life 
cycle stages, in this case replacements and simple refurbishments. It assumes that with 
every replacement not only the layer’s technical but also its functional, economic and 
social performance are updated. Hence, the model restarts counting the time to the next 
refurbishment after each replacement. 

The second rule considers the interaction between the material layers within an 
element. It assumes that a layer is only replaced or refurbished when all layers above or in 
front of it are altered. The replacement or refurbishment of each layer is therefore 
postponed to the moment of a replacement or refurbishment of the layer that is situated 
next to it at the side of the element’s closest surface. 

The third rule relates to the remaining analysis period at the moment of every 
replacement and refurbishment. On the condition that these interventions are not strictly 
necessary, it assumes that a layer is not refurbished or replaced if the time to the next 
replacement or to the end of the period of analysis is shorter than a fraction  (i.e. the 
time quotient) of the considered periodicity. 

2.2. Manual discounting 

To illustrate the presented service life model including the adopted rules, a two-layered 
interior wall is analysed. Although fictitious, it is representative to assume that its metal 
support will be refurbished every 14 years and has an estimated service life of 35 years, 
while its wooden finishing is refurbished every 7 years and has an estimated service life of 
23 years. If the wall’s finishing is connected in a reversible way to its support it can be 
disassembled and reused every refurbishment. Consequently, as Figure 5.1 shows, two 
replacements and eight refurbishments are expected during a period of analysis of for 
example 79 years. A third replacement, expected in year 69, is omitted because the 
remaining period (i.e. 10 years) is smaller than half of the finishing layer’s estimated 
service life (i.e. 11,5 years if a  equal to 2 is chosen). As a result, four refurbishments 
occur after the second replacement. Further, assuming that a layer is only replaced or 
refurbished when the layer in front of it is altered, one replacement and four 
refurbishments of the wall’s support are expected (Figure 5.2). Its second refurbishment 
will however not happen at year 28 but is postponed to year 30. Its replacement will not 
occur in year 35 but only in year 37 when the finishing layer is refurbished. 
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Figure 5.1 Exemplary service life model of a demountable wall’s finishing layer 

Because the presented service life model describes each intervention’s moment of occurrence  it 
is possible to discount all costs  to their present value . 

 

 

Figure 5.2 Exemplary service life model of a demountable wall’s support 

As a result of the considered complexities, including the interaction between element layers and 
with the period of analysis, some interventions are postponed while others are omitted. 
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Figure 5.3 Exemplary service life model of a conventional wall’s finishing layer 

Because a conventional finishing layer cannot be disassembled and reused it has to be replaced 
every 7 years according to the adopted simple refurbishment scenario. 

 

 

Figure 5.4 Exemplary service life model of a conventional wall’s support 

No interventions are postponed since the support’s refurbishment periodicity of 14 years is a 
multiple of the finishing’s refurbishment periodicity of 7 years. 
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Alternatively, if the wooden finishing is glued onto the wall’s support, it cannot be 
disassembled and reused. Instead it has to be demolished and reconstructed every 
refurbishment. Consequently, 10 replacements of the finishing layer are expected even 
though it never reaches its estimated service life (Figure 5.3). For the same reason, the 
wall’s metal support is demolished and reconstructed each simple refurbishment, i.e. 
every 14 years (Figure 5.4). Because this refurbishment periodicity is a multiple of the 
refurbishment periodicity of the finishing layer, no interventions are postponed. The 
support’s refurbishments occur in years 14, 28, 42 and 56 and 70 together with the 
finishing layer’s refurbishments. 

Now the service life of the wall is modelled and the moment of occurrence of every 
replacement and refurbishment is known, the corresponding present values can be 
calculated. For that purpose the replacement costs (100 euro for the wall’s finishing and 
125 euro for its support) and refurbishment costs (75 euro for both layers) are discounted 
and summed. In this example a period of analysis of 79 years and a time quotient  equal 
to 2 are chosen. Further, a discount rate  of 0,04 and a growth rate  of 0,007 are 
selected. These values correspond to those of a particular case study (Galle et al., 2015). 
When the wall can be disassembled and reused the present value of all replacements and 
refurbishments equals 410 euro, else it is 551 euro. 

To assess the same element with different estimated service lives, subject to another 
scenario, or for various periods of analysis it is necessary to remodel the service life of 
each of its layers and determine anew the moment of occurrence of every life cycle 
intervention. As an alternative, calculating the element’s present value with the use of a 
series of formulas and a limited number of parameters would be more convenient. Such a 
parametrisation facilitates large series of assessments without ignoring the introduced 
complexities. Consequently, it can make lengthy uncertainty analyses and scenario based 
assessments increasingly feasible. 

2.3. Periodic discounting 

In her doctoral research Paduart uses a parametric calculation method she calls periodic 
discounting (Paduart, 2012, pp. 232–234, 270–272). Instead of determining manually the 
moment of occurrence of every life cycle intervention, she set up the following 
parametric service life model. For each element layer, replacements and simple 
refurbishments are considered separately. After all, each group of interventions follows a 
regular pattern. Their moment of occurrence can therefore be described with a single 
parameter. Replacements reoccur at a constant replacement periodicity ,  that 
equals the layer’s estimated service life (cf. chapter 4). Simple refurbishments reoccur at a 
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fixed refurbishment periodicity ,  that is defined by the simple refurbishment 
scenario (cf. chapter 3). With these parameters and the chosen period of analysis  the 
number of replacements ,  can be determined. Therefore, Paduart uses equation 
(5.2). This equation is inspired on the calculations that are proposed by the European 
standard on the environmental performance of buildings (CEN, 2011, p. 36). With an 
analogous formula the number of refurbishments ,  can be determined. 

, =      ,      ( ; , ) < ,  
,      ( ; , ) ,  (5.2) 

 

With , a mathematical operator that rounds down  to the previous integer, 
, a mathematical operator that rounds up  to the next integer. 

and ( ; ), the remainder after the division of  into . 

To calculate the related present value, Paduart spread the number of replacements and 
refurbishments evenly over the period of analysis . Therefore, their cost is divided in 
arbitrary chosen periods of  years and discounted for the last year of each period. Hence, 
the present value of all replacements ,  can be expressed with equation (5.3). With a 
similar formula the present value of all refurbishments ,  can be determined 
regardless their actual moment of occurrence. 

, =  , ,/ ++/
 (5.3) 

 

The interaction between the different life cycle interventions and between the layers 
within an element is taken into account when determining the number of replacements 
and refurbishments. Reasoning that a layer should not be refurbished when it is already 
replaced, the number of refurbishments is reduced with the number of replacements. 
Thereafter, it is verified that a layer is not replaced or refurbished more often than the 
layer that is situated next to it at the side of the element’s closest surface. 

In favour of this method Paduart argues: “it is difficult to predict when replacements will 
actually take place, and therefore, a periodic discounting method makes a good average 
of possible scenarios” (Paduart, 2012, p. 233). Nevertheless, taking intuitively the 
periodicity of each intervention as the discounting period , the resulting present value of 
the replacements and refurbishments of the two-layered demountable wall element 
presented in section 2.2 equals 353 euro. This outcome differs remarkably from the 
present value of 410 euro that was determined after modelling manually the wall’s service 
life. This difference is due to an underestimation of 36% of the supporting layer’s 
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replacement costs and 14% of its refurbishment costs, as well as of an underestimation of 
31% of the finishing layer’s replacement costs and of 4% of its refurbishment costs (Figure 
5.5). These differences can be attributed to of the rough approach for taking into account 
the interaction between life cycle interventions and the element’s layers as well as to the 
chosen discounting periods  that spread the costs too much. 

 

 

Figure 5.5 Difference in present value for a changing discounting period 

The difference between the periodically and manually discounted costs decreases almost linearly 
with the discounting period  and is different for every layer and intervention. 

 

Sensitivity analyses of the demountable example element confirm that the results of 
periodic discounting are largely dependent on the selected discounting period . First, 
Figure 5.5 shows that the difference between the periodically and manually discounted 
costs decreases almost linearly when the discounting period increases. Second, Figure 5.6 
demonstrates that the discounting period for which the difference in present value 
between periodic and manual discounting is minimal, changes with different discount 
rates. And third, Figure 5.7 makes clear that the difference in present value varies in a 
discontinuous way when an intervention’s periodicity changes. When comparing building 
elements with different replacement or refurbishment periodicities, the inaccuracies are 
consequently incoherent. It can thus be concluded that it is unsure if the outcomes of this 
existing parametric calculation method are reliable for comparing the present value of 
alternative building elements. 
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Figure 5.6 Difference in present value for various discount rates 

The optimal discounting period , i.e. the period for which the difference in present value between 
periodic and manual discounting is minimal, changes with the selected discount rate . 

 

 

Figure 5.7 Difference in present value for a changing replacement periodicity 

The difference between the periodically and manually discounted costs is different for every 
intervention and varies in a discontinuous way when one layer’s periodicity changes. 
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2.4. Geometric discounting 

As an alternative for periodic discounting, a new parametric service life model and 
calculation method is developed. It is named geometric discounting after the geometric 
sum series that are essential to perform the net present value calculations (not to be 
confused with the methods for modelling consumer preference and utility in the field of 
behavioural economics). 

Like periodic discounting, geometric discounting considers the cost of replacements and 
refurbishments separately. In addition, it distinguishes refurbishments that occur 
between two replacements from those that occur after the last replacement. This 
distinction will allow modelling more correctly the interaction between both life cycle 
interventions. Per layer, the characterising parameters are again the period of analysis , 
the replacement periodicity ,  and the refurbishment periodicity , . The values 
that are assigned to these parameters are however not the component’s estimated 
service life and a periodicity defined by a simple scenario. The parameter values are in 
contrast adjusted to take into account the interaction between the element’s layers. 

Bearing in mind that a layer is only replaced or refurbished if all layers above or in front of 
it are altered, replacements and refurbishments are delayed until a replacement or 
refurbishment of the layer situated next to it at the side of the element’s closest surface. 
In other words, a layer inherits the periodicities of the layer situated above or in front of it. 
Therefore, the hypothesis is that the actual replacement periodicity ,  and actual 
refurbishment periodicity ,  of a layer  are a combination of the actual replacement 
periodicity ,  and actual refurbishment periodicity ,  of the layer -1 
situated next to it. As shown in equation (5.4) all possible combinations of both 
periodicities can be collected in a matrix  by summing and multiplying upper and lower 
triangular matrices. Considering realistic values for ,  between 4 and 90 and for ,  between 1 and 30, 10 by 10 matrices include all relevant combinations. For clarity 
the method is illustrated with the use of 3 by 3 matrices. 

= ,  + ,  (5.4) 

 

To be precise, the actual refurbishment periodicity ,  of layer  is the combination of 
the replacement periodicity and refurbishment periodicity of layer -1 that is just larger 
or equal to the given refurbishment periodicity of layer . It is thus the smallest value in 
matrix  that is just larger or equal to ,  as is expressed by equation (5.5). 

, = ( ),  ,   (5.5) 
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The actual replacement periodicity ,  of layer  is the combination of the 
replacement periodicity and refurbishment periodicity of the layer -1 that is just larger 
or equal to the given replacement periodicity of layer . Additionally, this periodicity 
should include the number of replacements of layer -1 that fits the replacement 
periodicity of layer  to restart counting the time to the next refurbishment after each 
replacement of layer -1. The actual replacement periodicity ,  is therefore the 
smallest value in matrix  that is equal or larger than ,  as is expressed by equation 
(5.6), with matrix  composed as expressed by equation (5.7). 

, = ( ),  ,   (5.6) = ,, , +   (5.7) 

 

With ( ), a mathematical operator that selects the smallest value from matrix , 
and , a mathematical operator that rounds down  to the previous integer. 

Considering the demountable and reusable wall element presented in section 2.2 and 
shown in Figure 5.1 and Figure 5.2, the actual periodicities of the finishing layer 1 remain 
7 and 23 as there is no interaction with a layer situated in front of it. Those of the 
supporting layer 2 become 14 and 37 after applying equations (5.4) to (5.7). 

, =  ,  
 

    =  , =  
 

 

, = + ,   

    = , =  
 

 

By using matrices these equations allow determining the required parameter values in a 
mathematically unambiguous way. Although they can be entered directly as formulas in 
spreadsheet environments, it is possible and might be more feasible to develop user 
defined functions in Microsoft Excel®, script macros in Visual Basic® or create other 
automated procedures to determine the parameter values. 
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As the actual periodicities are now known, the number of replacements and the number 
of refurbishments during the period of analysis  can be calculated. Therefore, formulas 
similar to the ones of Paduart (2012) and the European standard on the environmental 
performance of buildings (CEN, 2011) are used. The number of replacements ,  is 
given by equation (5.8), while the number of refurbishments between two replacements , ,  and after the last replacement , ,  is given by equations (5.9) and (5.10). To 
take into account the remaining period to the next replacement or to the end of the 
period of analysis it is verified if the calculated numbers should be rounded up or down. 
Therefore, the time quotient  and the actual periodicities are used. During the 
validation of this calculation method the use of the actual periodicities instead of the 
given periodicities proved to be the most accurate. 

, =      ,      ( ; , ) < ,  
,      ( ; , ) ,  (5.8) 

, , =      , ,      ( , ; , ) < ,  
, ,      ( , ; , ) ,  (5.9) 

, , =
        

( , , ) ,      , , ; , < ,( , , ) ,     , , ; , ,
 (5.10) 

 

With , a mathematical operator that rounds down  to the previous integer,  
, a mathematical operator that rounds up  to the next integer, 

and ( ; ), the remainder after the division of  into . 

For the demountable wall element presented in section 2.2 the resulting numbers are 
identical to those that were counted manually and are shown in Figure 5.1 and Figure 5.2. 
They include two replacements of the finishing layer (i.e. , ) and one of the wall’s 
support (i.e. , ), two refurbishments between every replacement of the finishing 
layer (i.e. , , ) and four after its last replacement (i.e. , , ), as well as two 
refurbishments before the replacement of the support (i.e. , , ) and two after its 
replacement (i.e. , , ). 

With the actual periodicities and numbers the net present value of the replacement and 
refurbishment costs can be calculated. Therefore, three new equations are presented, i.e. 
one for each group of interventions. Equation (5.11) discounts the replacement costs 
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, . Therefore, it describes in its exponent the moment of occurrence of ,  
replacements as a multiple of the replacement periodicity , . This parametrisation is 
illustrated with Figure 5.8 and Figure 5.10. Equation (5.12) discounts the refurbishment 
costs ,  that occur before the last replacement. Therefore, it describes in its 
exponent the moment of occurrence of , ,  refurbishments as a multiple of the 
replacement and refurbishment periodicities ,  and , . As shown in Figure 5.9 
and Figure 5.11, this equation takes into account the first modelling rule and restarts 
counting the time to the next refurbishment after each replacement. The costs of the 
refurbishments that occur after the last replacement are finally discounted with equation 
(5.13). This equation describes in its exponent the moment of occurrence of , ,  
refurbishments as a multiple of the refurbishment periodicity ,  summed with the 
moment of occurrence of the last replacement. 

, = , ++ ,,
 (5.11) 

 

, , =  , ++ , + ,, ,( , )
 (5.12) 

 

, , =  , ++ , , + ,, ,
 (5.13) 

 

The key to calculate these sums in a feasible way is the expression of a finite geometric 
sum series for a constant cost , number , scale factor  and periodicity  shown in 
equation (5.14). In insight 5, p 285 is detailed how this expression can also be used to 
calculate double sum series.  

= ( )
 (5.14) 

 

Considering once again the demountable wall element presented in section 2.2, the total 
present value that results from this newly developed calculation method is 409 euro. This 
result is obtained after equations (5.11) to (5.13) with the use of the actual periodicities 
retrieved after equations (5.4) to (5.7) as well as with the actual numbers calculated with 
equations (5.8) to (5.10). Therewith, a discount rate  of 0,04 and growth rate  of 0,007 
are taken into account. 
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Figure 5.8 Parametrised replacement costs of a demountable wall’s finishing layer 

By describing the moment of occurrence of the ,  replacements as a multiple of the actual 
replacement periodicity ,  it is possible to determine their present value , . 

 

 

Figure 5.9 Parametrised refurbishment costs of a demountable wall’s finishing layer 

Analogously, the moment of occurrence of the , ,  refurbishments can be described as a 
multiple of the actual replacement and refurbishment periodicities ,  and , . 
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Figure 5.10 Parametrised replacement costs of a demountable wall’s support 

The present value of the supporting layer’s replacement ,  is 38 euro, i.e. its cost ,  
discounted for a moment of occurrence equal to once the replacement periodicity , . 

 

 

Figure 5.11 Parametrised refurbishment costs of a demountable wall’s support 

Because the periodicities ,  and ,  do not match perfectly with the manually determined 
moment of occurrence of each intervention, some refurbishments are modelled too early. 
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For the finishing of the two-layered wall element the present value calculations are: 

, = (( + , ) ( + , )) =  
 

, = (( + , ) ( + , )) + =  
 

, = (( + , ) ( + , )) + =  
 

 

For the wall’s support layer the present value calculations are: 

, = (( + , ) ( + , )) =  
 

, = (( + , ) ( + , )) + =  
 

, = (( + , ) ( + , )) + =  
 

 

For the wall’s finishing layer there are no differences between these outcomes and the 
manually modelled and calculated present values except for the rounding errors that 
result from calculating the present value of each cost separately. Both the number of 
replacements and refurbishments as well as their moment of occurrence are described 
accurately by the defined parameters and selected parameter values. Also the present 
value of the replacement cost of the supporting layer is identical to the one that was 
calculated manually. For the refurbishments of the wall’s supporting layer there is 
however a differences of 2% between the outcomes of geometric discounting and the 
manual calculations. This difference relates to the fact that the actual replacement and 
refurbishment periodicities do not match perfectly the manually determined moments of 
occurrence. For example the second replacement of the wall’s supporting layer does not 
occur at twice its actual replacement periodicity, i.e. in year 28, but together with the 
third replacement of the wall’s finishing layer, i.e. in year 30. The resulting overestimation 
of the present value of all layers and interventions together is nevertheless smaller than 
1%. Additionally, this newly developed discounting method is independent from the 
discounting period  and facilitates the evaluation of large series of elements without 
counting out the moment of occurrence of every life cycle intervention. 
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3. Comparative review 

To verify the accuracy of the existing and the newly developed discounting method, 390 
illustrative building elements are assessed with each method. The outcomes are 
subsequently compared and benchmarked with those of the manually modelled service 
lives of the same elements. All calculations are presented in annex 1, p. 408. 

3.1. Comparison set-up 

The elements that are assessed for verifying the accuracy of the existing and the newly 
developed discounting method are similar to the demountable wall element that is 
presented in section 2.2. They are composed out of two interacting layers, each entailing 
two interacting interventions. All elements are characterised by unique combination of 
periodicities. These combinations include refurbishment periodicities that are larger than 
the given replacement periodicities. The largest of both is labelled ,  whereas the 
smallest is labelled , . The given periodicities are realistic and diverse:  varies between 
4 and 90, ,  between 1 and 30. Consequently, 39 interaction patterns could be 
distinguished. For a representative comparison, 10 elements of each pattern are assessed. 
Further, a period of analysis  of 79 years is chosen. The time quotient  equals 2. The 
discount rate  is 0,04 and the growth rate  is 0,007. 

3.2. Findings 

The comparison of both discounting methods is based on three characteristic indicators. 
They are selected for their relevance, i.e. verifying the accuracy of the methods’ 
outcomes. The first indicator is the modelled number of interventions. The second 
indicator is the resulting present value of the replacements or refurbishments separately. 
The third indicator is present value of all replacements and refurbishments together. For 
each method, element and layer these indicators are expressed relative to the present 
values that correspond to the manually modelled service lives. 

First, the differences in number of replacements or refurbishments are given in Figure 
5.12 and Figure 5.13 (i.e. twice 780 cases for each method). This indicator is independent 
from discounting. The differences depend only on the chosen actual refurbishment and 
replacement periodicities. Compared to periodic discounting, geometric discounting 
results in a considerable rise of outcomes without a difference in number of interventions. 
For the elements’ finishing all numbers that are determined with the newly developed 
method are identical to those that were manually determined. For the elements’ support 
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Figure 5.12 Difference in number of interventions of the element’s finishing layer 

For the finishing layer the number of replacements or refurbishments obtained with geometric 
discounting is identical to the manually determined numbers for all 780 considered cases. 

 

 

Figure 5.13 Difference in number of interventions of the elements’ support 

For the elements’ support the difference in number of replacements or refurbishments 
between geometric discounting and manual discounting varies from -2 to +4. 
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the differences vary between -2 and +4. They can be attributed to the fact that actual 
periodicities do not match perfectly the manually determined moments of occurrence. 
Such inaccuracies are due to the simplifications that result from parametrising the 
element’s service life model. Although these inaccuracies are generally small, they might 
lead to a different number of replacements or refurbishments considering the complete 
period of analysis. The difference in numbers between the parametrised and manually 
modelled service lives are largest when the given periodicities are very small or very large 
compared to the period of analysis. 

Second, the differences in present value of replacements or refurbishments are shown in 
Figure 5.14 and Figure 5.15 (i.e. twice 780 cases for each method). This indicator includes 
differences in the considered number of interventions as well as inaccuracies of those 
interventions’ moment of occurrence. Compared to periodic discounting, geometric 
discounting results in a considerable reduction of outcomes with a difference that is 
larger than 5% (187 instead of 1304 after periodic discounting with  equal to the 
considered periodicity). For the element’s finishing all present values that are determined 
with the newly developed method are identical to those that were manually modelled 
and calculated. For the elements’ support the differences vary between -35 and +75%. 
They are due to a simplification of the layers’ interactions when parametrising their 
service life model. Especially overestimations are explained by advancements of 
interventions of the second layer because postponements in the first layer, resulting from 
the time quotient-rule, are omitted when determining the second layer’s actual 
replacement periodicity. Differences occur in 187 out of 780 cases. In 120 cases these 
differences are smaller than 15%. In 20 cases the difference is larger than 45%. 

Third, the differences in the total present value are given in Figure 5.16 (i.e. once 390 
cases for each parametric calculation method). Also this indicator includes differences in 
the considered number of interventions as well as inaccuracies of those interventions’ 
moment of occurrence, but for both layers and both interventions together. In line with 
the previous findings, it shows that compared to periodic discounting, geometric 
discounting results in a considerable rise of cases with a difference in net present value 
that is smaller than 5% (338 instead of 80 after periodic discounting with  equal to the 
considered periodicity, or 137 with  equal to 3 which is its best constant value). The 
difference with the manually calculated present value remains smaller than 1% in 247 
cases. Although all differences and inaccuracies discussed before are now summed, the 
accuracy of the geometric discounting method increases further in contrast to that of 
periodic discounting. Nevertheless, the differences with the manual calculations are 
expected to rise when the period of analysis becomes longer and when the considered 
elements are composed out of more than two layers. Some random samples showed that 
this is however true for both parametric calculation methods. 
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Figure 5.14 Difference in present value of the element’s finishing layer 

In contrast to geometric discounting, periodic discounting is not accurate. Error bars show the 
differences of discounting with a fixed period between 1 and 20 instead of the given periodicities. 

 

 

Figure 5.15 Difference in present value of the element’s support 

For the element’s support, the present value after geometric discounting is, compared to the 
manual calculations, less variable than the present value after periodic discounting. 
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Figure 5.16 Difference in present value of the element’s finishing layer and support 

Even when all differences and inaccuracies are summed, the accuracy of the geometric discounting 
method increases further in contrast to that of periodic discounting. 
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4. Recommendations 

The development of geometric discounting had the aim to parametrise the service life 
modelling and intertemporal life cycle cost analysis of building elements without ignoring 
their characterising complexities. This parametrisation facilitates the indispensable 
uncertainty analysis, the evaluation of large series of alternative building elements and 
the assessment of extensive element inventories. Moreover, the comparative review 
presented in this chapter proved that geometric discounting is more accurate than 
periodic discounting. It is also independent from the discounting period  and therefore 
preferred when conducting scenario based life cycle cost analyses. Its added value is 
illustrated with the calculation method that is developed in chapter 6 and the proof of 
concept that is presented in chapter 8. 

Although the considered complexities, including the interaction between interventions, 
element layers and with the period of analysis, make the developed service life models 
increasingly realistic, it is difficult to say how truthful these models are. After all, empirical 
studies about the correspondence of such models with real-life maintenance, 
refurbishment or replacement practices are not available. Moreover, these practices 
change continuously. Additional uncertainty analyses questioning the adopted modelling 
rules are therefore recommended. 

As a result of the considered rules, serval simple refurbishments and replacements are 
postponed. Although this assumption keeps costs at a reasonably low level, it might 
reduce the element’s performance at certain moments during the period of analysis. This 
is particularly true when the evaluated elements are not properly paced layered. In these 
cases, the evaluated elements are no longer equivalent and their present value thus 
incomparable. The effect of the adopted rules and an element’s pace layering should be 
well understood by the assessor to identify these limitations. To enable geometric 
discounting’s correct use, an accurate distinction between the service life of conventional 
and demountable building elements as well as more general guidelines on modelling 
design alternatives are necessary. These parameter implications and modelling guidelines 
are presented in chapter 7. 

The adoption of alternative modelling rules involves nevertheless the definition of more 
parameters, additional parameter values and a thorough review of their implications. The 
feasibility of the developed two-periodicity model geometric discounting is based on is 
thus dependent on the particular rules that are presented in this chapter. However, this 
model considers only technical replacements and simple refurbishments. More complex 
transformation scenarios should be evaluated separately. How this can be done is 
discussed in chapter 6. 
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If alternative rules would be preferred it might be worth to consider the development of 
user defined functions in Microsoft Excel, to script custom macros in Visual Basic or to 
create other automated procedures. They allow determining the required parameter 
values and could even count out the moment of occurrence of each life cycle intervention. 
These measures can make increasingly complex service life models more feasible and 
accurate. Yet, they make the models more complex and hold the risk of reducing the 
transparency of the analyses’ outcomes. This is certainly true if such procedures would be 
processed in the background of the calculation environment without returning a wide 
variety of intermediate results. These results are nevertheless essential for developing 
concrete design advices as the proof of concept in chapter 8 shows. 
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Chapter 6. 
Life cycle cost calculations of reused building elements 

When introducing in life cycle costing the dynamic nature of transformable buildings the 
limits of the conventional constant-quantity discounting formula are encountered. After 
all, when transformation scenarios result in service life models with varying element 
quantities the life cycle cost calculations can no longer depart from the determination of a 
single net present value per unit and building element. 

Nevertheless, a simple and clear calculation method is aspired to assess the large series of 
added, removed and reused elements that constitute a building and vary amongst the 
elaborated scenarios and design alternatives. Therefore, this chapter compares two 
parametric calculation methods. Their comparison is based on the evaluation of 72 
theoretic service lives and the sensitivity analysis of 4 model variables. 
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1. Calculation challenges 

Life cycle assessments conducted during earlier case studies demonstrated the financial 
and environmental advantages of building in a transformable way (Paduart et al., 2013; 
Debacker et al., 2015; Galle et al., 2015). Nevertheless, after her explorative analyses 
Paduart (2012) stressed that the projected service life of the assessed asset is one of the 
most determining aspect for transformability’s long-term feasibility. Therefore, it is 
expected that taking into account the dynamism of transformable buildings and the 
complex service life of their elements during life cycle costing will have an important 
effect on the analyses’ outcomes. Conventional calculation methods are however not 
developed for implementing the scenarios that reflect the dynamism of transformable 
buildings. After all, the conventional discounting formula introduced in chapter 2 requires 
that a single net present value can be determined per unit and building element (Sterner, 
2000; EuroLifeForm, 2004). Although this formula’s uniformity is acknowledged as an 
important strength of life cycle costing (Gransberg, 2010), it is unknown how to adopt this 
one-fit-all approach when transformation scenarios introduce varying element quantities 
in the buildings’ service life model. 

To adopt the conventional discounting formula in case of varying element quantities two 
possibilities exist. An element’s net present value can be calculated for each of its sub-
quantities that have an identical service life or for each of its sub-service lives that have a 
constant quantity. In both cases it is necessary to go beyond the conventional life cycle 
stages and compose dynamic and circular service life models. Therefore, a series of life 
cycle interventions, cost figures and categories is introduced in chapter 4. To calculate the 
corresponding life cycle cost this chapter proposes a new calculation method. This 
method allows determining the net present value of elements with a varying quantity 
over the period of analysis while taking into account their reuse during future 
transformations. Moreover, it considers the interaction between building transformations 
and other life cycle interventions such as replacements and simple refurbishments. To 
facilitate life cycle cost analyses the proposed method is largely parametrised. Instead of 
detailing exactly every service life of each element instance, it calculates directly their 
financial impact with the use of a limited number of model variables. Therefore, it builds 
further on the geometric discounting technique that is introduced in chapter 5. 

The aim of this chapter is to understand the advantages and risks of the newly developed 
method. That understanding is achieved by comparing the outcomes of the new method 
with those of an earlier explorative approach. Both are benchmarked with the results of 
manually modelled and calculated sub-service lives and life cycle costs. This comparison 
was done for 72 abstract service lives and includes sensitivity analyses of 4 model 
variables. 
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2. Calculation methodology 

For calculating a building’s life cycle cost the moment of occurrence, cost and quantity of 
every relevant life cycle intervention needs to be taken into account. Therefore, a service 
life model is set up first. Thereafter, three calculation methods can be used including a 
manual, reductionist and analytical one. 

2.1. Service life model set-up 

In the present research buildings are considered as an assembly of elements such as 
floors, façades and walls. These elements are not only characterised by their material 
layers, technical performance and simple refurbishments but also by the alterations the 
building undergoes. Such alterations are the result of the transformation scenarios 
developed in accordance to chapter 3. They entail the addition, removal and relocation of 
individual elements throughout the period of analysis. 

Already several studies modelled buildings as an assembly of elements. Most however 
considered only constant element quantities such as Mithraratne and Vale (2004). Paduart 
et al. (2013) considered in contrast varying element quantities in their Ghandi 
neighbourhood case study. Those quantity variations were the result of the building 
transformations the researchers modelled. Because their goal was to evaluate the long-
term environmental impact of demountable and reusable building elements they 
included for example reoccurring conversions between a two and a three room apartment 
in their assessments. Nevertheless, to calculate the related life cycle costs Paduart et al. 
(2013) used a reductionist method. This method is discussed further in this chapter. 

For the purpose of developing and testing an alternative calculation method the plan 
layout of the Ghandi apartments, the corresponding service life assumptions and the 
developed transformation scenarios (Paduart et al., 2013) are considered in this chapter. 
The two scenarios that are adopted during this case study are very plausible (Figure 6.1). 
The first is the alternating transformation between a two room apartment with a 
separate kitchen and a single room apartment with open living spaces. The second 
scenario is the transformation between the same two room apartment and a single room 
apartment with separated living spaces. Both consider a period of analysis of 60 years, 
which is adopted in this chapter as well. 

Assuming that each apartment is transformed every 15 years and that the estimated 
service life of the space dividing wall is 23 years, it is possible to count how many wall 
elements are added, removed or reused every single year. Alternatively, all element 
instances, i.e. pieces of wall, can be sorted by their sub-service life. For example, in the 
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first transformation scenario most wall sections remain in place during the period of 
analysis, only a part of the wall that closes the kitchen can be reused to close the entrance 
hall during very transformation, whereas the wall separating the smallest bedroom is 
removed every 15 years and reconstructed only 15 years later. Consequently, the three 
sub-service lives in the first scenario are: 

Wall (0-60, 0) with a quantity  of 100m² remains in place from year 0 to 60 
without being moved or reused. It is replaced every 23 years. 

Wall (0-60, 15) with a quantity  of 20m² remains in the building from year 
0 to 60, is disassembled and reused every 15 and replaced every 23 years. 

Wall (0-15 & 30-45, 0) with a quantity  of 80m² is installed in year 0 and 30, 
removed in year 15 and 45, and replaced every 23 years. 

The second scenario would result in the same sub-service lives but with different 
exemplary quantities. Moreover, it is assumed that it is relevant to evaluate only one 
building element: a demountable and reusable single-layered space dividing wall. 
Although this assumption results in a simple model set-up it is sufficiently complex to 
introduce and compare the calculation methods under discussion. How multiple elements 
constitute a building is discussed in chapter 7, whereas the analysis of interacting material 
layers and simple refurbishments is presented in chapter 5. Practical examples are given 
in the context of the present research’s proof of concept discussed in chapter 8. 

 

Figure 6.1 Transformation scenarios of the Gandhi case study 

The adopted transformation scenarios, alternating between a two room and single room apartment 
layout result in different reuse opportunities. Image adapted from Paduart et al. (2013). 
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In addition to a set of sub-service lives also cost figures have to be collected. Considering 
the possibility to disassemble and reuse the evaluated space dividing wall the relevant life 
cycle interventions include construction (4a), maintenance (6), reconstruction (9a), direct 
reuse (9c), disassembly (10a) and deconstruction (10b). Their cost is given in Table 6.1 for 
two cost categories. Although the collected figures are only illustrative, their size is 
representative and will be verified with different sensitivity analyses. 

According to the circular model presented in chapter 4 the interventions are related to 
the life cycle stages as follows. When a wall element is added to the building the costs of 
its construction (4a) are added to life cycle stages A4-5, i.e. 300 euro. During its presence 
in the building each element’s annual maintenance cost is added to life cycle stage B2, i.e. 
10 euro. When a wall element is replaced the costs of its deconstruction (10b) and 
reconstruction (9a) are included in life cycle stage B4, i.e. 500 euro. When it is relocated 
during the apartment’s transformation its disassembly (10a) and direct reuse (9c) are 
added to life cycle stage B5, i.e. 400 euro. When a wall is removed from the building the 
associated costs are included in life cycle stage C1-2, i.e. 200 euro. 

 

Table 6.1 Exemplary costs are given per square meter for the six relevant life cycle interventions of 

the evaluated demountable and reusable space dividing wall. 

Cost categories Material Labour Total 
    

Cost per life cycle intervention    
construction (4a) and reconstruction (9a)  € 100 € 200 € 300 
maintenance (6) - € 10 / year € 10 / year 
direct reuse (9c) - € 200 € 200 
disassembly (10a) and deconstruction (10b) - € 200 € 200 

2.2. Manual calculation 

The most precise way to calculate the net present value of an element is to detail 
manually for each year of the period of analysis the occurring expenses and related 
quantities. In Table 6.2 this is done for the space dividing wall in case of the first scenario, 
i.e. the reoccurring transformation between a two room and single room apartment every 
15 years for a period of 60 years. Therewith the service life complexities and rules defined 
in chapter 5 are considered. Further, the estimated service life of the wall is 23 years, a 
time quotient  equal to 2 is selected and a discount rate  of 0,04 and a growth rate  
of 0,007 are used. The resulting present value per year and life cycle stage can 
consequently be explained by the following reasoning. 
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Table 6.2 The most precise way to calculate the net present value over the period of analysis is to 

detail for each year the occurring interventions, related quantities and resulting costs. 

Years 0 (1-15) 15 (16-30) 23 30 (31-45) 45 (46-60) 46 60 
 

Quantities per life cycle stage (m²) 
A4-5 Construction  200 - - - - 80 - - - - - 
B2 Maintenance  - 200 - 120 -100 -20 200 - 120 -100 - 
B4 Replacement  - - - - 100 20 - - - 100 - 
B5 Transformation  - - 20 - - 0 - 20 - - - 
C1-2 End-of-life  - - 80 - - - - 80 - - 120 
 

Present value, discounted costs per life cycle stage (euro/m²) 
A4-5 Construction  300 - - - - 114 - - - - - 
B2 Maintenance - 117 - 72 5 4 44 - 27 2 - 
B4 Replacement  - - - - 238 190 - - - 113 - 
B5 Transformation  - - 246 - - 152 - 20 - - - 
C1-2 End-of-life  - - 123 - - - - 47 - - 29 
 

Net present value per life cycle stage (euro) 
A4-5 Construction  60.000 - - - - 9.122 - - - - - 
B2 Maintenance - 23.404 - 8.657 -476 -76 8.896 - 3.291 -227 - 
B4 Replacement  - - - - 23.817 3.800 - - - 11.345 - 
B5 Transformation  - - 4.932 - - 0 - 1.875 - - - 
C1-2 End-of-life  - - 9.864 - - - - 3.749 - - 3.467 
            

Net present value (euro) 
175.441 60.000 23.404 14.796 8.657 23.340 12.847 8.896 5.624 3.291 11.118 3.467 

 

In year 0, 200 m² of wall is constructed. It is maintained from year 1 to 15. In year 15, 80 m² 
is removed from the building while 20m² is relocated. The remaining 100 m² rests in place 
and entails just like the 20 m² that was reused maintenance costs from year 16 to 30. 
During that period, at year 23 to be precise, all walls reach their estimated service life and 
are expected to be replaced. However, in only 7 years 20 m² will be transformed. Because 
7 years is smaller than half of the wall’s estimated service life, it is assumed that the 
replacement of that 20 m² is postponed to year 30 and that only 100 m² is replaced in year 
23. When replaced, walls do not entail maintenance costs. Further, at year 30, 80 m² of 
new walls enters the building. Consequently, 200 m² of wall is maintained from year 31 to 
45. In year 45 and the next years the same as from year 15 happens. Yet, in year 46 the 100 
m² that was replaced in year 23 reaches again its estimated service life (these walls stayed 
in the building all the time) and need to be replaced. In year 53 the 20 m² that was 
replaced in year 30 reaches its service life, but these walls are not replaced because the 
period from year 53 to the end of the period of analysis lasts only 7 year and is again 
smaller than half of the wall’s estimated service life. The resulting net present value is 
175.441 euro for all instances of the space dividing walls during the period of analysis. 
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Although this manual calculation method is exact, it is very laborious. Certainly, if one 
wants to evaluate the net present value of multiple building elements under different 
transformation scenarios, with varying estimated service lives or multiple periods of 
analysis it would be convenient to parametrise these calculations. Therefore, two 
alternative methods are discussed in the next sections. First the reductionist method that 
was adopted during the Gandhi neighbourhood case study (Paduart et al., 2013) and 
second a newly developed analytical method. 

2.3. First parametrised calculation method 

During the Gandhi neighbourhood case study transformation scenarios were integrated 
in the life cycle assessments (Paduart et al., 2013). Because that integration was not the 
researchers’ main objective, no new methods to evaluate the consequently varying 
element quantities were developed. Instead, the assessments had to rely on the available 
calculation techniques. As those techniques enabled only evaluations at element level, 
transformation scenarios had to be reduced to simple refurbishment scenarios. 
Additionally, it was opted to start all sub-service lives at year 0 and vary only their length. 
The net present value of elements that enter the building after the start of the period of 
analysis was obtained by summing and subtracting the net present value of additional 
sub-service lives. Although this approach simplified the calculations, it increased the 
number of sub-service lives that had to be analysed. Taking into account the life cycle 
interventions of the service life model set up above, the net present value  of an 
element  was calculated with the use of equations (6.1) to (6.8) during the Gandhi 
neighbourhood case study. 

=    (6.1) 

 = + + + +   (6.2) 

 
With   the element’s quantity per sub-service life,   the present value per unit of quantity and sub-service life, and 

 the undiscounted construction cost. 

With , the discounted annual maintenance costs  

= ++    (6.3) 
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With , the discounted replacement cost  reduced with maintenance cost  

= ( ) ++   (6.4) 

 
With , the discounted transformation cost  

= ++    (6.5) 

 
With , the discounted end-of-life cost  

= ++   (6.6) 

 
With  the number of replacements 

=           ( ; ) <       ( ; )  (6.7) 

 
With  the number of transformations between two replacements 

=           ( ; ) <       ( ; )  (6.8) 

 
With , a mathematical operator that rounds down  to the next integer, 

, a mathematical operator that rounds up  to the next integer. 
and ( ; ), the remainder after the division of  into . 

 

As presented above three sub-service lives result from the first transformation scenario. 
The instances of the first sub-service life with a quantity  of 100 m² stay in place without 
being transformed during the period of analysis  of 60 years. The number of 
transformations  is as a result zero. Because their replacement periodicity  equals 
23 the number of replacements  equals 2. Taking into account equations (6.2) to (6.6) 
and the cost figures shown in Table 6.1 the resulting present value of this sub-service life 
is 93.500 euro. The instances of the second sub-service life with a quantity  of 20 m² are 
not only replaced but also transformed at a transformation periodicity  of 15 years. 
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According to the idea of simple scenarios and equation (6.8) one transformation is 
expected between two replacements. The resulting present value of this sub-service life is 
therefore 1.299 euro per square meter or 25.980 euro in total. The instances of the third 
sub-service life with a quantity  of 80 m² are only present in the building between year 0 
and 15 and year 30 to 45. Their present value is therefore calculated as the sum of three 
other sub-service lives that start at year 0 but have a varying length: 

Wall (0-15 & 30-45, 0) with a quantity  of 80m²  

equals Wall (0-15, 0) with a quantity  of 80m²  

plus Wall (0-45, 15) with a quantity  of 80m² 

minus Wall (0-30, 15) with a quantity  of 80m² 

The present value of each of the additional sub-service lives can be calculated in analogy 
with the previous two sub-service lives. Their sum equals 907 euro per square meter and 
brings the net present value to the total of 192.040 euro. This outcome differs 
considerably from the 175.441 euro that was obtained with the manual calculations 
shown in Table 6.2. Several reasons cause this difference. To identify them it is necessary 
to compare both calculation methods per sub-service life. 

For the first sub-service life the results of the reductionist method are identical to those of 
the manual calculations. The number of replacements as well as their moment of 
occurrence is included correctly in the first parametrised calculation method. For the 
second sub-service life the outcomes of both methods are different. Two reasons explain 
this difference. First, in the manual calculations some replacements expected in year 23 
are postponed to the next transformation. Because this delay is not considered in the 
reductionist method these replacements’ cost is discounted too less resulting in an 
overestimation of the present value. Second, the transformations that are expected in 
year 15 and 45 occur according to the reductionist method between two replacements, to 
be precise in year 15 and 38. Consequently, also their present value is overestimated. 

For the third and discontinuous sub-service life the outcomes of the reductionist method 
differ as well from those of the manual calculations. By summing and subtracting 
additional sub-service lives costs are not included correctly. This is illustrated with the 
overview in Table 6.3. Listing for each sub-service life all expenses, it becomes clear that 
subtracting a sub-service life of 30 years from one of 45 years does not result in correct 
figures per life cycle stage. Most noticeable is the overestimation of the replacement 
costs increasing the share of material and labour costs, and the underestimation of the 
construction costs decreasing the share of both cost categories. It is therefore doubtful 
that the resulting net present value allows making reliable conclusions. 
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Table 6.3 Even without considering quantities or discounting costs this overview shows that 

discontinuous sub-service lives should not be approached by summing other sub-service lives. 

Life cycle stages  Construction  Maintenance  Transformation Replacement  End-of-life 
           

Reductionist method           
(0-15,0)  300  150  0  0  200 
plus (0-45,15) + 300 + 450 + 800 + 500 + 200 
minus (0-30,15) - 300 - 300 - 400 - 0 - 200 
           

Total cost (euro) = 300 = 300 = 400 = 500 = 200 
           

Manual calculation           
(0-15,0)  300  150  0  0  200 
plus (30-45, 0) + 300 + 150 + 0 + 0 + 200 
           

Total cost (euro) = 600 = 300 = 0 = 0 = 400 

 

In addition to the inaccuracy of this reductionist parametrised calculation method also 
practical drawbacks were encountered. First, it is laborious to reduce the transformation 
scenarios to simple scenarios and determine the resulting sub-service lives. Further, this 
reduction omits the opportunity to combine both types of scenarios and allows to model 
only regularly reoccurring refurbishments. Therefore, the present research aimed at the 
development of an alternative method. 

2.4. Second parametrised calculation method 

Instead of reducing transformation scenarios to simple scenarios an analytical method is 
taken during the alternative calculation method that is proposed with the present 
research. This method evaluates element specific costs separately from building specific 
costs. Therefore, it takes three steps. First, the building element quantities are 
mathematically transformed. Second, life cycle cost calculations at element level and at 
building level are conducted separately. And third, the necessary corrections are made to 
take into account the interaction between interventions at both levels. 

When the Gandhi neighbourhood apartment and its first transformation scenario are 
modelled in a building information model (BIM) (cf. chapter 7) the varying quantity of 
each of its elements can be retrieved. For the space dividing wall the element take-off is 
shown in Table 6.4. In this take-off the instances are sorted by the year they were added 

 and removed  from the building. For each of these sub-service lives the elements’ 
quantity, area  is given. This take-off can also be organised in a quantity matrix  as 
shown in Figure 6.2 or displayed as a bar scheme as in Figure 6.3. 
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Table 6.4 This element take-off of all instances of the space dividing wall in the first scenario 

collects the quantities and other element properties per sub-service life from year  to . 

Element type  [ .]    [ ]  [ ]  [ ]  [ ² ]  [ ³ ] 
         
Space dividing wall 5 0 60 0,10 40 2,50 100 10 
Space dividing wall 3 0 15 0,10 40 2,50 100 10 
Space dividing wall 1 15 30 0,10 8 2,50 20 2 
Space dividing wall 3 30 45 0,10 40 2,50 100 10 
Space dividing wall 1 45 60 0,10 8 2,50 20 2 

 

 

Matrix   Matrix  Matrix   Matrix  
 0 15 30 45 60       0 15 30 45 60      

0  100 0 0 100   0   0  80 0 0 120   0   
15   20 0 0   15 20  15   0 0 0   15 0  
30    100 0   30 20  30    80 0   30 0  
45     20   45 20  45     0   45 0  
60        60   60        60   

                     
                     
                     

Figure 6.2 Element take-off per sub-service life organised in a quantity matrix 

After a mathematical transformation taking into account all possible reuses, the number of 
sub-service lives in quantity matrix  is reduced from 5 to 3 as matrix ’ shows. 

 

 

    20              
   100      80         
  20     80        80   
 100      20 20 20 20   80     
 100 100 100 100   100 100 100 100   120 120 120 120  
                  

  0  15  30  45  60   0  15  30  45  60   0  15  30  45  60 
                  
                  

Figure 6.3 Element take-off per sub-service life organised in a bar scheme 

Also this visualisation shows how reuse reduces the number or sub-service lives from 5 (left) to 3 
(right). The instances that are reused, i.e. second and third hand elements, are indicated in grey.  



  

Chapter 6. Life cycle cost calculations of reused building elements   |   219 

For a conventional space dividing wall the present value of each of the sub-service lives 
listed in Table 6.4 can be calculated separately and summed to obtain the wall’s life cycle 
cost. Nevertheless, because the considered wall element is demountable and will be 
reused during subsequent transformations the retrieved element quantities should be 
reviewed. In order to extend the service life of each wall instance and include its possible 
reuse, the given sub-service lives are combined to longer ones. Therefore, a mathematical 
transformation is performed. It departs from the element quantities that will be reused 
every transformation moment . Those quantities are the minimum of the amount of 
walls that is removed and the amount that is installed every transformation and are 
collected in matrix . Subsequently, for every possible sub-service life or value in matrix 

, considering the longest and earliest first, it is verified if there are enough elements to 
compose that sub-service life out of two other sub-service lives. If so, the amount that is 
reused (i.e. the minimum of the quantity of the combined sub-service lives and the 
corresponding quantity in matrix ) is added to the considered sub-service life and 
reduced from the two combined sub-service lives in matrix  and in matrix . This is 
repeated for every sub-service life and every transformation moment as long as there are 
quantities left in matrix  . To automate this algorithm a Visual Basic® script has been 
elaborated. It is detailed in insight 6, p. 287. As this script is fully parametric the total 
period of analysis, the transformation periodicity and the number of sub-service lives can 
be automatically determined for every element and analysis. 

Now in matrix  the adjusted quantities   per sub-service life from  to  are 
collected and in matrix  the quantities   per transformation in year  are given, 
equations (6.9) to (6.16) allow calculating their net present value separately. 

=   +     (6.9) 

 =  + + + +  (6.10) 

 
With   the element’s quantity per adjusted sub-service life,   the present value per unit and adjusted sub-service life, and   the element’s reused quantity per transformation moment.  

 
With  , the discounted transformation cost   

 =  ++  (6.11) 
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With , the discounted construction costs  

= ++    (6.12) 

 
With , the discounted annual maintenance costs  

= ++    (6.13) 

 
With , the discounted replacement cost  reduced with maintenance cost  

= ( ) ++   (6.14) 

 
With , the discounted refurbishment cost  

= ++    (6.15) 

 
With , the discounted end-of-life cost  

= ++   (6.16) 

 
With  the replacement periodicity,  the refurbishment periodicity,  the number 
of replacements and  the number of refurbishments determined in accordance with the 
geometric discounting technique developed in chapter 5 for a period of analysis of  -  
and taking into account the parameter implications detailed in chapter 7. 

The resulting  includes in addition to the element’s discounted transformation costs 
also the present value of the construction costs of adding instances to the building, those 
instances’ maintenance, replacement and simple refurbishment costs as long as they are 
present in the building and their end-of-life cost when they are removed from the 
building. Therefore, equations (6.12) to (6.16) are given in terms of only two additional 
parameters:  and  - , i.e. the start of each sub-service life and its duration. Generally 
speaking, the life cycle cost decreases exponentially slower when a sub-service life is 
situated further in the period of analysis (i.e. when  increases) and increases 
exponentially slower when a sub-service life gets longer (i.e. when  -  increases). This 
is illustrated with an example in Figure 6.4. 
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Figure 6.4 Influence of the start of a sub-service life and its duration on its net present value 

The cumulative graph of the net present value of eleven elements entailing identical costs 
illustrates how it decreases exponentially slower as the sub-service life is situated further in time. 

 

So far the life cycle cost of all relevant interventions is included in the net present value. 
However, like the manual calculations the developed method should consider the 
interaction between transformations at building level and interventions at element level. 
If for example the relocation of an element occurs shortly before or after it is replaced or 
refurbished, the cost that would be avoided by delaying one or the other and realise both 
interventions at the same time should be reduced from the calculated net present value. 
Practically, the interaction between the addition or removal of an element during a 
building transformation and an intervention at element level is already considered. After 
all, the addition or removal of an element does logically not interact with its 
refurbishment or replacement. But assuming that reusing an element does not influence 
the need to replace and refurbish the materials it is composed of and vice versa, the 
interaction between transformations with reuse and refurbishments or replacements is 
still possible. Nevertheless, both costs are already counted separately in equation (6.9). 
Therefore, it is discussed for every possible interaction how many, under which condition 
and with which costs the net present value should be corrected. 

To determine for which quantities the net present value should be corrected it is 
necessary to know how the reused instances’ sub-service life looks like around the time 
they are transformed. This is determined by the year  since which each instance has 
been present in the building. Therefore, the quantities of matrix  are sorted by the year 
they were installed for the first time in the building. Practically, this is done during the 
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mathematical transformation discussed above by summing the transformed quantities in 
separate columns corresponding to the first year of the earlier sub-service life that is 
combined with a longer one. Subsequently, for each quantity in the resulting matrix 

 it can be verified if there is an interaction. Unlike the interactions at element level 
presuming that a refurbishment can only be postponed to the next replacement, the 
interaction with transformations might occur in two directions. A refurbishment or 
replacement can be postponed to the next trans-formation, while a transformation can 
also be postponed to the next refurbishment or replacement. Consequently, two tests 
have to be performed for every value of matrix  . 

The first test says there is an interaction when the period between a replacement and a 
transformation is shorter than the fraction  of the replacement periodicity : 

<  (6.17) 

 

With  the number of replacements around the moment the element is transformed: 

= ( )/  (6.18) 

 

The second test says there is an interaction when the period between a refurbishment 
and a transformation is shorter than a fraction  of the refurbishment periodicity : 

<  (6.19) 

 

With  the number of refurbishments since the last replacement: 

= ( )/  (6.20) 

 

With | |, a mathematical operator that selects the absolute value of , 
and [ ], a mathematical operator that rounds  up or down to the closest integer. 

Finally, an overview of the transformation costs the net present value should be reduced 
with is presented in Table 6.5. Therefore, three aspects should be taken into account. 
First, the necessary reduction depends on the intervention the transformation interacts 
with. Second, the number of affected element layers should be considered. And third, the 
way the element is disassembled might have an effect on the transformation costs. 
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Table 6.5 The transformation cost the net present value should be reduced with depends on the 

type of interaction, the disassembly possibilities and the number of affected layers. 

Interaction with replacements 

When transforming an element layer by layer, the replacement of individual layers 
can be done at the same time. Therefore, the net present value can be reduced with the 
transformation cost of the replaced layers. 

When transforming an element as a module, the replacement of individual layers 
cannot be done at the same time without additional cost. Both costs should therefore be included 
in the element’s net present value. 

When transforming an element layer by layer, the replacement of the whole element 
can be done at the same time. Therefore, the net present value can be reduced with the 
transformation cost of all layers. 

When transforming an element as a module, the replacement of the whole element 
can be done at the same time. Therefore, the net present value can be reduced with the 
transformation cost of the module. 

Interaction with refurbishments 

When transforming an element layer by layer, the refurbishment of individual layers 
can be done at the same time. Therefore, the net present value can be reduced with the 
transformation cost of the refurbished layers. 

When transforming an element as a module, the refurbishment of individual layers 
cannot be done at the same time without additional cost. Both costs should therefore be included 
in the element’s net present value. 

When transforming an element layer by layer, the refurbishment of the whole element 
can be done at the same time. Therefore, the net present value can be reduced with the 
transformation cost of all layers. 

When transforming an element as a module, the refurbishment of the whole element 
can be done at the same time. Therefore, the net present value should be reduced with the 
transformation cost of the module. 

 

All this information is collected with the use of Visual Basic scripts interacting with the 
spreadsheet environment (cf. chapter 7). The transformation quantities are sorted by age 
in matrix . Binary matrices  and  collect per element layer, transformation 
moment and instance age if there is an interaction yes (1) or no (0). And matrices  
and  assemble the discounted transformation costs the net present value should be 
corrected with per element layer, transformation moment and instance age. By 
multiplying per element layer and transformation moment the transformation quantity, 
reduction cost and the conditional values of matrices  and  and summing all 
outcomes the total correction cost is obtained. 
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For the Gandhi neighbourhood apartment subjected to the first transformation scenario 
and without refurbishments, the first term of equation (6.9) is the sum of the three 
reviewed sub-service lives shown in Figure 6.2. Each of them is characterised by its 
quantity  , its year of construction  and year of removal . Their associated 
present values are calculated with equations (6.10) and (6.12) to (6.16). Therewith, the 
selected growth and discount rate result in an annual scale factor equal to 0,97. For each 
sub-service life the present value is then: 

+ , + , + , = .     
+ , + , = .   

, + , + , = .   

 

The second term of equation (6.9) sums the net present value of the three element 
transformations given by the transformation scenario and collected in matrix  as shown 
in Figure 6.2. Each transformation is characterised by its quantity  and moment of 
occurrence . After equation (6.11) their cost is discounted as follows: 

, = = .   , = = .   , =   = .   

 

Thereafter, the necessary reductions are determined. For the considered scenario all 
element instances that are transformed in year 15, 30 and 45 have been built in year 0. 
Considering further  equal to 23,  equal to 2 and no simple refurbishments, the 
number of replacements  around the transformation moments  equals 1, 1 and 2 for 
the transformations in year 15, 30 and 45 respectively. As a result, the transformations in 
year 15 and 30 interact with the replacement in year 23, whereas the transformation in 
year 45 and the replacement in year 46 interact as well. After all, condition (6.17) gives: 

| | =    <   , =   | | =    <   , =   | | =    <   , =   
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Further, Table 6.5 shows that because the considered space dividing wall is a modular 
element the net present value can be reduced with all transformation costs. The resulting 
life cycle cost is therefore 171.801 euro. This is an underestimation of 3.640 euro or 2,1% 
compared to the manually calculated life cycle cost. This difference is due to a 
combination of the delay of the replacement of 20 m² of wall from year 23 to 30 in the 
manual calculation but not in the analytical method, the second replacement of the same 
20 m² that is included in the new method but omitted in the manual calculations (cf. Table 
6.2) and all element transformation costs that are omitted in the analytical method. 
Nevertheless, as this single result is more accurate than that of the first parametrised 
calculation method a detailed comparison between the newly developed and the existing 
method is made in the next section of this chapter. 
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3. Comparative review 

To confirm the accuracy of the newly developed calculation method in comparison to the 
existing reductionist method, both are used to assess 72 theoretic service lives. The 
comparison of the resulting net present values is benchmarked with the outcomes of the 
manual evaluation of exactly the same service lives (cf. annex 2, p. 409). 

3.1. Comparison set-up 

The studied service lives are variations on the first transformation scenario of the Gandhi 
neighbourhood apartment (Paduart et al., 2013), i.e. the alternating transformation 
between a two room apartment and a single room apartment with open living spaces. 
However, these variations consider six different element quantities as well as six 
replacement periodicities, each time with and without residual value. 

Just as in the transformation scenario that was evaluated as an example in the previous 
section of this chapter, each variation studied in this section is characterised by three 
groups of element instances. In case of the reductionist calculation method these groups 
correspond to three different sub-service lives. They are listed in Table 6.6. First, there are 
instances that remain in place during the period of analysis. They are replaced if 
necessary between year 0 and 60 but never transformed. Second, some instances are 
transformed and reused every 15 years. Those transformations might however interact 
with the instances’ replacements. Third, other instances are present in the building only 
for shorter periods, to be precise between year 1 and 15 and between year 31 and 45. 
Depending on the element’s replacement periodicity they might be replaced during those 
shorter periods. They are however not reused within the same building. 

The differences between the service lives, labelled a to f, are the quantities that 
correspond to each of the three instance groups. These quantities are also collected in 
Table 6.6. During some service lives, such as service lives c and d, fewer instances can be 
reused whereas during other service lives, such as service lives b and e, more instances 
are regularly reused. The transformation scenario that was evaluated as an example in 
the previous section of this chapter was service life d. The considered variation of 
quantities per instance group will allow identifying if the differences in net present value 
between the parametrised and manual calculation methods are related to a particular 
group of instances or not. After all, from the presentation of each calculation method 
above and the service life that is already evaluated, it is expected that each of the 
considered sub-service lives results in different inaccuracies. Thereafter, the most 
determining aspects for the inaccuracy of each calculation method can be identified and a 
consequent advice about the methods’ use can be formulated. 
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Table 6.6 The element quantities of the service lives reflect various building transformations: 

some in which less and others in which more elements are transformed and reused. 

Sub-service lives never altered regularly transformed discontinuous  
 0-60, 0 0-60, 15 0-15&30-45, 0 
    

Service life a 20 m² 80 m² 100 m² 
Service life b 20 m² 100 m² 80 m² 
Service life c 80 m² 20 m² 100 m² 
Service life d 100 m² 20 m² 80 m² 
Service life e 80 m² 100 m² 20 m² 
Service life f 100 m² 80 m² 20 m² 

 

Additionally, six replacement periodicities  are considered. Replacements occur every 
60 years, every 38 years, 23 years, 18 years, 16 years or 12 years. Considering the fact the 
transformations of the second group of instances occur every 15 years, each replacement 
periodicity will result in a different pattern of interactions between transformations and 
replacements. That pattern has to be included as correctly as possible in the calculation 
method. Moreover, all service lives are assessed with and without the consideration of 
the residual value of the element instances when they are removed from the building. To 
determine this residual value, the element’s material price is depreciated proportionally 
to the age of the considered instances at the moment they are removed from the building 
(cf. chapter 4). This is expected to have the largest effect on the service lives that include 
larger quantities of the third group of instances. 

The standard model parameters that are considered for each of the analysed service lives 
are a period of analysis  equal to 60 years, a time quotient  equal to 2, a discount rate 

 of 0,04 and a growth rate  of 0,007. Costs per life cycle intervention are taken from 
Table 6.1. Additionally, sensitivity analyses are conducted for four model variables: one 
analysis of the discount rate and one of each cost category (i.e. material and labour costs 
as well as maintenance costs separately). Therefore, the model variables are altered one 
by one from 0 to 500% per 25%. 

3.2. Findings 

The comparison of both calculation methods is based on one characteristic indicator: the 
difference between the net present value of the considered demountable building 
element when calculated with one of both parametrised methods and the net present 
value of the same element with the same service life found after a manual calculation. 
Most illustrating is to discuss these differences per replacement periodicity. 
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First, with a replacement periodicity that equals the period of analysis of 60 years no 
replacements or interactions occur. In this situation the outcomes of the analytical 
calculation method show no difference with the outcomes of the manual calculations for 
each of the 6 service lives, all cost categories and discount rates (Figure 6.5). The 
outcomes of the reductionist method show in contrast differences in the net present 
value  varying between -2,7 and -0,4% for the standard model parameters and 
between -8,0 and 0,0% during the sensitivity analyses. These differences are due to the 
incorrect summing and subtracting of sub-service lives ignoring for example the material 
costs when instances are added to the building. This is confirmed by the sensitivity 
analyses showing an important and inversed effect of the material cost on the difference 
in net present value. This is most visible for service lives a, b, c and d because these 
situations include 80 or 100 m² of the instances that belong to the group with a 
discontinuous sub-service life. After all, this sub-service life requires the summing and 
subtracting of additional sub-service lives in case the reductionist method is used. 

When the optional residual value  is included in the net present value the analytical 
method is still exact and the differences that result from the reductionist method become 
smaller. These differences vary now between -0,5 and -0,1% for the standard model 
parameters and between -1,8 to 0,2% with a maximum and minimum material cost. This 
decrease is not surprising because both the detected inaccuracies and the residual value 
are directly related to the material cost and the element instances that belong to the 
group of discontinuous sub-service lives. 

 
 

 

Figure 6.5 Sensitivity analyses of the difference between the manually and parametrically 
calculated net present values of service life c, in case there are no replacements. 
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Second, with a replacement periodicity of 38 years one replacement occurs which does 
interact with the transformations in year 30 and 45. In this situation the analytical 
calculation method is no longer exact and results in differences in the net present value 
between 0,3 and 1,5% for the standard model parameters and between -1,0 and 2,2% 
during the sensitivity analyses (Figure 6.6). These differences are due to the fact the 
analytical calculation method does not take into account that replacements are delayed 
when they interact with a later transformation. The differences are thus the result of 
inaccurate discounting. The differences resulting from the reductionist method are 
noticeably larger (between -1,2 and 5,0%, varying up to -6,3 and 10,4%). They are due to 
both an overestimation of the replacement costs and an underestimation of the number 
of transformations. These differences are consequently noticeable for service lives a, b, e 
and f that have regularly transformed sub-service lives with a quantity of 80 or 100 m².  

Including the residual value hardly influences the results of the analytical method. The 
differences are situated between 0,4 and 1,6%, or -0,8 and 2,4%. After all, the delayed 
replacements causing these differences are not related to the residual value. Further, the 
differences of the reductionist method remain approximately the same for service lives a, 
b, e and f but change from an underestimation to an overestimation for service lives c and 
d. In these two service lives, including 80 or 100 m² of the discontinuous sub-service lives, 
the underestimated net present value is outweighed by an underestimated residual value. 
This is due to summing and subtracting additional sub-service lives resulting in fewer 
replacements and too low residual values. In all service lives differences between 0,3 and 
5,3% are noticed, varying between -2,4 and 12,6%. 

 

 

Figure 6.6 Sensitivity analyses of the difference between the manually and parametrically 
calculated net present values of service life a, in case there is one replacement. 
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Third, with a replacement periodicity of 23 years, i.e. the periodicity that was already 
considered in the previous section of this chapter, two replacements occur each 
interacting with one or more transformations. Moreover, as the first interaction is 
situated earlier in the period of analysis it is discounted less and has a larger effect on the 
net present value. The differences between the outcomes of the manual calculations and 
those of the reductionist method vary consequently between 8,8 and 16,6% and between 
0,9 and 22,4% (Figure 6.7). They are largest in service lives with higher quantities of 
regularly transformed and discontinuous sub-service lives such as service lives a and b, 
and are due to an overestimation of the related transformation costs. This is confirmed by 
the sensitivity analyses showing an important and inversed effect of the labour costs. The 
reductionist method’s incorrect modelling of the interaction between replacements and 
transformations at element level results after all in an inaccurate discounting and even an 
incorrect number of included transformations. For the analytical method differences are 
situated between 0,7 and 3,5% varying up to 0,2 and 6,5%. In case of this method the 
considered cost corrections balance subsequent delays in replacements. 

The results of the reductionist calculation method hardly change when the residual value 
is included in the net present value. The outcomes are situated between 8,9 and 17,3% for 
the standard parameters or between 0,9 and 23,4% in case of the sensitivity analyses. The 
same is true for the analytical calculation method and can be explained by the fact the 
transformations that cause the most important differences are not related to the 
discontinuous sub-service lives. The differences resulting from the newly developed 
method vary between 0,6 and 3,2%, and between 0,1 and 6,4%. 

 

 

Figure 6.7 Sensitivity analyses of the difference between the manually and parametrically 
calculated net present values of service life a, in case of a replacement periodicity of 23 years. 
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Fourth, also with a replacement periodicity of 18 years there occur 2 replacements over 
the period of 60 years. A third replacement is assumed to be omitted as it is situated close 
to the end of the period of analysis. Both replacements interact with a transformation. 
Therefore, the transformation that is expected in year 15 is postponed to year 18 and the 
transformation that is expected in year 30 is postponed to year 36. In this situation the net 
present values that are obtained with the analytical calculation method are again 
identical to those of the manual calculation (Figure 6.8). This is the result of the 
corrections for such interactions that are included in the newly developed method. 
Considering in contrast the reductionist method the differences vary between 5,2 and 
9,8% for the standard parameters or between -1,3 and 19,4% in case of the sensitivity 
analyses. They are the result of the incorrect modelling and discounting of the 
transformation costs as well as of the summing and subtracting of additional sub-service 
lives. These differences are consequently smaller for service lives with a lower quantity of 
discontinuous sub-service lives such as service lives e and f. 

From a replacement periodicity of 18 years onwards can be seen that the residual value 
has no longer an important effect on the differences between the manual and 
reductionist calculation method. After all, the difference between the estimated service 
life of the wall element (i.e. 18 years) and the transformation periodicity (i.e. 15 years) has 
decreased significantly. As a result, the maximum undiscounted residual value has 
dropped to 16,7% of the wall’s material cost (i.e. (18-15)/18). The differences for the 
reductionist method are consequently situated between 5,3 and 10,1% for the standard 
parameters or between -0,7 and 19,4% in during the sensitivity analyses. 

 

 

Figure 6.8 Sensitivity analyses of the difference between the manually and parametrically 
calculated net present values of service life a, in case of a replacement periodicity of 18 years. 
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Fifth, with a replacement periodicity of 16 years 3 replacements are expected. Each of 
those replacements interacts with a transformation that is consequently postponed. In 
this situation, the results from the analytical calculation method are again identical to the 
outcomes of the manual calculations (Figure 6.9). As with the previous replacement 
periodicity this is the result of the corrections that are included in the new method. There 
are in contrast important differences between the net present values that are obtained 
with the reductionist method and the outcomes of the manual calculations. They show an 
overestimation for all service lives even for those with the smallest amount of 
discontinuous sub-service lives such as e and f. The differences are situated between 10,1 
and 29,5% and vary from -0,8 to 43,7% during the sensitivity analyses. Main reason for 
this overestimation is the inaccuracy that results from summing and subtracting 
additional sub-service lives and increases when more transformations occur during those 
sub-service lives. This is confirmed by the sensitivity analyses demonstrating the 
determining effect of the labour costs on the difference in net present value. 

Also with the replacement periodicity of 16 years the effect of including the residual value 
in the net present value is limited. After all, the estimated service life of the considered 
wall element (i.e. 16 years) and the refurbishment periodicity (i.e. 15 years) are situated 
even closer to each other than in the previous situation. The maximum undiscounted 
residual value is as a result not more than 6,3% of the wall’s material cost (i.e. (16-15)/16). 
The consequent differences in the calculated net present values are situated between 
10,3% and 29,7% for the standard parameters or between -0,5 and 43,8% during the 
sensitivity analyses. 

 

 

Figure 6.9 Sensitivity analyses of the difference between the manually and parametrically 
calculated net present values of service life a, in case of a replacement periodicity of 16 years. 
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Sixth, similar as with a replacement periodicity of 18 years a periodicity of 12 years results 
in 3 replacements during the period of analysis and again each of them interacts with a 
transformation. This time however each replacement is postponed and realised together 
with the next transformation. Consequently, both parametrised calculation methods 
result in net present values that show differences with the outcomes of the manual 
calculations (Figure 6.10). The newly developed analytical method shows differences 
between -10,5 and 13,6%, increasing to -12,7 and 19,2% during the sensitivity analyses. In 
addition to discounting inaccuracies that result from the fact this method does not take 
into account postponed replacements, it does neither acknowledge interactions that are 
caused or avoided by subsequent replacement delays. These inaccuracies have the 
largest effect on the net present value when service lives include 80 or 100 m² of instances 
that are regularly transformed. Considering on the other hand the reductionist calculation 
method the differences in net present value are situated between -6,7 and 5,8%, and 
between -7,9 and 7,6%. In analogy to earlier situations these differences are due to the 
overestimation of the replacement costs of regularly transformed instances. They are 
caused by the simplified interaction between replacements and transformations as this 
method reduces transformation scenarios to simple scenarios. 

Because in this situation the replacement periodicity is shorter than the transformation 
periodicity (15 years) the element’s residual value becomes more important again. 
Nevertheless, including the residual value in the net present value does not change the 
conclusions about both parametrised calculation methods. 

  
 

 

Figure 6.10 Sensitivity analyses of the difference between the manually and parametrically 
calculated net present values of service life c, in case of a replacement periodicity of 12 years. 
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4. Recommendations 

In this chapter, the comparative review of the reductionist and the analytical calculation 
methods brought insight in the most determinative parameters for each method’s 
accuracy and applicability for calculating the long-term cost of reusing building elements. 
Therefore, particular attention was given to the interaction amongst life cycle 
interventions. After all, these interactions reflect the dynamic nature of transformable 
buildings and result from the integration of transformation scenarios in life cycle costing. 

For the reductionist calculation method, the parameters that contribute the most to its 
inaccuracy compared to the outcomes of the manual calculations are: 

the material and labour costs 
the discount rate 
the quantity of discontinuous sub-service lives  
the potential residual value 
the number of replacements 

For the new, analytical calculation method the parameters determining most the 
difference in net present value compared to the manual calculations are: 

the number of interactions that postpone a replacement  
the moment of occurrence of those interactions 
the quantities related to those interactions 

If one of these parameters differs amongst the design alternatives that are evaluated, the 
comparability of the resulting net present value should be questioned. If one alternative is 
characterised by remarkably different costs, a lot of discontinuous sub-service lives or a 
lot of replacements it is advisable to use the analytical method to conduct the life cycle 
cost calculations. If one alternative is in contrast characterised by noticeably more 
interactions between transformations and replacements it is advisable to use the 
reductionist method to calculate the associated net present value. However, when 
developing demountable building elements in the context of the Design for Change 
strategy few interactions between replacements and transformations are expected 
because this strategy advises to use durable components to foster their reuse. 

All analyses considered, it can be concluded that reducing transformation scenarios to 
simple scenarios as in the reductionist calculation method results in the largest and the 
most inaccuracies. Histograms of the differences in the net present values for both 
methods relative to the outcomes of the manual calculations without (Figure 6.11) and 
including the results of all sensitivity analyses (Figure 6.12) demonstrate this finding 
insightfully. 
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Figure 6.11 Histogram of the relative difference in  for standard model parameters 

The distributions of the difference in  show a noticeable increase of the accuracy when the 
analytical calculation method is used instead of the reductionist one. 

 

 

 

Figure 6.12 Histogram of the relative difference in  including all sensitivity analyses 

When in the distribution of the differences in net present value also all sensitivity analyses 
are included the increased accuracy of the analytical method is confirmed. 
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Chapter 7. 
Modelling and characterising design alternatives 

Before calculating the life cycle cost of competing design alternatives it is necessary to 
model and characterise each of them. Therefore, this chapter proposes a comprehensive 
modelling protocol. Together with the presented life cycle stages and developed 
discounting methods this protocol enables scenario based life cycle costing. 

On the one hand, the protocol includes general modelling principles. On the other hand, 
it collects the parameters that are necessary to characterise each alternative. For the 
protocol’s practical implementation this chapter discusses the use of building information 
modelling as well as calculation spreadsheets. 
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1. Modelling design alternatives 

Architects and advising engineers are well placed to develop relevant design alternatives. 
Modelling these alternatives is however the assessor’s task. Such models represent in 
numerical terms the alternatives’ characteristics and are used as input for the life cycle 
cost calculations. To guarantee that the created models suit the calculation methods 
developed in the previous chapters, this section proposes first three general principles. 
Thereafter, three useful kinds of building elements are discussed. 

1.1. General principles 

To calculate the life cycle cost of a design alternative it is necessary to put a figure on the 
quantity of components it takes to construct it. Additionally all elements and materials 
used to maintain, repair, replace, refurbish and decommission the alternative have to be 
expressed as a number or amount. Therefore, an interesting point of departure was found 
in the European standard on the sustainability of construction works EN 15978 (CEN, 
2011). According to this standard a building model suits an alternative’s quantification on 
the condition that it is well-structured and describes at least: 

the alternative’s constituent components, i.e. its elements and materials, 

the related processes, such as maintenance and repair regimes, and 

its operational consumption, for instance the building’s energy use. 

Further, this standard explains that each building model should be created in accordance 
with “the goal and scope of the assessment” (CEN, 2011, p. 29). Since the present 
research’s aim is to assess and compare conventional design alternatives with 
transformable ones, it is important to include the specificities of both in the created 
models. Therefore, each model should reflect the building’s changing composition as well 
as its component’s complex service lives (cf. complexities discussed in chapter 5). 

To guarantee that the modelled alternatives result in meaningful and comparable 
outcomes, this section proposes three modelling principles. These principles include first 
the adoption of a clear model hierarchy, second the definition of equivalent units and 
third the use of building elements as the model’s basic unit. These principles are based on 
the practical experience from earlier life cycle cost and environmental analyses 
(Debacker, 2009; Paduart et al., 2013; Galle, Vandenbroucke et al., 2015; Vandenbroucke, 
2016) and match the corresponding standards (CEN, 2011; ISO, 2013). 
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a) Three-level hierarchy 

The first principle splits a building into building elements that are at their turn composed 
out of building materials. The notions building, building element and building material 
are defined by Galle and Herthogs (2015) after Haslinghuis and Janse (1997) as: 

a building is a composition of elements, providing space to persons, their 
activities and stuff. A building can be built or only designed. 

a building element is a component of a building fulfilling a specific set of 
requirements, i.e. its performance, e.g. a wall, door or technical appliance. 

a building material is a product used to build elements, such as sand and clay 
or glass and steel, as well as bricks and tiles or window panes and frames. 

This hierarchy allows to model information at the most appropriate level. For example, 
design fees and tax rates can be defined at the level of the whole building regardless the 
elements it is composed of, whereas maintenance costs can be expressed per installed 
elevator regardless the materials that were used to build that elevator. Additionally, this 
hierarchy allows to increase the level of detail when the design process proceeds (De 
Troyer & Naert, 2002) and fulfils the requirement that “an approach for the evaluation of 
costs has to be fast at the start of the design process, [and] allow more detailed analysis 
at the later design stages” (Allacker, 2010, p. 99). 

Besides these practical advantages the building-element-material hierarchy allows 
developing design alternatives at each level. Moreover, taking a modular approach, it 
enables combining different materials into various elements that at their turn can be 
combined into alternative building designs. As a consequence, it is possible to generate 
quickly new alternatives and iteratively assess and optimise them. This advantage is 
illustrated insightfully by the proof of concept in chapter 8. During this case study various 
combinations of demountable and conventional building elements are proposed and 
subsequently evaluated. 

b) Functional and technical equivalency 

“When life cycle costing involves an economic comparison of different alternatives, each 
alternative should meet the functional, operational, maintenance and other performance 
requirements set by the client” (ISO, 2013, p. 10). After all, like apples and oranges, 
buildings with a different performance cannot be compared. Only on the condition that 
the proposed alternatives are equivalent, a meaningful comparison of their life cycle cost 
can be guaranteed. According to the European standard on the sustainability of 
construction works EN 15978 (CEN, 2011) the equivalency of design alternatives should be 
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realised through the definition of “quantified functional or technical requirements” that 
can be used as objective references (CEN, 2011, p. 17). 

To compare design alternatives at material, element and building level it is necessary to 
define requirements and references at each level separately. For example, functional 
requirements can be defined at the building level after the design handbook published by 
the Flemish Society for Social Housing VMSW (2008). Operational requirements such as 
thermal and sound insulation levels are defined at element level in various legal standards 
(NBN, 1987; LNE, 2010; Belgian Gazette, 2012). Whereas, technical requirements can be 
defined at material level according to the guidelines on decent craftsmanship published 
by the Belgian Building Research Institute WTCB (2011). 

While introducing life cycle scenarios in life cycle costing, in particular transformation 
scenarios that entail changing requirements and consequent building alterations, it has to 
be ensured that the assessed alternatives are not only equivalent at their initial life cycle 
stage, but that they remain equivalent over the period of analysis. Notwithstanding the 
differences amongst the scenarios, alternatives have to fulfil the same evolving 
requirements, performance and quality. Therefore, the elements’ and buildings’ 
performance has to be monitored and verified after every considered life cycle option and 
building alteration when fleshing out scenarios (cf. chapter 3). 

c) Building elements as basic unit 

As a third principle, elements are selected as the structuring unit of each alternative’s 
model. Therefore, several reasons exist. Foremost, elements are objects architects are 
used to design with. They exist not only as vaguely sketched planes at the conceptual 
design stage, but also as detailed material assemblies as the project proceeds (De Troyer 
& Naert, 2002). Further, digital building information modelling software uses building 
elements as basic entities (Denis, 2014) and various construction prices are defined at the 
same level (ASPEN, 2014a). Nevertheless, prototyping projects reveal that this third 
principle results in a simplification of reality (Paduart et al., 2015). Shortcomings include 
the chance of: 

ignoring the heterogeneity of building elements and its consequences for 
their reuse potential, 

overlooking the possibility to recombine and upcycle individual materials to 
different elements, and 

being unable to model the changing specification of elements during the 
period of analysis. 
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Nevertheless, many advantages of the third modelling principle lead to its maintenance 
throughout the present research, including: 

the structured, manageable and transparent modelling of design 
alternatives and transformation scenarios, 

the clear allocation of costs and detailed outcomes providing guidance to 
design improvements, 

the compatibility with environmental life cycle assessment tools that are 
currently disseminated, 

the correspondence with the idea of interchangeable building products and 
product-service systems, and 

the possibility to define elements in an inventive and creative way 
bypassing the identified disadvantages. 

The practical implementation of this principle relies on the cost breakdown structure 
BB/SfB-plus (De Troyer, 2008). This structure is the Belgian adaptation of the SfB system 
for inventorying elements by function, form and performance (De Troyer et al., 1990). An 
overview is presented in Table 7.1. In contrast to the original system, element quantities 
are not expressed relative to the building’s size in the present research. Although relative 
figures allow comparing buildings of different dimensions, they are contradictory to the 
varying element quantities and building performance that result from introducing 
transformation scenarios. 

1.2. Element classification 

Because building elements are selected as the model’s basic unit, each design alternative 
and transformation scenario has to be modelled as an assembly of elements. Generally 
speaking, three kinds of elements can be used: planar elements, linear elements and 
objects. It is the assessor’s task to combine these elements carefully and integrate the 
corresponding measurements in the net present value calculations. In the context of the 
present research’s case study some example elements and measurements are shown in 
chapter 8. These measurements will be retrieved with the use of a digital building 
information model (BIM) introduced in section 3.1 of this chapter. For that reason, this 
section explores how each kind of element can be modelled with the use of BIM. 
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Table 7.1 Selecting elements as the structuring unit of the building model is in accordance to 

architects’ design practice. A corresponding cost breakdown structure is provided by the 

BB/SfB-plus system (De Troyer, 2008). This table shows a translated overview of that system. 

  
0 Project facilities   
   
1 Substructure   
   
(16)++ Foundation system 
(11)+ Groundwork 
(11) Excavations, earth moving, resoiling 
   
(16)+ Foundation 
(16) Retaining walls, strip foundation, raft foundation 
(17) Pile foundation, pier foundation, pad foundation 
(19) Accessories, fittings and other components 
   
(19)+ Accessories, fittings and other components 
   
(13)++ Floor on grade system 
(11)+ Groundwork 
(11) Excavations, earth moving, resoiling  
   
(13)+ Floor on grade 
(13) Slab foundation, floor beds 
(19) Accessories, fittings and other components 
(43) Floor decking, screed and finishes 
(49) Accessories, fittings and other components 
   
(19)+ Accessories, fittings and other components 
   
2-4 Superstructure 
   
(21)++ External wall system 
(21)+ Wall, external wall 
(21) Primary elements of external walls 
(29) Accessories, fittings and other components 
(41) Exterior coverings and other finishes 
(42) Interior lining, panelling and other finishes (42:21) 
(49) Accessories, fittings and other components 
  
(31)+ Secondary elements to external walls 
(31) Doors, windows and other secondary elements to external walls 
(39) Accessories, fittings and other components 
   
(29)+ Accessories, fittings and other components 
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(table 6.1 continued) 

   
(22)++ Internal wall system 
(22)+ Internal wall, partition 
(22) Primary elements of internal walls 
(29) Accessories, fittings and other components 
(42) Interior lining, panelling and other finishes (42:22) 
(49) Accessories, fittings and other components 
   
(32)+ Secondary elements to internal walls 
(32) Doors and other secondary elements to internal walls 
(39) Accessories, fittings and other components 
   
(29)+ Accessories, fittings and other components 
   
(23)++ Floor system 
(23)+ Floor, gallery 
(23) Primary elements of floors 
(29) Accessories, fittings and other components 
(43) Floor decking, screed and finishes 
(49) Accessories, fittings and other components 
   
(33)+ Secondary elements to floors 
(33) Balconies, ladder openings, trimmer constructions and other secondary elements to floors 
(39) Accessories, fittings and other components 
   
(29)+ Accessories, fittings and other components 
   
(24)++ Vertical circulation system 
(24)+ Vertical circulation 
(24) Stairs, ramps and other primary elements of vertical circulation 
(29) Accessories, fittings and other components 
(44) Finishes of vertical circulation 
(49) Accessories, fittings and other components 
   
(34)+ Secondary elements of vertical circulation 
(34) Balustrades, handrails and other secondary elements of vertical circulation 
(39) Accessories, fittings and other components 
   
(29)+ Accessories, fittings and other components 
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(table 6.1 continued) 

  
(27)++ Roof system 
(27)+ Roof  
(27) Primary elements of roofs 
(29) Accessories, fittings and other components 
(47) Roof decking, covering and finishes 
(49) Accessories, fittings and other components 
   
(37)+ Secondary elements to roofs 
(37) Roof lights and other secondary elements to roofs 
(39) Accessories, fittings and other components 
   
(29)+ Accessories, fittings and other components 
   
(28)++ Building frame system 
(28)+ Building frame and other primary elements 
(28) Columns, beams and other primary elements 
(29) Accessories, fittings and other components 
(48) Interior lining, panelling and other finishes (48:28) 
(49) Accessories, fittings and other components 
   
(38)+ Secondary element to building frames and other secondary elements 
(38) Infill panels and other secondary element to building frames and other secondary elements 
(39) Accessories, fittings and other components 
   
(29)+ Accessories, fittings and other components 
   
(35)++ Ceiling system 
(35)+ Suspended ceiling 
(35) Suspended ceiling 
(39) Accessories, fittings and other components 
(45) Interior lining, panelling and other finishes (45:35) 
(49) Accessories, fittings and other components 
   
(39)+ Accessories, fittings and other components 
   
5-6 technical services 
   
7-8 fittings, furniture and equipment 
   
9 amenities, external elements and other elements 
 
 
Translation consistent with: 
BCIS (2006), Baden-Powell et al. (2008) and CEEC  (2008). 
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a) Planar elements 

Most building elements are planar. They are typically higher and longer than they are 
thick. Their characteristics are therefore easily expressed per square meter. Examples in 
the BB/SfB-plus breakdown structure are walls, floors, slabs and roofs. In BIM planar 
elements can be defined as the composition of multiple material layers. To each layer 
different properties can be assigned, characterising the performance and service life of 
the whole element. Alternatively, it can be useful to define elements only as a single 
layer, for example when it is part of a product-service system. Moreover, it is possible to 
model various sub-elements next to each other, such as the façade’s finishing and its 
structure. This way the upgrade, reconfiguration and reuse of each individual sub-
element can be modelled. All things considered, the generality of planar elements 
themselves allows formulating creative answers to the drawbacks of the third modelling 
principles, i.e. the use of building elements instead of materials as the models’ structuring 
unit. Nevertheless, like all models these creative interpretations need to be 
representative for the building’s actual service life. Unrealistic performance reductions, 
unnecessary deconstructions or impossible element reuses are not representative, should 
be identified and cannot be modelled. 

In an element take-off generated by the BIM software planar elements can be measured 
by their area ( ² ), as well as by their number of instances ( .), their height ( ), width 
( ), length ( ) or volume ( ³ ). Each of these measurements can subsequently be 
used during the life cycle calculations. To create a robust building model that returns 
consistent measurements even when elements’ thickness is changed, planar elements 
should be modelled with their centreline as location line. This is because the BIM software 
Autodesk Revit® measures the length of a wall situated between two parallel walls 
between the centres of the latter walls. This way the material that is counted twice at the 
inner corner is compensated by the material that is not counted at the outer corner. 

b) Linear elements 

Linear elements are typically longer than they are wide and high, or they have a standard 
width and height and are therefore measured per running meter ( ). Such elements in 
the BB/SfB-plus structure are for example strip and raft foundations, ground sills and 
plinths, roof profiles, fascia and gutters, or wiring, ducts and trays. Alternatively, linear 
elements allow modelling the costs that are related to the interface of two planar 
elements, or more correctly, allow modelling the difference between the cost of two 
separate elements and that of the connected elements. Examples are acoustic joints 
along the connection between two walls, a floor covering that is locally removed where a 
wall is installed or the measures to avoid thermal bridges where terraces and floor slabs 
are connected. Also these elements have to be deliberately defined by the assessor. 
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In BIM linear elements or interfaces can be deduced from the dimensions of the planar 
elements. For instance the length of a wall element represents the length of its interface 
with the floor, whereas the wall’s height shows the length of its connection with the same 
or another wall. Nevertheless, because from an element take-off it is impossible to 
determine to which element each wall instance is connected, it might be worthwhile to 
model and measure linear interfaces separately. Further should be noted that these linear 
elements undergo the same simple and transformation scenarios as the planar elements 
they depend on. For example a glued roof profile will have to be replaced when the roof 
itself is extended. 

c) Objects 

For different elements it is useless to express their quantity per unit of surface or length 
because their cost is known per instance. Mostly, these objects can only be altered and 
reused as a whole and not per square or running meter. Examples in the BB/SfB-plus 
structure are joists, trusses, columns, porches and frames, secondary elements like 
windows and doors, technical installations and stairs. Alternatively, modelling objects 
makes it possible to associate costs to building nodes. This way the costs of the 
connection between three planar or two linear elements can be included in the analyses. 
Examples are the local reinforcement of a masonry wall on which a beam rests or the 
metal connectors between a wall and a wooden floor joist. 

It is possible to determine the number of objects by counting the number of instances of 
their related planar or linear elements, but the feasibility of this approach is largely 
dependent of the objects’ shape and layout. Alternatively, objects can be modelled as 
separate elements using conceptual masses or specific object families in BIM. 
Consequently, an element take-off will list these objects in addition to the planar and 
linear elements that are modelled. Thereafter, their number ( .) can be linked to a 
defined cost per life cycle intervention. Also these objects are subject of the same 
transformation scenarios as the planar and linear elements they depend on and have to 
be modelled consistently. 
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2. Characterising buildings, elements and materials 

To calculate the life cycle cost of the modelled alternatives a series of characterising 
parameters has to be defined. In an interactive way these parameters describe the service 
life of each alternative, the related cost figures and the way these figures should be 
included in the alternative’s life cycle cost. Therefore, this section presents first the 
necessary characteristics at material, element and building level. Thereafter, the 
characteristics’ implications on the life cycle cost are discussed. 

2.1. Parameter definition 

The parameters that have to be selected are diverse. Some are defined at the level of the 
building, while others characterise individual elements and materials. Some are discrete 
or continuous numeric values, while others are series, matrices, labels or options selected 
from predefined indexes. In the present research, these parameters are organised in a 
series of spreadsheets introduced in section 3.2 of this chapter. Further, some 
explorations are made about how this could be done within BIM. 

a) Material parameters 

Building materials can be used in different building elements. To minimise the 
reoccurrence of information some parameters are therefore grouped in items and sorted 
in indexes at material level. In the present research a construction material index, 
maintenance regime index, repair regime index, end-of-life regime index and simple 
scenario index are used. Independent from the element in which the item will be used, 
the required parameters include: 

the item’s reference unit that is used to select the right measurement, i.e. 
for which the cost figures are given. Possible units are area ( ² ), number 
( .), height ( ), width ( ), length ( ) and volume ( ³ ). 

the relevant cost figures  to  for the reference year, taken from cost 
databases such as ASPEN (2014a, 2014b) and BOUWUNIE (2014) and 
expressed in euro per reference unit as discussed in chapter 4. 

Specifically for simple scenarios and maintenance regimes, this is completed with:  

their expected periodicity. In case of simple scenarios these are reoccurring 
refurbishments labelled as  and discussed in chapter 3. The periodicity 
of maintenance regimes is discussed in chapter 4. 
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Specifically for building materials, this is completed with:  

the material’s reference service life  after the figures published by the 
Royal Institution of Chartered Surveyors (BCIS, 2006) or the Belgian 
Building Research Institute (WTCB, 2011) expressed in years (cf. chapter 4). 

the material’s thickness or volume per reference unit which is used to 
calculate the material processing costs  or  as part of the end-of-life 
regime (cf. chapter 4). 

In BIM it is possible to compose planar elements out of multiple material layers. To each 
material different predefined and custom properties can be assigned. However, to relate 
characteristics such as the material’s reference service life to the performance and service 
life of the whole element, complicated relations have to be defined (Denis, 2014). This 
was out of the scope of the present research. 

b) Element parameters 

Other parameters describe the inherent characteristics of the modelled elements, their 
quantity and service life. These parameters are so to speak the link between the life cycle 
stages, life cycle interventions and cost figures as well as between the building and 
material level, and integrate both the defined simple and transformation scenarios. Their 
selection is discussed in other chapters whereas their implications are discussed in section 
2.2 of this chapter. These parameters include: 

the element’s composition, including its constituent material layers and 
their arrangement within the element as illustrated in chapter 8. 

the selected maintenance regimes representing typical maintenance 
interventions, their cost and periodicity as discussed in chapter 4. 

the selected repair regimes including their periodicity , extensity  and 
intensity  (cf. chapter 4). 

the selected end-of-life regimes including the material category and 
transport volume after the definitions given in chapter 4. 

the possibility to disassemble and reuse the element, expressed by two 
options: ‘C’ conventional or ‘D’ demountable. 

the possibility to disassemble the element in larger modules ‘M’ instead of 
separate layers ‘L’ as discussed in chapter 6. 

the thermal conductance  of the elements that are part of the building 
skin as discussed in chapter 4. 
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Further, the material properties are refined when detailing the elements with: 

the adjustment factors  to  expressing the installed material quality and 
in-use environment compared to a reference condition (cf. chapter 4). 

the necessity a material layer is replaced at its  considering its function, 
labelled ‘A’ aesthetical or ‘T’ technical as discussed in section 2.2. 

When composing the element, the implications of the developed simple scenarios are: 

the selected simple scenario per material layer expressing reoccurring 
alterations at a refurbishment periodicity  (cf. chapter 3). 

the necessity of those alterations, expressed by the label ‘F’ when they are 
favourable or ‘E’ essential when their necessity is higher (cf. section 2.2). 

While the implications of the transformation scenarios are: 

the element quantities per sub-service life ,  retrieved from BIM and 
mathematically transformed as discussed in insight 6, p. 287. 

the element quantities of the transformed elements ,  organised in a 
matrix per transformation moment  as detailed in chapter 6. 

In BIM the family and type properties of each element allow to model their composition, 
as well as their cost per life cycle intervention. Moreover, logic values could specify an 
elements’ reuse potential or estimated service life. Therefore however, custom fields, 
properties and relations would have to be created. 

c) Building parameters 

At building level, economic and assessment specific parameters have to be defined 
before conducting life cycle calculations. Most of them are the same for each alternative 
but might vary per scenario. How these parameters should be selected and their 
implications are discussed in various chapters of the present research. 

Economic parameters that have to be selected are: 

real growth and discount rates expressed as percentages and discussed in 
chapter 4 and insight 4, p. 282. 

adjustment factors  to  and  to  being continuous numeric values 
discussed in chapter 4. 

possible tax rates, subsidies and design fees which can be expressed in 
absolute terms or as percentages of the related cost figures. 
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Assessment specific parameters include: 

the assessment’s reference year for which all cost figures and growth rates 
are collected. 

the period of analysis  expressed in years and selected according to the 
definition given in chapter 2. 

the time quotient  expressing the allowable deviation from the estimated 
service life as adopted in chapters 4, 5 and 6. 

Further should be defined: 

the project type, i.e. new-built or renovated. Accordingly, construction or 
reconstruction prices are considered for the initial life cycle stages. 

the heat production efficiency  and system efficiency  for the selected 
heating system and feedstock type as discussed in chapter 4. 

In BIM information at building level can be included in custom fields of the project 
properties. These could include the scenarios’ value implications such as the discount and 
inflation rate as well as the period of analysis. However, for simplicity’s sake it was chosen 
to insert these parameters directly in the calculation spreadsheets. 

2.2. Parameter implications 

Conventional and demountable elements not only entail different life cycle interventions 
and cost figures (cf. chapter 4), also they undergo differently the imposed simple and 
transformation scenarios (cf. chapter 3 and chapter 5). To include both effects correctly in 
the life cycle cost analyses this section discusses the interaction between, and 
implications of several of the defined parameters on an element’s service life. 

a) Simple refurbishment and replacement interaction 

As introduced in chapter 3, simple scenarios reflect reoccurring refurbishments that do 
not require changes to the performance of the individual elements. As a result, those 
elements can be reused every alteration. Examples are reorganising a kitchen cabinet for 
convenience, removing a suspended ceiling to retrace technical services, demounting a 
wall’s finishing layer to replace air tightness strips and lift a roof terrace to repair the 
roofing membrane. The cost of those refurbishments is included in life cycle stage B5. For 
demountable and reusable building elements that cost is the construction price of life 
cycle interventions disassembly (10a) and direct reuse (9c), whereas conventional 
components entail life cycle interventions demolition (10c) and reconstruction (9a). 
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Taking into account the simple scenario’s periodicity, the interventions’ cost can be 
discounted and included in the element’s net present value. Nevertheless, the interaction 
between refurbishments and replacements has to be considered. For every situation it 
should be verified if the refurbishment is actually necessary or will be postponed and 
completed together with the next replacement. It is for example less likely that a window 
casing will be removed to replace the surrounding insulation only because the insulation 
reached its expected service life. Alternatively, when outdated airtightness strips reduce 
the thermal comfort significantly, it is more likely that the window casing will be removed 
and the strips will be replaced. 

In total eight situations can be distinguished. Each situation takes into account the service 
life complexities introduced in chapter 5 (i.e. the interaction amongst life cycle 
interventions, between element layers and with the defined period of analysis) and is 
characterised by a combination of parameters defined above in section 2.1. These 
parameters include in particular by the possibility to disassemble and reuse the 
considered building element (‘C’ conventional or ‘D’ demountable), its material layers’ 
replacement periodicity  or , the technical necessity of that replacement 
(‘A’ aesthetical or ‘T’ technical), the selected refurbishment periodicity  and the 
necessity of that refurbishment (‘F’ favourable or ‘E’ essential). For each situation 
different costs should be included in the element’s net present value. To do that correctly, 
Table 7.2 summarises which parameter values should be used when calculating the net 
present value with the use of geometric discounting as introduced in chapter 5. 

In the four first situations the material layer has to be replaced more frequently than it 
should be refurbished. It can therefore be expected that with every replacement the 
layer’s configuration is updated or that the components situated behind it are already 
inspected, maintained or repaired. Consequently, it is assumed that the refurbishments 
are no longer useful and will be omitted (situation i). If however these refurbishments are 
judged as essential (situation ii), it is assumed they will occur regardless of the layer’s 
replacements. As a result, conventionally built material layers are replaced too early (as 
they cannot be reused) and the period to their next replacement restarts counting. 
Alternatively, when the element is demountable and its refurbishments are considered to 
be just favourable (situation iii) it is assumed that those refurbishments are postponed to 
the next replacement. Consequently, no refurbishments occur. When the refurbishments 
are in contrast essential (situation iv), they are realised simply by disassembling and 
reusing the considered material layers and do not interact with replacements. In all four 
situations only ‘aesthetic’ material replacements are subject to the time-quotient rule, i.e. 
they are only replaced if the remaining period to the end of the period of analysis is longer 
than a fraction  (i.e. the time quotient) of the considered replacement periodicity. 
‘Technical’ replacements occur regardless of the selected time quotient. 
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In the four other situations the material layers are refurbished more frequently than they 
are replaced. If they are built in a conventional way, every refurbishment requires their 
replacement. Therefore, it is assumed that if refurbishments are not essential (situation v) 
they are omitted. This situation should however be avoided as it is not in accordance to 
the users’ requirements and could compromise the alternatives’ equivalence. When in 
contrast the refurbishments are judged as essential (situation vi) they will occur as 
planned. In this situation all replacements can be omitted because the materials will 
never reach their estimated service life. Alternatively, when the material layers can be 
disassembled from the element and reused, refurbishments can be realised without 
material loss. Consequently, they are assumed to occur at the rate of the refurbishment 
period between two subsequent replacements. In this situation the difference between 
favourable (situation vii) and essential refurbishments (situation viii) is found in the fact 
that essential refurbishments occur regardless of the time-quotient whereas favourable 
refurbishments depend on the remaining period to the next replacement. 

Unlike a component’s demountability and the technical necessity of its replacements, the 
favourability of a simple refurbishment is related to the considered simple scenario and 
not to the element itself. Consequently, modelling essential or favourable refurbishments 
can be seen as a modelling and calculation choice, allowing taking into account the 
project’s context and client’s preferences. Looking at the qualitative evaluation of each of 
the eight situations in Table 7.2, it is noticed that modelling essential refurbishments is 
always in accordance to the requirements of the simple scenarios. Nevertheless, it results 
regularly in too early replacement. For that reason, it is recommended to model 
refurbishments as essential if the comparability of the alternatives is prior to the fidelity 
of the service lives. When aiming for more realistic service lives it is recommended to 
model refurbishments as favourable. Howsoever, uncertainty analyses are required to 
clarify if these modelling choices have an effect on the analyses’ conclusions. 

Additionally, the qualitative evaluation of each of the eight situations in Table 7.2 points 
out two advantages and one risk of using demountable elements. First, it shows that 
demountable elements fulfil the aspired requirements more often without too early 
material replacements than conventional components do. Second, in case demountable 
components are used, simple refurbishments do not increase the number of 
replacements (situation vi) but are included as a separate and potentially more efficient 
life cycle intervention (situations vii and viii). Nevertheless, favourable refurbishments will 
happen more frequently when a material is demountable (situation vii) than when it is 
conventional (situation v) because refurbishments of demountable components are not 
postponed to the next replacement but occur independently. These implications should 
be well understood and questioned by the assessor to assure they fit the analysis’s 
context, goal and scope. 
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Table 7.2 An element’s service life, in particular its simple refurbishments and replacements are 

defined by the interaction between several model parameters. The relations this table presents 

allow including the correct interventions at the right periodicity during geometric discounting. 

modelling parameters  periodicities, numbers and conditions 

     primary &  

intermediate & ,  <  C F (i)    
 Conventional & Favourable   rule  

" C E (ii)    

 Conventional & Essential  no conditions  rule 

" D F (iii)    
 Demountable & Favourable   rule  

" D E (iv)   &    
 Demountable & Essential      rule    &    no cond.  

       

 C F (v)    
 Conventional & Favourable   rule  

" C E (vi)    
 Conventional & Essential  no conditions  

" D F (vii)    
 Demountable & Favourable   rule  rule 

" D E (viii)    
 Demountable & Essential   rule no conditions 

       
Periodicities Periodicities are given by the components 
estimated service life and the selected simple scenario. 
Equal periodicities are included in situations (v) to (viii) 
in order to avoid double counting in situation (iv). 
 
Element parameters Whereas demountability is a
property of the whole element, different material layers 
can be assigned a different simple scenario and 
refurbishment periodicity. 
 
Refurbishment parameters If a layer’s refurbishment is
favourable, all layers situated behind it inherit this 
property. This is in line with realistic refurbishments. It 
is however advised to review the selected parameters 
when this changes an essential refurbishment to a
favourable one as it might indicate improper pace 
layering of the considered element. 
 
 

 
 

Numbers During geometric discounting the number 
of primary interventions  is determined with the use 
of , whereas the number of intermediate 
interventions  and interventions after the last 
primary intervention  is determined based on . 
 
Periodicities When both periodicities are identical, 
i.e.  equals , the number of intermediate 
replacements or refurbishments  and  becomes
zero. Consequently, their financial impact is not
included in the life cycle cost. 
 
Conditions When layers are labelled as ‘aesthetic’ 
refurbishments or replacements are carried out only if 
the remaining period to the next replacement or the 
end of the period of analysis is longer than a fraction 

 of the actual periodicity. When layers are labelled
as ‘technical’ or the refurbishment is ‘essential’ this 
rule does not apply. 
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(table 6.2 continued) 

interventions and stages  qualitative evaluation 

primary 
 

intermediate ,  
 

replacements 
in accordance to the 

estimated service life? 

refurbishments 
in accordance to the 

simple scenario? 

10c + 9a -    
B4   in accordance updated when replaced 

10c + 9a 10c + 9a    
B5 refu B4  replaced too early in accordance 

10b + 9a -    
B4   in accordance updated when replaced 

10b + 9a & 10a + 9c -    
B4 & B5 refu   in accordance in accordance 

     
10c + 9a -    

B4   in accordance postponed until replaced 

10c + 9a -    
B5 refu   replaced too early in accordance 

10b + 9a 10a + 9c    
B4 B5 refu  in accordance in accordance 

10b + 9a 10a + 9c    
B4 B5 refu  in accordance in accordance 

     
Interventions When components are built convention-
nally, both their replacement and their refurbishment 
entail life cycle interventions demolition (10c) and 
reconstruction (9a). When demountable elements are 
replaced life cycle interventions deconstruction (10b) 
and reconstruction (9a) should be considered. When 
demountable building elements are refurbished they 
are disassembled (10a) and directly reused (9c). 
 
Stages When life cycle interventions are initiated by a 
replacement periodicity they are included in life cycle 
stage B4. When they result from a refurbishment 
periodicity they are included in life cycle stage B5 refu. 
This is regardless of which intervention and cost is
taken into account. Because both interventions and 
costs might vary significantly when an element is 
conventional or demountable, both stages can best be 
compared together. 

 Evaluation When the modelled service life with
interaction periodicities  and  is compared to the
component’s estimated service life and the selected
simple scenario the difference between demountable
and conventional elements becomes clear. 
 
Potential This comparison shows for example that
demountable elements have the potential to deliver
the aspired performance without too early
replacements. 
 
Risk At the same time this evaluation points out that
favourable refurbishments will happen more
frequently when a material is demountable (situation
vii) than when it is conventional (situation v) because
refurbishments of demountable components are not
postponed until the next replacement but occur
independently. 
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b) Building transformation, refurbishment and replacement interaction 

In addition to simple scenarios, chapter 3 introduces transformation scenarios. They 
reflect reconfigurations of elements at building level. During those transformations 
elements can be added to the building (i.e. life cycle intervention reconstruction 9a), 
removed from the building (i.e. interventions disassembly 10a, deconstruction 10b or 
demolition 10c) or relocated within the building (i.e. disassembled 10a with direct reuse 
9c). In contrast to simple refurbishments, these transformations do not reoccur with a 
fixed periodicity. Therefore, it is necessary to verify for each of them if it interacts with a 
replacement or a simple refurbishment. Therefore, two conditional statements are 
introduced in chapter 6. Moreover, because transformations are by definition essential 
alterations, because the addition or removal of an element can naturally not interact with 
its refurbishment or replacement and because only demountable building components 
can be relocated, it is useless to discuss general implications of model parameters for the 
interaction between building transformation and simple refurbishments or replacements. 
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3. Setting up life cycle cost analyses 

In concrete terms, two environments are set up to conduct scenario based life cycle cost 
analyses. First a building information model (BIM) is created in Autodesk Revit®. In this 
software design alternatives and transformation scenarios are modelled. Second, a series 
of spreadsheets is set up in Microsoft Excel®. In these sheets cost figures are entered and 
processed to retrieve the alternatives’ life cycle cost. How both environments adopt the 
defined guidelines and characterising parameters is discussed in this section. 

3.1. Building information model 

In the BIM environment design alternatives are modelled. Therefore, instances of building 
elements are virtually assembled (Figure 7.1). Such instances include for example sections 
of walls, pieces of joinery, planes of roofs and parts of stairs. In the BIM software Revit 
these instances belong to a predefined element family (e.g. Walls, Windows, Roofs or 
Stairs) and a user defined element type (e.g. a retaining wall, space dividing wall or unit 
dividing wall). Different wall variants and element alternatives can thus be modelled as 
separate wall types. However, for every design alternative at building level, a different 
assembly has to be modelled in a separate BIM file. 

As BIM allows retrieving project properties, element take-offs and measurements directly 
from the digital model, it provides consistent input for life cycle calculations (McAuley & 
Kehily, 2012; Kehily et al., 2013). Take-offs including measurements such as the number of 
instances ( .) and their total area ( ² ) per element family and type allow describing in 
a well-structured way the alternative’s constituent components. Such inventories can be 
exported directly to the spreadsheet environment to be processed further. These data 
transfers can even be automated if custom scripts are loaded into Revit. Such scrips are 
made available on the world wide web by professional and nonprofessional developers. 

In the same files transformation scenarios can be modelled. Therefore, the virtual 
assemblies have to be altered in subsequent BIM phases. This is possible as for every 
element instance can be indicated from which phase it is part of the building and from 
which it is removed from the building (Figure 7.2). Both characteristics are standard 
instance properties in Revit. If the phases are named after the year each alteration occurs, 
a transformation scenario can be digitised. Consequently, the element take-offs describe 
the changing element quantities over the period of analysis. Therefore, the instance take-
offs are sorted per element type and sub-service lives, i.e. by the moment they are added 
to and removed from the building. Nevertheless, for every scenario a different file has to 
be created and exported. 
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3.2. Spreadsheet environment 

In the spreadsheet environment all necessary data is entered and processed to obtain the 
alternatives’ life cycle cost. Therefore, five kinds of spreadsheets and a series of scripts 
are combined. Because this set-up adopts the three-level hierarchy including buildings, 
building elements and building materials, each sheet can be completed and redeveloped 
independently from another one. Moreover, because Microsoft Excel is a versatile 
software package facilitating the management and processing of custom sets of 
numerical data it was possible to set-up the following spreadsheet environment. 

First, the inventories taken from BIM are imported in Microsoft Excel (Figure 7.3). 
They collect for every sub-service life of every modelled element a series of 
measurements including the number of instances ( .), their total area ( ² ), their 
height ( ), width ( ), length ( ) and volume ( ³ ). These measurements are used as 
the quantities  to calculate the corresponding net present value (cf. chapters 2, 5 and 6). 
Depending on the unit the cost figures correspond with, the right measurement can be 
taken into account. Moreover, if the quantity of a sub-service life equals zero, it will not 
be listed in the take-offs and thus omitted during the net present value calculations. 

Second, indexes for various items are composed (Figure 7.4). In the present 
research they include a list of construction materials, a series of maintenance regimes, 
various repair regimes, a series of demolition and deconstruction activities, a list of waste 
processing categories, and the defined simple refurbishment scenarios. For each of these 
materials, regimes or scenarios, costs figures and periodicities are collected. The cost 
figures include construction and renovation prices. They are used during the net present 
value calculations as costs as  to . The periodicities are used to determine the 
parameter values, for example the replacement and refurbishment periodicities. 

Third, the indexes are combined to building elements. Each element type that is 
modelled in the BIM environment should also be detailed in the spreadsheet 
environment. Therefore, a set of materials is selected from the material index and 
organised according to the element’s composition (Figure 7.5). Further, characteristics 
such as a repair regime and simple refurbishment scenario can be assigned to each 
element layer (Figure 7.6). The complete list of characteristic is discussed in the previous 
section of this chapter and illustrated in chapter 8. Additionally, each element is related 
to an element type modelled in BIM. Therefore, the type’s name is entered as a 
supplementary characteristic. If element alternatives do not change the building’s 
composition, they can be related to the same measurements and inventory. If they result 
in a different building design and thus different element quantities they should be related 
to a separate inventory. This way the appropriate measurements of each element and 
sub-service life are taken into account when calculating the elements’ net present values. 
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Fourth, building and project characteristics are defined (Figure 7.7). They apply 
to all elements and include the project type (i.e. new built or renovation), the time 
quotient , the period of analysis , the inflation, nominal growth and discount rates, the 
adjustment factors  to , the applicable number of equivalent degree days, the heat 
production and system efficiencies  and , and the energy cost per kWh . Project 
characteristics such as the period of analysis have a direct effect on the parametric service 
life modelling (cf. chapter 5), whereas characteristic such as the project type determine 
which construction costs and prices should be taken into account during the net present 
value calculations (cf. chapter 4). 

Fifth, a calculation sheet is developed. This sheet is the set-up’s processing unit. 
As an input it uses the project and element characteristics as well as the quantity, year of 
construction and year of removal of each of the element’s sub-service lives (Figure 7.8). 
On the basis of this input the service life of each element is defined and the related 
present values are calculated. Therefore, the calculation sheet is structured per life cycle 
stage, per life cycle intervention and subsequently per cost category (Figure 7.9). With the 
use of a range of conditional statements that reflect the parameter implications discussed 
in section 2.2 of this chapter, the relevant costs and prices are collected from the indexes, 
discounted and finally included in the net present value. 

For every transformation scenario and corresponding inventory, the total life 
cycle cost is determined by looping all sub-service lives of all modelled elements, copying 
the correct input figures and parameters from the element details and the inventories to 
the calculation sheet, and collecting the resulting net present values per life cycle stage, 
life cycle intervention and cost category. To facilitate this repetitive task and minimise 
the assessor’s workload Visual Basic® scripts are developed. They automate the 
processing of information whereas the actual net present value calculations are still 
conducted in the spreadsheet environment. This set-up enables automated analyses as 
well as manual evaluations, and maintains consequently the assessments’ transparency. 

The automated information processing is controlled with an analysis dashboard 
(Figure 7.10). In this custom-made form, the assessor can enter several values, for 
instance which elements should be evaluated, if the element’s residual value should be 
included and where and how the resulting net present values should be plotted. 
Subsequently, the script loops the selected elements in the element detail sheet and all 
their sub-service lives in the element inventory (Figure 7.12). Moreover, when a sensitivity 
or probabilistic uncertainty analysis is requested instead of a deterministic one, the 
analysis loop is repeated for the parameter range defined in the dashboard (e.g. a custom 
range of refurbishment periodicities) or in the indexes (e.g. a predefined distribution of 
reference service lives). Because the script copies these values to the calculation sheet, 
they are included in every iteration of every sub-service life of every element. 
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While the assessments are running the dashboard gives some practical feedback 
(Figure 7.11). It indicates which analysis is running, how many iterations have been 
performed and how long the analysis already lasts. While it is running the interaction 
between the script and the sheets is limited and updates of the screen are omitted to 
increase the calculation speed. Such practical aspects should nevertheless be studied 
further to profit fully from the introduced hierarchy and parametrisation. 

Figure 7.13 shows how the building information model and the spreadsheet environment 
determine the life cycle costing procedure. After developing the transformation scenarios 
and design alternatives discussed in chapter 3 both can be digitally modelled in BIM. On 
the condition these models correspond with the general principles presented in section 
1.1 of this chapter, a take-off of element sub-service lives and related measurements can 
be retrieved for each scenario and alternative. Simultaneously, the relevant cost figures 
and periodicities should be collected as described in chapter 4. After identifying the 
related uncertainties, those figures can be added to the different regime and material 
indexes in the spreadsheet environment. On the basis of those indexes and the retrieved 
measurements all building elements can be detailed and characterised. When the project 
characteristics are defined as well, the net present values can be calculated with the 
support of the analysis dashboard in the calculation sheet. For every calculation it is 
however required to verify the parameter implications discussed in section 2.2 of this 
chapter and if needed review the given measurements and select other cost figures or 
periodicities. Moreover, if data uncertainties were identified, parameter values should be 
varied during what-if, sensitivity or probabilistic uncertainty analyses. For every 
parameter value, the implications should be verified anew before calculating the 
corresponding net present value. 

All things considered, this set-up linking Autodesk Revit and Microsoft Excel with the use 
of VBA scripts and macros was suitable during the development of scenario based life 
cycle costing. Nevertheless, also drawbacks are related to both kinds of software. On the 
one hand, Excel is very versatile and allows assembling, managing and processing custom 
data sets such as the element detail sheet. To assess large series of elements it demands 
however a lot of computer memory. In addition, it was not very accurate when generating 
random input values (cf. insight 6, p. 287). Therefore, alternative calculation software 
should be considered when developing further the presented set-up. On the other hand, 
Revit facilitated modelling the transformation scenarios. It is however not developed for 
modelling many BIM phases and transformations. Therefore, more customisable 
software or plugins might be suitable during the method’s future development (Denis, 
2014). Moreover, characterising all elements within the BIM environment, was found to 
be less convenient than the presented two-fold model (Galle, De Temmerman et al., 
2015). Nevertheless, feedback from the spreadsheet environment to BIM could form a 
practical tool for iteratively improving design alternatives. 
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Figure 7.13 Practical life cycle costing procedure 

Building information modelling (BIM), the spreadsheet environment (SHEETS) and the analysis 
dashboard (DASHBOARD) are subsequently used during the life cycle costing procedure. 
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4. Discussion 

In this chapter a wide range of guidelines and recommendations is presented including 
general modelling principles, different kinds of building elements, characterising 
parameters as well as these parameters’ implications on the service life and life cycle cost 
of conventional and demountable design alternatives. Together these guidelines form a 
protocol for modelling and characterising design alternatives in the context of scenario 
based life cycle costing. Because this protocol relies on choices that are justified by the 
particular goal and scope of the present research, not everywhere and always it will be 
effective. To ensure a deliberate adoption of this protocol in other contexts and in the 
future, the following two discussions should take place. 

a) Models as a means to structure assumptions, not the reality 

As indicated in section 2.2 on parameter implications, selecting parameters is a way to 
build a model. Like any model, the ones in the present research describes in numeric 
terms a presumed service life of each building alternative and the related element 
quantities. Not at a single point such a model pretends to be the truth. With this 
understanding, selecting parameters allows studying in addition to the financial impact of 
alternative design proposals also the effect of different model assumptions. This is for 
example illustrated with the possibility to label refurbishments as ‘essential’ instead of 
‘favourable’ depending on the importance that is given to the fidelity of the modelled 
service life. It is therefore also impossible to build that single most correct building model. 
For the same reason, it is important that the assessor understands and communicates the 
implications of the proposed modelling protocol and can verify if these rules and 
recommendations suit the goal, scope and context of the assessment. 

b) Reuse of elements versus materials 

Within the present research building elements are chosen as the basic modelling unit. 
Several reasons advocate this choice, including its accordance with current design 
practice and other life cycle assessment methods. Consequently, only the reuse of 
complete elements is considered during the analyses while the reuse and upcycling of 
individual materials is essentially ignored, except for their residual value. This assumption 
is nevertheless in line with the European standard’s requirement that recovered 
components can only be reused for specific purposes (CEN, 2011). Modelling only reuse 
for the same purpose is consequently the most save interpretation of this requirement. 
Moreover, practical insight in the reuse of individual building materials is very preliminary 
today. For that reason the new insights that ongoing prototyping programmes of 
demountable building elements will provide are considered as a steering factor for the 
further development of the presented protocol and set-up. 
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Insight 4.  
Nominal and real rates 

Most life cycle cost analyses, including the ones conducted in the present research, 
consider a period of analysis that is as long as the expected service life of the building. 
Consequently, service life planning is confronted with a lot of uncertainties. How long will 
the building last? Which will be the future requirements? And how will construction and 
maintenance costs evolve? Such unknowns should and can be taken into account. The 
adoption of scenarios, sensitivity and probabilistic uncertainty analyses allows gaining 
insight in the risks that are associated with the identified uncertainties. Acting on this 
insight, uncertainty can be anticipated through the development and selection of design 
alternatives with a less variable life cycle cost. 

Additionally, the international standard on life cycle costing ISO 15686-5 (ISO, 2008) 
advises to use constant-currency values and exclude the uncertain predictions of price 
growth rates like the ones discussed in chapter 4. Consequently, instead of the nominal 
discount rate , a real rate  is used. The difference between both rates is the general 
inflation rate of consumer prices . Their relation is expressed by: 

=  ++  (1) 

 

Nevertheless, growth rates as such cannot be omitted without ignoring the differences 
amongst the defined cost categories (i.e. labour, material and equipment costs). In 
reaction, real growth rates  are used instead of nominal growth rates . The difference 
between both rates is again the general inflation rate . In the table below both sets of 
rates are presented for the periods ‘85 - ‘07 (Allacker, 2010) and ‘94 - ‘14 (cf. chapter 4). 

 

Table In the present research constant-currency values excluding overall price inflation are used. 

Therefore, annual growth rates are converted from nominal to real terms. 

   nominal rates    real rates  
   ‘85 - ‘07  ‘94 - ‘14  ‘85 - ‘07  ‘94 - ‘14 
 

Consumer prices   2,0 %  2,0 %  0,0 %  0,0 % 
Construction prices  2,5 %  2,5 %  0,5 %  0,5 % 
Labour prices   3,1 %  2,2 % *  1,1 %  0,2 % * 
Material prices   1,7 %  3,6 %                  - 0,3 %  1,5 % 
Natural Gas price  n/a  1,3 % **  n/a                  - 0,7 % ** 
 

* figure for the period ‘96 - ‘16, ** figure for the period ‘06 - ‘14 
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Consequently, a new equation expressing the net present value in terms of real growth 
and discount rates is developed. When ,  and  are the growth rates of labour , 
material  and equipment costs   respectively, then the present value  is given by: 
 

= ( + ) + ( + ) + ( + )( + )   (2) 

= ( + )( + ) + ( + )( + ) + ( + )( + )    

= ( + ) + ( + ) + ( + )+   (3) 

Since ( + )( + )     
= ( + ( + )( + ) )( + )     

= ( + ) ( + )( + )     
= ( + ) +     

= ( + )+   (4)  
Because 

And =  ++  (6) 

 

Like the existing equation for the net present value (2), the new one (3) uses four rates 
(i.e. , , , and ). Each of them has to be determined and evaluated on its effect on 
the variability of the outcomes during uncertainty analyses. It might therefore appear 
that the adopted advice of the international standard on life cycle costing is not an 
adequate remedy against uncertainty. On the contrary, in addition to those four rates 
also the general inflation rate  has to be considered and verified. After all, this rate is 
needed to convert nominal rates to real rates as in equations (5) and (6). 

=  ( + )( + )  (5) 
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Insight 5.  
Geometric sum series for discounting costs 

During geometric discounting introduced in chapter 5, sum series are used to express the 
present value of reoccurring costs. The key to implement and calculate these series is the 
expression of a finite geometric sum. This expression is given in equation (1) for a 
constant cost , a number of interventions , a scale factor   and a periodicity .  

= ( )
 (1) 

 

Although this expression is generally known (Weisstein, 2016), it is rarely mentioned in 
the context of life cycle costing. Gustafsson (1993) proposes for example a simplified 
variant of this expression to calculate the net present value of annually reoccurring 
expenses such as energy costs, and in the MMG method (Allacker et al., 2013) it is 
adopted to discount periodically  reoccurring costs. 

Also for calculating the double sum series that are used to express the present value of 
interacting interventions in chapter 5, finite geometric sum series are convenient. After 
applying some mathematical properties of sum series and powers it is possible to rewrite 
a double sum series as a single equation (2) for a constant cost , a number of primary 
interventions , a number of intermediate interventions , a scale factor   and the 
interacting periodicities  and . 

Because the product of two powers with the same base 
equals the exponentiation of that base to the sum of the powers 

( ) = ( ) ( )    
 

Since a multiplication is distributive over an addition 

= ( ) ( )     
 

And with equation (1) 

=  ( ) ( )   (2)  
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Insight 6.  
Scenario modelling and element take-off transformations 

The transformation scenarios that are developed in chapter 3 can be modelled with the 
use of conventional building information modelling (BIM) software. For example, in the 
present research transformation scenarios are modelled in Autodesk Revit ®. Therefore, 
the previewed building alterations are represented in subsequent BIM phases. Naming 
each phase after the alteration’s year of occurrence allows retrieving phase-specific 
element take-offs (Autodesk Revit, 2016) and to sort all instances by their year of 
construction  (i.e. ‘phase created’ in Revit jargon) and their year of removal from the 
building  (i.e. ‘phase demolished’ in Revit jargon). This way the instances’ quantities can 
be collected per sub-service life (i.e. from year  to ). As an example an element take-
off of the instances of a space dividing wall is shown in Table 1. 

 

Table 1 This element take-off of the instances of a space dividing wall collects the quantities and 

other element properties per sub-service life from year  to . 

Element type  [ .]    [ ]  [ ]  [ ]  [ ² ]  [ ³ ] 
         

Space dividing wall 5 0 60 0,10 40 2,50 100 10 
Space dividing wall 3 0 15 0,10 40 2,50 100 10 
Space dividing wall 1 15 30 0,10 8 2,50 20 2 
Space dividing wall 3 30 45 0,10 40 2,50 100 10 
Space dividing wall 1 45 60 0,10 8 2,50 20 2 

 
 

For a conventional space dividing wall the present value of each of the sub-service lives 
listed in Table 1, can be calculated and summed to obtain the wall’s life cycle cost. When 
the element is in contrast demountable and reused during subsequent transformations 
the retrieved sub-service lives should be reviewed. After all, in the BIM model element 
instances can only be added or removed each phase. The quantity of instances that is 
reused cannot directly be retrieved. 

In order to include all reuses, a transformation algorithm has been scripted in the Visual 
Basics® environment (VBA) of Microsoft Excel®. It calculates how many elements are 
transformed and reused every transformation moment Yt and combines the separate 
sub-service lives retrieved from the BIM model to longer ones. This mathematical 
transformation is performed for every building element in every scenario. It takes the 
following steps, which are illustrated with some fragments from the VBA script. 
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First, the selected measurement per sub-service life is loaded into two quantity arrays 
ArrayQ1 and ArrayQ2. These arrays sort all quantities by year of construction Yi and year 
of removal Yf. Their dimensions are defined by the transformation periodicity Ti. This 
time interval is calculated as the greatest common divider of all Yi and Yf. 

'Define and determine time interval Ti 
 Dim Ti As Integer 
 Ti = WorksheetFunction.Gcd(Range(...)) 
 
'Define and determine array size Ai 
 Dim Ai As Integer 
 Ai = WorksheetFunction.Max(Range(...)) / Ti 
  
'Define and compose ArrayQ1 and ArrayQ2 
 Dim Yi, Yf As Integer 
 ReDim ArrayQ1(50, 50), ArrayQ2(50, 50) As Single 
  
 For Yi = 0 To Ai 
 For Yf = 0 To Ai 
  ArrayQ1(Yi, Yf) = WorksheetFunction.HLookup(MeasurementUnit, Range(...)) 
  ArrayQ2(Yi, Yf) = WorksheetFunction.HLookup(MeasurementUnit, Range(...)) 
 Next Yf 
 Next Yi 

 

The mathematical transformation departs from the quantities that can be transformed 
and reused every transformation moment Yt. These quantities are calculated as the 
minimum of the total quantity that is removed QRem and the total quantity that is 
constructed QAdd every Yt. These minima are collected in ArrayT1 and ArrayT2. 

'Verify if the considered element is demountable 
 If WorksheetFunction.VLookup(Range(...)) = "D" Then 
                               
'Determine possible reuse quantities every Yt (Note that x is a generic variable) 
 Dim Yt, x, QAdd, QRem As Integer 
 ReDim ArrayT1(50), ArrayT2(50) As Single 
  
 For Yt = 0 To Ai  
  QAdd = 0 
  QRem = 0 
  For x = 0 To Ai 
   QAdd = QAdd + ArrayQ1(x, Yt) 
   QRem = QRem + ArrayQ1(Yt, x) 
  Next x 
  ArrayT1(Yt) = WorksheetFunction.Min(QAdd, QRem) 
  ArrayT2(Yt) = WorksheetFunction.Min(QAdd, QRem) 
 Next Yt 
 
 End If 
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Subsequently, for every sub-service life and quantity of ArrayQ1, considering the longest 
and earliest sub-service life first, it is verified if there are enough instances to compose 
that sub-service life out of two separate sub-service lives. If so, the amount that can be 
reused is added to the considered sub-service life and reduced from the two combined 
intervals. The new quantities are stored in ArrayQ2 while the transformation quantities 
are adjusted in ArrayT2. This is repeated for every sub-service life and transformation 
moment Yt as long as there are quantities left in ArrayT2. 

'Repeat until no more transformation quantities are available 
 Dim Qt As Single 
 For x = 0 To Ai 
  Qt = Qt + ArrayT2(x) 
 Next x 
  
 Do While Qt > 0.001 
 
'Loop all relevant intervals from largest to smallest and from earliest to latest  
 For x = 0 To Ai - 2 
  For Yi = 0 To x 
   Yf = Ai - x + Yi 
 
'Loop all possible transformation moments 
   For Yt = Yi+1 To Yf-1 
 
'Define test variables 
   Dim Tvar0 As Single = ArrayQ2(Yi, Yf) 
   Dim Tvar1 As Single = ArrayT2(Yt) 
   Dim Tvar2 As Single = ArrayQ2(Yi, Yt) 
   Dim Tvar3 As Single = ArrayQ2(Yt, Yf) 
 
'Alter the quantities 
   ArrayQ2(Yi, Yf) = Tvar0 + WorksheetFunction.Min(Tvar1, Tvar2, Tvar3) 
   ArrayT2(Yt) = Tvar1 - WorksheetFunction.Min(Tvar1, Tvar2, Tvar3) 
   ArrayQ2(Yi, Yt) = Tvar2 - WorksheetFunction.Min(Tvar1, Tvar2, Tvar3) 
   ArrayQ2(Yt, Yf) = Tvar3 - WorksheetFunction.Min(Tvar1, Tvar2, Tvar3) 
 
'Loop all possible transformation moments 
   Next Yt 
 
'Loop all relevant intervals from largest to smallest and from earliest to latest  
  Next Yi 
 Next x 
 
'Repeat until no more transformation quantities are available 
 Qt = 0 
 For x = 0 To Ai 
  Qt = Qt + ArrayT2(x) 
 Next x 
  
 Loop 
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Now in ArrayQ2 the adjusted quantities per sub-service life from Yi to Yf are collected 
and in ArrayT1 the quantities per transformation in year Yt are given, their net present 
value can be calculated separately as discussed in chapter 6 and in accordance with the 
geometric discounting technique developed in chapter 5 for a period of analysis of Yf - Yi 
and taking into account the parameter implications detailed in chapter 7. 

Although bypassed with the presented algorithm the inability of conventional 3D BIM to 
express the service life of individual elements including their reuse is considered as a 
crucial weakness for the practical implementation of transformation scenarios in life cycle 
cost analyses (Galle et al., 2015). Whether this weakness is caused by the fact current 
models are not semantically rich enough (Shen et al., 2007) or by the mismatch between 
traditional standards of measurement and BIM objects (Kehily et al., 2013), this finding 
confirms the request and conclusions van Nederveen and Gielingh (2009) brought forward 
after their study. They write: “new business concepts require a life cycle modelling 
approach in which individual components and materials play a central role. Buildings are 
considered as temporary configurations of these components and materials. The 
functional life of buildings, which strives for higher and sustainable end-user value, 
becomes detached from the technical life of building components and materials, offering 
new opportunities for reuse, remanufacturing and recycling” (Van Nederveen & Gielingh, 
2009, p. 674). 
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Chapter 8. 
HoZe apartment building case study 

What are the risks of investing in demountable building elements? On which conditions is 
the reuse of building materials financially feasible? And does transformable building 
result in a better predictable life cycle cost? During the present research Scenario based 
life cycle costing is developed to provide case-specific answers to such questions. 

In this chapter the transformable renovation of the HoZe apartment building is studied. 
The conducted what-if, sensitivity and probabilistic uncertainty analyses illustrate how 
scenario based life cycle costing offers insightful results and concrete design advices. 
Consequently, this case study acts as the developed method’s proof of concept. 

 

 

 

 

 

 

 

 

 

 
 
 

 

 

 

HoZe apartment building, Zelzate 
Image taken with permission from De Standaard, 
January 29th, 2016 by Dirk Ververs.
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1. Analysis set-up 

The study of the transformable renovation of the HoZe apartment building is prepared 
and conducted in accordance with the 15 step method for life cycle costing discussed in 
the Davis Langdon report (DLMC, 2007) and presented in chapter 2 as well as with the 8 
step method for developing scenarios adapted form Schwartz (1991) and presented in 
chapter 3. After considering the project’s context as well as this study’s scope and goal it 
was possible to select relevant design alternatives and develop effective scenarios. 

1.1. Defining context, scope and goal 

The HoZe apartment building (Figure 8.1) is located on the Hoogbouw square in the 
Belgian municipality Zelzate situated between the Ghent harbour and the Dutch border. 
The nine stories high housing block is owned by VMSW, the Flemish Society for Social 
Housing. VMSW lets all dwelling units, mostly to less prosperous elderly people. 

a) Context 

The HoZe apartment building was designed by architect Georges Bontinck (1903-1999) in 
1961. It has a rational layout. Technical services, storage rooms and entrances are 
situated in the basement and at the ground level. The other eight stories are almost 
identical and contain 64 dwelling units. Two circulation shafts have a separate entrance 
and give access to twice four units at each floor. Most units have two bedrooms, eight 
have three bedrooms and another eight have only one bedroom (Meganck, 2003). Today, 
the building needs a thorough refurbishment to meet the current standards on social 
housing (VMSW, 2008). For that reason, VMSW commissioned the architectural office 
KPW Architecten to design the building’s renovation (Figure 8.2). Ambitiously KPW 
stated in their design proposal: “This renovation is committed to develop a sustainable 
envelope and infill that serve a resilient building in interaction with its residents and 
neighbourhood” (KPW Architecten, 2013). Other areas of improvement include the 
building’s energy performance, wheelchair accessibility and dwelling comfort. 

In the context of the policy oriented research project ‘Design for Change’ KPW’s design 
process could be observed from the problem statement in November 2013 till the first 
ideas on the building’s technical development in March 2014 (Debacker et al., 2015). 
During three design meetings and intermediate correspondence, different design 
proposals were confronted with the key concepts of Design for Change. Subsequently, 
feedback was provided to the designers (Galle et al., 2014). 
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Figure 8.1 Photo of the existing HoZe apartment building (KPW Architecten, 2014, p. 8) 

 

 

Figure 8.2 Digital visualisation of the renovated building (KPW Architecten, 2014, p. 1) 



  

Chapter 8. HoZe apartment building case study   |   299 

b) Scope 

Through the provided consultancy KPW Architecten became increasingly aware of the 
long-term consequences of their design choices. In reaction, they developed a ‘family 
tree’ of compatible dwelling types (Figure 8.3). Each type can be easily transformed to 
one of its relatives. The tree starts from a versatile apartment layout with living rooms 
situated at the façade’s side and auxiliary spaces situated towards the building’s centre. 
Together with well-situated shafts this zoning results in a generic two-room apartment. 
By redesigning this stem type into a wheelchair accessible or three-room apartment and 
combining those descendants into kangaroo, assisted and informal-care apartments, a 
building design that facilitates future alterations was developed (KPW Architecten, 2014). 

In addition to versatility, transformability plays an important role in Design for Change. 
For that reason, the consultancy programme was completed with the development of 
demountable and reusable building elements. To evaluate the elements’ financial and 
environmental impact life cycle assessments were conducted and the outcomes were 
compared to the impact of conventional building elements. This was done in accordance 
with the assessment framework of Paduart et al. (2013) and built on both the SuFiQuaD 
(Allacker et al., 2011) and the MMG method developed by Allacker et al. (2013). The 
comparison indicated that some demountable elements could result in considerable 
environmental savings. Future refurbishments would generate less waste and fewer new 
components would be consumed. Nevertheless, other demountable elements would 
entail an increased initial impact that could not be compensated with long-term savings. 
Although both findings were translated into concrete design advices the architects’ 
questions were not answered. They expressed their need for analyses that include for 
example the versatility they introduced in their design proposals (Debacker et al., 2015) 
and asked: if the variety of created apartment types will converge to a single type over 
time would it have been worthwhile to invest in demountable building elements? Should 
every possible transformation be anticipated? Or is a focused strategy more efficient and 
less risky? 

c) Goal 

To enable the integration of realistic transformation scenarios in life cycle analyses the 
scenario based life cycle costing method was developed in the present research. 
Therefore, planning, costing and modelling protocols as well as parametric calculation 
methods are detailed in chapters 3 to 7. To illustrate their added value the financial 
feasibility of the proposed demountable building elements has been re-evaluated. 
Therefore, a time-horizon of 40 to 110 years is considered. It corresponds to the estimated 
service life of the building’s concrete structure situated between 90 and 160 years reduced 
with its current age (BCIS, 2006). 
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Figure 8.3 Typical layout of the existing apartment building (KPW Architecten, 2014, p. 11) 

 

 

 

Figure 8.4 Typical layout of the building after its renovation (KPW Architecten, 2014, p. 37) 

 

 

 

Figure 8.5 Family tree of compatible dwelling types adopted from KPW (2014, p. 33) 
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From the life cycle analyses conducted during the ‘Design for Change’ research project 
was concluded that the financial feasibility of demountable building elements remains a 
serious impediment for such elements’ widespread implementation. For that reason, 
three particular questions are relevant. The corresponding answers might increase the 
chance that both initial and future costs remain within accepted bounds. 

Question 1 
Under what conditions it is financially feasible to use demountable elements? 

As explained in chapter 2, financial feasibility is characterised by a minimal initial cost 
increase and a guaranteed long-term competitiveness. Only if both the initial and future 
cost of the demountable elements are competitive to those of the conventional 
alternatives it is possible and likely that the first will be used and reused. The future costs 
are nevertheless dependent on uncertain assumptions about the building’s and elements’ 
service lives and the evolution of their cost over time. Therefore, uncertainty analyses will 
be conducted. 

Question 2 
How can the financial feasibility of demountable elements be improved? 

As was concluded from the earlier life cycle assessments some demountable building 
elements have a higher initial and life cycle impact, financially as well as ecologically. This 
could be explained by the additional material layers that are needed for a demountable 
building element to meet the technical requirements. To find out how the feasibility of 
those elements can be improved it is important to determine which design choices are 
the most determining. Therefore, specific analyses will be conducted and additional 
element variants will be evaluated. 

Question 3 
What is the potential advantage of using second-hand materials? 

Further, transformable building not only allows reusing building elements during future 
refurbishments and transformations, it will also introduce a range of reclaimed 
components into the second-hand material market. To evaluate the financial feasibility of 
using second-hand materials they are included in the life cycle cost analyses. The 
resulting findings are interesting in the light of urban mining and the second-hand 
material market in general. 

These three questions are answered through a combination of deterministic, what-if 
sensitivity and probabilistic analyses. Which analysis technique is most appropriate and 
how it should be adopted is discussed in chapter 2. Their practical execution is discussed 
in chapter 5, chapter 6 and chapter 7. 
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1.2. Designing alternative building elements 

During the ‘Design for Change’ research project various demountable building elements 
have been developed. These elements are a transformable alternative to the elements 
KPW Architecten proposed. Their design was elaborated by Mieke Vandenbroucke and 
builds on the insights she acquired during her doctoral research (Vandenbroucke, 2016). 

a) Element design and transformability 

The alternative building elements adopt several design principles of transformable 
building (De Temmerman et al., 2012; Paduart et al., 2013; Debacker et al., 2015). As a 
result, they facilitate the transformation of an apartment layout quickly and without 
much hindrance while their components are reused. Both the demountable and 
conventional elements are presented in Figure 8.6 to Figure 8.8. Together with 
conventional joinery and gypsum plastered ceilings in full-height rooms the demountable 
external wall, internal wall, unit dividing wall, space dividing wall, floor and suspended 
ceiling form the transformable alternative for the conventional renovation of the HoZe 
apartment building. 

First, reversible connections such as bolts and screws instead of mortar and glue make it 
possible to disassemble elements without damaging their components. This is an 
essential condition for the elements’ reuse and simplifies sorting and recycling 
components at their end-of-life. Therefore, the selected finishing layers are screwed onto 
their metal substructure which is at its turn bolded together. Preferably, these 
connections are simple, standardised and limited in number. For that reason, larger 
panels are used to finish the demountable element variants. The consequences of these 
design choices are taken into account during the life cycle analyses. For example, in the 
analyses is considered that larger sections will be replaced during repairs if the element is 
demountable. After all, local repairs of for example gypsum rendering are no longer 
possible. 

Second, more durable materials are selected. They have a long reference service life and 
withstand typical wear-and-tear, frequent transport and intensive use and reuse. They 
age gracefully and could become increasingly valuable in the course of time. Therefore, 
for example hardwood is chosen instead of laminate flooring to finish de demountable 
floor element. Nevertheless, no material lasts forever. Therefore, all elements should be 
properly pace-layered. This is done by arranging their layers by increasing durability. It 
simplifies maintenance, repair and partial replacements as materials with the shortest 
service life are best accessible and physically separated from the next material. Also 
during the analyses the layers’ arrangement is taken into account and determines the 
materials’ actual refurbishment and replacement periodicities. 
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Figure 8.6 Conventional and demountable internal and external wall elements 

In contrast to the conventional wall elements, demountable variants make use of dry and reversible 
connections. Images adapted with permission from Debacker et al. (2015), Vandenbroucke (2016). 
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Figure 8.7 Conventional and demountable unit and space dividing wall elements 

Demountable dividing walls are built of generic and compatible plates and profiles facilitating their 
direct reuse. Images adapted with permission from Debacker et al. (2015), Vandenbroucke (2016). 
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Figure 8.8 Conventional and demountable floor and ceiling elements 

Because durable materials withstand better frequent reuse, parquet flooring and plywood boarding 
are used. Images adapted with permission from Debacker et al. (2015), Vandenbroucke (2016). 



306   |   Scenario based life cycle costing 

Third, the use of standardised and compatible components simplifies their direct reuse. 
This extends the element’s functional service life until it reaches its technical one. 
Moreover, compatible components can be recombined with new ones and constitute an 
element that meets new thermal, acoustic or aesthetic requirements. Practically, very 
generic elements are selected for the demountable building elements. Standard plates 
for example don’t fit one element but can be used as a wall and ceiling finishing, as well as 
a floor decking. Although conceivable it was not achievable to include in the analyses 
components’ individual reuse (cf. discussion in chapter 7). Only the reuse of complete 
elements is therefore considered. 

With these design principles the reuse potential of the developed building elements is 
maximised. They are however not sufficient to guarantee reuse. An element’s reuse is for 
example also determined by its in-use maintenance, the knowledge about its reuse 
potential during future refurbishments and the financial feasibility of reuse (Addis, 2006; 
Nakajima & Russell, 2014). How these uncertainties can be tackled is discussed 
throughout the analyses below. 

b) Element performance and equivalence 

A comparison of alternative building elements is only meaningful if the principle of 
functional and technical equivalency is fulfilled (cf. chapter 7). Therefore, the exact 
composition of the demountable elements is in accordance with the requirements that 
apply to the conventional ones as well. These requirements are summarised in Table 8.1.  

First, regional standards set limits to the thermal conductance of each building element. 
According to the Flemish standards that came into effect in 2016, the maximum thermal 
conductance or U-value of non-translucent elements of the building skin is 0,24 W/m²K 
(LNE, 2010). Therefore, both the conventional and demountable external walls have a U-
value of 0,19 W/m²K. Further, the same standard requires that the thermal conductance 
of building elements separating dwelling units such as the internal wall, unit dividing wall 
and floor is not larger than 1,00 W/m²K. Additionally, regulations apply at the level of the 
whole building. Because all elements have an equivalent thermal conductance and KPW 
Architecten developed their design together with an energy consultant it is assumed that 
also these requirements are fulfilled. 

Second, the Royal Decree of 2012 defines the required fire resistance of various building 
elements (Belgian Gazette, 2012). Since the HoZe apartment building is a mid-high 
building, i.e. higher than 10 but lower than 25 m, all structural elements should fulfil the 
R60-criterion and have a fire resistance of at least one hour. Considering the inert nature 
of concrete and the thickness of each structural element it is expected that also after the 
renovation these elements will continue to fulfil this requirement (WTCB, 2001a). 
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Table 8.1 Only equivalent building elements can be objectively compared. Therefore, the thermal 

conductance, fire resistance and acoustic performance of both conventional and demountable 

variants correspond with the prevailing requirements*. 

external wall U [W/m²K] R [min.] IE [min.] LnT,w [dB] DnT,w [dB] 
requirement    -  
conventional 0,19 ok ok - 64 
demountable 0,19 ok ok - 54 
      

internal wall U [W/m²K] R [min.] IE [min.] LnT,w [dB] DnT,w [dB] 
requirement ,00   -  
conventional 0,80 ok ok - 63 
demountable 0,80 ok ok - 63 
      

floor U [W/m²K] R [min.] IE [min.] LnT,w [dB] DnT,w [dB] 
requirement ,00     
conventional 1,00 ok ok 53 59 
demountable 0,94 ok ok 53 59 
      

unit dividing wall U [W/m²K] R [min.] IE [min.] LnT,w [dB] DnT,w [dB] 
requirement  -  -  
conventional 0,80 - ok - 61 
demountable 0,80 - tbc - 62 
      

space dividing wall U [W/m²K] R [min.] IE [min.] LnT,w [dB] DnT,w [dB] 
requirement  - - -  
conventional 0,80 - - - 52 
demountable 0,80 - - - 50 
      

suspended ceiling U [W/m²K] R [min.] IE [min.] LnT,w [dB] DnT,w [dB] 
requirement - -  - - 
conventional - - ok - - 
demountable - - ok - - 
      

* Some values are taken from technical publications or determined with practical formulas or rules 
of thumb provided by the Belgian Building Research Institute (Vandenbroucke, 2016). 

 

To avoid fire from spreading along the façade the demountable cladding is treated with 
an additional fire retardant coating whereas the conventional external wall variant is 
covered with an inert silicate rendering. Similarly, unit dividing walls should be 
categorised as EI60 and be able to block fire for one hour. Various manufacturers 
guarantee that double layered dry lining walls fulfil this requirement. Nevertheless, a 
demountable variant has not yet been certified. Continued prototyping and testing of 
transformable walls should indicate if additional measures are required (Paduart et al., 
2015). To finish, suspended ceilings should have a fire resistance of 30 minutes. Therefore, 
it is cladded with plywood that is 36 mm thick (WTCB, 2001b). 
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Third, the national standard on acoustic comfort and the corresponding technical 
recommendations are taken into account (NBN, 1987; WTCB, 2004, 2008). To fulfil the 
conventional comfort level regarding to impact sound, floors should have a weighted 
standardised impact sound pressure level LnT,w of maximum 54 dB. After the examples 
presented in the recommendations it is expected that the demountable floor has a 
LnT,w-value of 52,5 dB. To fulfil the conventional comfort level regarding to airborne 
sound, unit dividing walls and floors should realise a weighted standardised level DnT,w of 
at least 58 dB. The actual values vary between 59 and 63 dB for the conventional and 
demountable building variants. For the same comfort level, external walls should have a 
weighted standardised level DnT,w of at least 54 dB while space dividing walls should have 
a DnT,w-value that is larger than 35 dB. Also these requirements are fulfilled for both 
conventional and demountable building elements by using appropriate insulation 
materials (Debacker et al., 2015). 

Because building materials with standard dimensions are used it was not possible to 
compose design alternatives with perfectly identical thermal and acoustic properties. 
Moreover, some materials have a different initial construction cost (e.g. cellulose 
compared to mineral wool insulation) or different aesthetic quality (e.g. hardwood 
compared to laminate flooring). Additionally, important differences of their initial and 
long-term environmental impact could be identified (Debacker et al., 2015; 
Vandenbroucke, 2016). For these reasons, the proposed alternatives are not comparable 
without further discussion. Although they fulfil the same requirements, the identified 
differences should be taken into account. For example, for those elements that are part of 
the building skin, the difference in thermal conductance is included in the life cycle cost 
by calculating the heating costs per square meter. The elements’ divergent 
environmental impact is in contrast not included as an externality. Therefore, it is 
advisable to conduct additional assessments, evaluate more design alternatives and gain 
better insight in the differences amongst various material choices.  

c) Element parameters and modelling 

The life cycle cost of an element is not only characterised by its composition and 
performance, it is also defined by a range of cost figures (cf. chapter 4) and various model 
parameters (cf. chapter 7). Therefore, per element layer a suitable maintenance, repair, 
replacement and end-of-life regime is selected. As an example, the set-up of the 
demountable and conventional space dividing wall element and external joinery are 
shown in Table 8.2. It collects 21 entries per element layer and allows loading prices, 
quantities and the periodicities of different life cycle interventions directly from the 
developed indexes when calculating each element’s net present value (cf. chapter 7). 
Further, each element is linked to one of the planar element types that are modelled in 
the BIM environment and thus to the corresponding measurement figures. 
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1.3. Developing scenarios 

Based on a literature review and discussions with the architectural office and the building 
owner it was possible to develop scenarios that tackle the uncertainties they found most 
important. Thereafter, the scenarios could be easily implemented since the ‘family tree’ 
of dwelling types comprised already nine compatible life cycle options. 

a) Conceptual scenario blocks 

Based on demographic studies by Deboosere et al. (2009) as well as on surveys about 
housing ideals, pathways and types by Luyten et al. (2015) and Meeus and De Decker 
(2013) various scenario blocks are defined. Considering the particularities of social 
housing and the defined time-horizon three predetermined elements are selected: 

a constant demand for social housing, 

a steadily decline of the average household size, and 

an increasingly super-diverse society. 

Additionally, three critical uncertainties are identified considering the same studies and 
the interests of the designers and building owner: 

the household sizes that will apply for social housing, 

the variability of requirements per household size, and 

the evolution of those requirements over time. 

These uncertainties relate directly to different design choices. Although it is accepted 
there will be a constant demand for social housing in the future, it is uncertain who will 
apply for these reasonably priced apartments. A growing group of elderly can no longer 
afford an apartment at the private rental market, but neither do recently immigrated 
families. Which group will be in need of social housing the most is unknown. Both groups 
require nevertheless different apartment types. Further, long-term trends showing a 
steadily decline of the average household size bring no certainty either. After all, the 
requirements of a household depend not only on its size but also on its increasingly 
diverse composition. Because for example a 3-person household can be composed out of 
three friends, a single parent family or a couple taking care of an older relative the 
requirements for two apartments of the same size can differ significantly. Moreover, it is 
uncertain how these requirements will evolve over a period of 40 to 110 years. 

After identifying predetermined elements and critical uncertainties, the key drivers for 
future change can be defined. Two drivers are found determining for the conceptual 
blocks discussed above. First, the development and acceptance of new housing concepts 
will determine whether the composition of households remains rather traditional and 
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Table 8.2 For each element layer 21 entries are selected from predefined lists. They link to detailed 

prices, quantities and periodicities stored in separate indexes. Further, they define how the 

element’s service life is modelled and how its net present value should be calculated. 

n°  element name and variant:     
       

104  HoZe Joinery, Conventional and demountable  
                

#  material layer: maintenance: repair: 
    periodicity   extensity   intensity   
       

e  Natural gas (1,50 W/m²K) - - - - 
0  - - - - - 
1  31_Joinery – aluminium (none) rare local segmental 
0  - - - - - 
      
      

n°  element name and variant:      
                

112  HoZe Space dividing wall, Conventional  
                

#   material layer: maintenance: repair: 
    periodicity   extensity   intensity   
       

e  - - - - - 
0  - - - - - 
1  42*Gypsum plaster (15), painted Acryl painting frequent widespread fragmental 
2  22_Concrete block (290|140|140) (none) rare local fragmental 
1  42*Gypsum plaster (15), painted Acryl painting frequent widespread fragmental 
0  - - - - - 
      
      

n°  element name and variant:     
       

113  HoZe Space dividing wall, Demountable  
                

#  material layer: maintenance: repair: 
    periodicity   extensity   intensity   
       

e  - - - - - 
0  - - - - - 
1  42*Gypsum fibre (12,5), painted Acryl painting seldom common segmental 
2  42_Osb boarding (15) (none) seldom local segmental 
3  41_Insulation - cellulose (80) (none) rare local fragmental 
4  42_Metal framing (100) (none) rare local fragmental 
3  42_Osb boarding (15) (none) seldom local segmental 
2  42*Gypsum fibre (12,5), painted Acryl painting seldom common segmental 
0  - - - - - 
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(Table 8.2 continued) 

                
                

                
                

replacements:  refurbish: end-of-life: 
A/T A B C D E G ti  L/M E/F smpl.scn. demolition D/C recycling vol. 

                

- - - - - - - -  - - - - - - - 
- - - - - - - -  - - - - - - - 
T 1 1 1 1 1 1 0  L E rf.nill Joinery, demolition C (none) 10 
- - - - - - - -  - - - - - - - 
                
                
                
                

                
                

replacements:  refurbish: end-of-life: 
A/T A B C D E G ti  L/M E/F smpl.scn. demolition D/C recycling vol. 

                

- - - - - - - -  - - - - - - - 
- - - - - - - -  - - - - - - - 
A 1 1 1 1 1 1 0  L E rf.nill Rendering, cut off  C Gypsum 10 
T 1 1 1 1 1 1 0  L E rf.nill Cavity, demolition C Masonry 20 
A 1 1 1 1 1 1 0  L E rf.nill Rendering, cut off  C Gypsum 10 
- - - - - - - -  - - - - - - - 
                
                
                
                

                
                

replacements:  refurbish: end-of-life: 
A/T A B C D E G ti  L/M E/F smpl.scn. demolition D/C recycling vol. 

                

- - - - - - - -  - - - - - - - 
- - - - - - - -  - - - - - - - 
A 1 1 1 1 1 1 0  L E rf.nill Boarding, stripping D Gypsum 10 
A 1 1 1 1 1 1 0  L E rf.nill Lathing,  demolition D Wood 10 
T 1 1 1 1 1 1 0  L E rf.nill (none) D Wood 10 
T 1 1 1 1 1 1 0  L E rf.nill Framing,  demolition D (none) 10 
A 1 1 1 1 1 1 0  L E rf.nill Lathing,  demolition D Wood 10 
A 1 1 1 1 1 1 0  L E rf.nill Boarding, stripping D Gypsum 10 
- - - - - - - -  - - - - - - - 
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continues to rely on relationship and parenthood or whether it changes considerably and 
embraces for example co-housing, assisted living facilities or home based care. With the 
household composition also the requirements would change affecting the preferred 
number of spaces per apartment, the sizes of the rooms, the level of privacy, and so on. 
Second, peoples’ willingness to relocate and their financial possibility to do so will 
determine how frequent new households will enter an apartment. These households 
bring new requirements to which the considered dwelling unit has to be adapted. In the 
end, VMSW want to offer as much reasonably priced apartments as possible. From these 
two driving forces four scenarios can be sketched. Arranging the driving forces in a two by 
two matrix results in four imaginable futures (Figure 8.9). Through these scenarios the 
effect of the defined uncertainties can be studied. With the resulting insights designers 
should be able to select an implementation strategy for demountable building elements 
that is feasible regardless future’s unpredictability. 

The first scenario is that of the Transit residence. In this case, households’ 
mobility is high and their composition remains traditional. When one family moves out it 
is likely that the next one has similar requirements. As a result, the dwelling units remain 
unaltered except for the necessary refurbishments of technical services and occasional 
adjustments to enable wheelchair accessibility. 

The second possible future is that of the Flex Fit flat. In this case, households’ 
mobility is high and their composition increasingly diverse. Assuming that the building 
already contains a broad range of dwelling types most new households will find easily a 
suitable unit. Nevertheless, within some units alterations are necessary to create an 
apartment layout that fulfils new privacy and accessibility requirements. 

The third scenario is that of the Ancestral home. When households remain 
rather traditional and their mobility is low, requirements change together with the 
family’s evolution over time. The transformation of children from toddlers to young 
adults will result in gradually changing needs for space and privacy. Simultaneously, 
caring facilities for people that want to age in place will be demanded. 

The fourth scenario is that of the Organic dwelling. When households’ mobility is 
low and their composition increasingly diverse, the users’ requirements can change 
radically. Co-parenthood, short term renting (cf. airbnb.com) and home office sharing 
(cf. hoffice.com) illustrate this insightfully. These changes give rise to new unit types and 
alterations amongst neighbouring units. 

The considered uncertainties and developed scenarios depict a variety of housing futures. 
These futures reflect the particular interests of the ‘Design for Change’ research project 
and the ambitions of the architectural designers, i.e. to create “a resilient building in 
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interaction with its residents” (KPW Architecten, 2013). Consequently, by calculating the 
long-term cost of each design alternative in case of each of these four imaginable futures 
it is expected to gain valuable insights about how the use of transformable building 
elements can support this particular ambition. More challenging uncertainties and 
scenarios are however not considered. Scenarios including for example future material 
scarcity, abrupt changes in comfort standards or unavoidable changes in the building’s 
programme would allow making increasingly more robust and resilient design choices. 
Simultaneously, these analyses could reveal more pronounced advantages of 
transformable building and the frequent reuse of building materials. Nevertheless, 
considering the rapid progress of the observed design process and the pragmatic attitude 
of the design team and building owner, it was chosen to include not yet very surprising 
scenarios. With this choice is understood that the full potential of scenario based life cycle 
costing is not explored. Nonetheless, the developed method is adopted in a realistic 
context and manner. 

 

 

Figure 8.9 Two-by-two matrix of divergent transformation scenarios 

Organising the identified key drivers for future change in a matrix, i.e. household diversity 
horizontally and household mobility vertically, returns four different transformation scenarios. 
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b) Life cycle options and scenario plots 

For fleshing out scenarios, all life cycle options must be considered. Possible apartment 
alterations are laid out in the dwelling type ‘family tree’ developed by KPW Architecten 
(Figure 8.5). In total eight types are related. Each is characterised by the number of 
residents and bedrooms. This corresponds to the existing classification of apartment 
types by the Flemish Society for Social Housing VMSW. Conventional apartment types 
include a wheelchair accessible one-bedroom apartment for two persons (1/2), a two-
bedroom apartment for three persons (2/3), a three-bedroom apartment for four persons 
(3/4) or for five persons (3/5) and a four-bedroom apartment for six persons (4/6). KPW 
Architecten extended this range by recombining two conventional apartment types into 
the kangaroo apartment (2/3+1/2), transforming them into the informal-care apartment 
(2/3+0/1) and introducing a satellite unit with two guest rooms (2/2). 

For each type VMSW defined design guidelines and requirements (VMSW, 2008).  These 
requirements include for example the number of spaces per resident, their minimal 
dimensions, the size of windows compared to the apartment’s floor area, the necessary 
sanitary equipment per number of residents, as well as the apartments’ wheelchair 
accessibility. Through these guidelines apartment types are uniquely linked to a 
household composition. As a result it is possible to express changing household 
requirements directly in terms of changing apartments and to describe scenarios as a 
sequence of apartment type transformations. 

The scenarios adopt the ‘challenge and response’ plot. It is an unadventurous story logic 
for situation wherein requirements change and the resulting imbalance is managed 
through smaller or larger interventions. Because the constant demand for social housing 
was identified as a predetermined element, more adventurous plots or exotic options are 
of little interest to the designers and owners. For every scenario a specific sequence of 
apartment type transformations is generated. Which apartments are transformed each 
year is selected randomly as discussed in chapter 3. 

In case of the Transit scenario few refurbishments are expected (Figure 8.10). 
After all, the requirements of subsequent residents do not change. Only to enable 
wheelchair accessibility 2/3-apartments are transformed into 1/2-apartments and vice 
versa. On average 4 out of 64 units are altered every 15 years. 

In case of the Flex Fit scenario transformations occur only within the existing 
units (Figure 8.11). In addition to transformations between 1/2 and 2/3-apartments, 
3/5-apartments are transformed to informal-care units or to 1/2 and 2/3-apartments and a 
satellite unit. Further, 4/6-apartments are transformed into kangaroo units (2/3+1/2) and 
back. This results in 17 to 19 transformations every 15 years. 
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Figure 8.10 Transformations occurring in the Transit scenario 

In case of the Transit scenario, few refurbishments are expected. For enabling wheelchair 
accessibility some 2/3-apartments are transformed into 1/2-apartments. 

 

Figure 8.11 Transformations occurring in the Flex Fit scenario 

In case of the Flex Fit scenario transformations occur within units and include new apartment 
types such as guest rooms (2/2) or kangaroo apartments (2/3+1/2). 
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In case of the Ancestral scenario, no new apartment types are expected (Figure 
8.12). Transformations between 1/2 and 2/3-apartments, 3/5-apartments and informal-
care units, and between 4/6-apartments and a combination of 1/2 or 2/3-apartments cope 
with changing family sizes. On average 15 to 19 units are transformed every 15 years. 

In case of the Organic scenario the most severe alterations are considered 
(Figure 8.13). In addition to the transformations that occur in the previous scenarios 
several units can be transformed together into as many other units. For example a 
2/2-unit and one 3/4-apartment can be transformed into two 2/3 apartments. The result is 
a transformation rate of 23 to 26 units every 15 years. 

c) Scenario implementation 

The most important implementation of the considered transformations is the number of 
building elements that is added, relocated or removed every year. These changing 
quantities are managed with the use of a BIM model (cf. chapter 6 and insight 6, p. 287). 
For each scenario a different model is built resulting in four separate inventories. Each 
inventory collects all element instances and sorts them per type, category, year of 
construction and year of demolition. Two examples are shown in Table 8.3 and Table 8.4. 
For the sake of simplicity, all transformations are scheduled at a multiple of 15 years. This 
timeframe is intuitively chosen and should be verified with VMSW’s management policies 
and HoZe’s service life management plan. Thereafter, the timing of each transformation 
could be refined. 

In addition to the four transformation scenarios two simple scenarios are defined. One 
assumes that technical services are repaired every 15 years. To realise those repairs, the 
finishing and insulation layers of the elements surrounding the technical services need to 
be removed. The other scenario assumes that technical services are replaced every 30 
years. Therefore, also the framing of the surrounding elements has to be removed. Of 
course this simple scenario does not affect all element types and instances. Most 
technical services run behind the walls that close off the vertical shafts. These instances 
of the internal wall are modelled separately in the BIM and spreadsheet environment. If 
the shafts’ surrounding walls are conventionally built, they have to be demolished and 
rebuilt every alteration. If they are demountable, they can be disassembled and reused. 
Additionally, ventilation ducts run above the suspended ceilings. For that reason, also 
ceiling elements are subject of the simple scenarios. Their finishing and insulation have a 
refurbishment periodicity of 15 years. Their framing has one of 30 years. 

The defined conceptual building blocks do not give rise to changing energy, labour or 
materials prices. Therefore there are no scenario implications in the pricing of materials 
and weighting of financial impacts, neither in the discount rate or growth rates. 
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Figure 8.12 Transformations occurring in the Ancestral scenario 

In case of the Ancestral scenario, dwelling units are recombined and split again to deal with 
changing family sizes. They can grow from 1/2 to 4/6-apartments. 

 

Figure 8.13 Transformations occurring in the Organic scenario  

In case of the Organic scenario, the most severe alterations are expected. Both conventional and 
innovative apartment types are continuously recombined. 
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Table 8.3 After modelling the Transit scenario in BIM a take-off collects all element instances. The 

first 42 out of 53 rows of the resulting inventory (excluding existing and stripped elements) show 

that most instances remain in place during the considered time-horizon. 

TRANSIT 
Element type Category Added Removed pcs m, h m, w m, l m2, a m3, v 
         

N. Ceiling finishing cat 0 0 None 64     4692,33 4304,53 430,453 

N. Suspended ceiling cat 2 0 None 64     733,98 321,56 32,156 

N. Floor finishing cat 0 0 None 67     2857,95 4903,57 637,464 

N. Cavity wall cat 0 0 None 320   0,31 266,02 289,66 89,793 

N. External wall cat 0 0 None 151   0,54 1244,56 2092,67 1138,780 

N. External wall cat 1 0 None 5   0,54 8,47 35,08 10,877 

N. Internal wall cat 0 0 45 1 2,45 0,09 0,18 0,44 0,040 

N. Internal wall cat 0 0 None 321   0,09 763,46 1703,02 153,272 

N. Internal wall cat 1 0 None 73   0,09 108,24 238,27 21,445 

N. Internal wall cat 1 15 None 2 2,32 0,09 4,00 8,88 0,799 

N. Internal wall cat 1 45 None 3   0,09 5,87 13,36 1,202 

N. Internal wall cat 1 60 None 3   0,09 6,02 13,38 1,204 

N. Internal wall cat 1 90 None 1 2,45 0,09 2,00 4,07 0,423 

N. Internal wall cat 1 105 None 1 2,45 0,09 2,00 4,70 0,423 

N. Internal wall cat 1 120 None 1 2,45 0,09 1,91 4,68 0,421 

N. Internal wall cat 2 0 None 128   0,09 164,17 364,13 32,772 

N. Function dividing wall cat 1 120 None 2 2,32 0,16 3,92 8,70 1,392 

N. Function dividing wall cat 1 0 None 8   0,16 45,84 106,35 17,017 

N. Function dividing wall cat 2 15 None 2 2,45 0,16 3,92 9,60 1,537 

N. Function dividing wall cat 2 0 15 4 2,32 0,16 8,03 17,84 2,854 

N. Function dividing wall cat 2 0 45 8   0,16 16,08 36,61 5,858 

N. Function dividing wall cat 2 0 60 6   0,16 12,02 27,36 4,378 

N. Function dividing wall cat 2 30 60 2 2,32 0,16 3,92 8,70 1,393 

N. Function dividing wall cat 2 0 90 2   0,16 4,02 9,19 1,471 

N. Function dividing wall cat 2 0 105 2 2,45 0,16 4,02 9,45 1,513 

N. Function dividing wall cat 2 0 120 4   0,16 8,05 18,79 3,006 

N. Function dividing wall cat 2 0 None 4 2,32 0,16 7,93 17,61 2,817 

N. Function dividing wall cat 2 15 None 2 2,32 0,16 3,93 8,73 1,397 

N. Function dividing wall cat 2 30 None 6   0,16 11,84 27,42 4,387 

N. Function dividing wall cat 2 60 None 6   0,16 11,59 26,24 4,198 

N. Function dividing wall cat 2 75 None 4 2,32 0,16 7,85 17,43 2,789 

N. Function dividing wall cat 2 90 None 6   0,16 11,94 26,67 4,268 

N. Function dividing wall cat 2 105 None 6   0,16 11,79 27,58 4,413 

N. Function dividing wall cat 2 120 None 2 2,32 0,16 3,92 8,70 1,393 

N. Space dividing wall cat 0 0 90 1 2,32 0,09 1,99 4,36 0,393 

N. Space dividing wall cat 0 0 None 472   0,09 876,00 1759,95 158,396 

N. Space dividing wall cat 1 0 None 220   0,09 386,47 853,33 76,800 

N. Space dividing wall cat 1 0 15 8 2,32 0,09 11,10 24,65 2,218 

N. Space dividing wall cat 2 0 30 16   0,09 22,11 50,33 4,529 

N. Space dividing wall cat 2 0 60 12   0,09 16,47 36,71 3,303 

N. Space dividing wall cat 2 0 75 8   0,09 11,10 24,89 2,240 

N. Space dividing wall cat 2 15 90 3 2,32 0,09 3,71 7,99 0,719 

…         
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Table 8.4 Modelling the Organic scenario in BIM results in a take-off of 297 rows. As a result of the 

adopted transformation scenario, various instances have a different sub-service life. Therefore, 

instances are sorted by the year they are added and removed from the building. 

ORGANIC 
Element type Category Added Removed pcs m, h m, w m, l m2, a m3, v 
         

N. Ceiling finishing cat 0 0 15 10  127,45 62,10 6,210 

N. Ceiling finishing cat 0 0 30 15  197,56 93,58 9,358 

N. Ceiling finishing cat 0 0 45 5  71,98 35,71 3,571 

N. Ceiling finishing cat 0 0 60 9  146,47 64,53 6,453 

N. Ceiling finishing cat 0 0 75 5  61,94 34,18 3,418 

N. Ceiling finishing cat 0 0 90 10  135,55 68,53 6,853 

N. Ceiling finishing cat 0 0 105 4  66,21 35,05 3,505 

N. Ceiling finishing cat 0 0 120 1  7,56 3,58 0,358 

N. Ceiling finishing cat 0 0 None 64  4580,42 3942,75 394,275 

N. Ceiling finishing cat 0 15 45 2  16,92 7,43 0,743 

N. Ceiling finishing cat 0 30 45 3  29,46 12,56 1,256 

N. Ceiling finishing cat 0 30 60 1  10,85 5,09 0,509 

N. Ceiling finishing cat 0 30 75 3  40,59 23,15 2,315 

N. Ceiling finishing cat 0 45 60 7  72,60 33,71 3,371 

N. Ceiling finishing cat 0 45 75 2  29,40 15,46 1,546 

N. Ceiling finishing cat 0 45 90 1  5,80 1,38 0,138 

N. Ceiling finishing cat 0 45 105 2  15,68 5,46 0,546 

N. Ceiling finishing cat 0 45 None 5  57,28 31,48 3,148 

N. Ceiling finishing cat 0 60 75 3  24,30 10,83 1,083 

N. Ceiling finishing cat 0 60 90 1  11,34 3,75 0,375 

N. Ceiling finishing cat 0 60 105 1  10,83 5,04 0,504 

N. Ceiling finishing cat 0 60 120 2  29,58 15,63 1,563 

N. Ceiling finishing cat 0 60 None 3  29,46 12,56 1,256 

N. Ceiling finishing cat 0 75 90 1  11,34 3,75 0,375 

N. Ceiling finishing cat 0 75 105 1  15,21 10,84 1,084 

N. Ceiling finishing cat 0 75 120 1  11,34 3,75 0,375 

N. Ceiling finishing cat 0 75 None 2  29,04 13,49 1,349 

N. Ceiling finishing cat 0 90 105 4  57,31 27,90 2,790 

N. Ceiling finishing cat 0 90 None 15  161,51 77,83 7,783 

N. Ceiling finishing cat 0 105 120 4  55,82 29,75 2,975 

N. Ceiling finishing cat 0 105 None 10  124,06 60,42 6,042 

N. Ceiling finishing cat 0 120 None 11  142,55 77,62 7,762 

N. Suspended ceiling cat 2 0 15 2  17,98 8,05 0,805 

N. Suspended ceiling cat 2 0 30 5  46,07 20,66 2,066 

N. Suspended ceiling cat 2 0 45 2  20,51 9,02 0,902 

N. Suspended ceiling cat 2 0 60 3  27,68 11,97 1,197 

N. Suspended ceiling cat 2 0 75 1  9,70 3,99 0,399 

N. Suspended ceiling cat 2 0 90 8  73,28 32,49 3,249 

N. Suspended ceiling cat 2 0 120 1  10,83 5,04 0,504 

N. Suspended ceiling cat 2 0 None 53  520,89 215,79 21,579 

N. Suspended ceiling cat 2 15 30 1  15,39 11,01 1,101 

N. Suspended ceiling cat 2 15 45 5  54,20 28,55 2,855 

…         
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2. Life cycle cost analysis 

After defining the analysis’ purpose, scope and time-horizon, developing relevant design 
alternatives, and formulating imaginable futures, it is possible to carry out the net present 
value calculations. Therefore, the data collected in chapter 4 is used and the calculation 
methods developed in chapter 5 and chapter 6 are adopted. 

Consequently, the presented analyses act as a proof of concept of scenario based life 
cycle costing. To illustrate the method’s added value, emphasis is put on individual cost 
problems. The deterministic, what-if, sensitivity and probabilistic analyses are therefore 
discussed by purpose rather than by analysis technique. 

During the discussion of these exemplary cost problems only a selection of the analysis 
outcomes is presented and general conclusions about the financial feasibility of 
transformable building are avoided. After all, the goal of this case study is to illustrate the 
possibilities of scenario based life cycle costing. 

2.1. Comparing life cycle costs 

First, the life cycle costs of the conventional and demountable element variants are 
compared. Therefore, straightforward deterministic analyses are conducted. During 
these analyses expected values are used for all input figures. Consequently, risk cannot be 
quantified but is nevertheless considered through the different transformation scenarios 
and a positive discount rate. With the resulting outcomes advanced strategies for the 
elements’ implementation are elaborated. 

For the period of analysis  an expected value of 75 years is selected, situated in the 
middle of the considered time-horizon of 40 to 110 years. It corresponds to the estimated 
service life of the concrete structure bearing in mind its current age. The technical design 
life of the asset is thus the key driver for determining the period until the building will be 
decommissioned. Other drivers such as return on investment, loan periods or business 
cycles have little relevance. After all, social housing is a community service for sake of 
general welfare, and is not subject of economic interests such as yield or profit. 

For the real discount rate  a value of 4% is selected. The use of a positive discount rate 
for sustainable decision making is subject of an unceasing discussion amongst scientists 
and practitioners. Nevertheless, scaling costs to their time of occurrence is essential when 
evaluating the financial feasibility of an investment like in this case (cf. insight 1, p. 82). 
Several reports advise to use a real discount rate that corresponds to the long-term 
government bond rate, generally situated between 2 and 6% (Fuller et al., 1996; DLMC, 
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2007). Since the mid-nineties the 10-year bond rate issued by the Belgian government has 
varied around 4% (Trading Economics, 2016). Therefore, this value was used as the real 
discount rate in studies by De Coninck and Verbeeck (2005) and Verbeeck (2007) or as a 
nominal discount rate by Allacker (2010), Allacker et al. (2011), Paduart (2012) and 
Debacker et al. (2013). According to the advice of the international reports cited above, 
4% is selected as the expected value for the annual real discount rate in this case study. 
This value is nevertheless, much higher than the 0 to 2% rate suggested by the Task 
Group on life cycle costs in construction (Task Group 4, 2003, p. 24). Moreover, is noticed 
that since 2012 Belgium’s 10-year bond is situated around 1% (Trading Economics, 2016). 
Therefore, the discount rate is discussed during further uncertainty analyses. 

For the time quotient  a standard value of 4 is selected. Consequently, components can 
only be reused if their remaining service life is at least a quarter of their expected service 
life. From the iterative analyses was found that this time quotient is more realistic than 
the value of 2 that was used by Paduart (2012). Nevertheless, for some components of the 
load bearing structure that have a reference service life of for example 100 years, a 
remaining service life of 25 years might be considered too short for a feasible reuse, while 
for some finishing materials with a reference service life of 30 years, a required remaining 
service life of 7,5 years might be perceived as being too long. Therefore, sensitivity 
analyses on the time quotient should be conducted. Alternatively, different 
interpretations of the international standard on service life planning could be developed 
and studied during future research about element reuse. 

For the reference service lives of components, refurbishment periodicities, growth rates, 
construction prices, adjustment factors and any other calculation entry, the expected 
values discussed in chapter 4 are used. Whenever other values are used, it is explicitly 
stated. The year of reference remains 2014. 

a) General comparison at building level 

The comparison of conventional and demountable elements starts at building level. 
Though, only relevant and significant costs are summed. The considered elements 
include external walls, internal walls, unit dividing walls, space dividing walls, floors and 
suspended ceilings. Elements such as joinery and technical services are not included as 
they are identical in both conventional and demountable renovation strategies. Neither 
included are taxes, nor are design fees. As a result, the outcomes are suitable for 
comparing both strategies but not for budget planning. 

At this level, constructing all demountable elements costs 3.265.246 euro. This is 17,9% 
more than the cost to construct all conventional elements, being 2.768.995 euro. The 
difference between the initial cost of conventional and demountable elements (life cycle 
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stage A4-5) has various causes depending on the considered element. In case of the floor, 
internal wall, space dividing wall and suspended ceiling more durable finishing or framing 
materials have been selected. These materials have a longer reference service life but are 
also more expensive. Moreover, elements such as the demountable floor and external 
wall require additional lathing, boarding or decking to realise the reversible connections, 
enable their disassembly and foster their reuse. Consequently, their construction is more 
material and labour-intensive. 

Considering the standard values, the initial construction cost has an important effect on 
the life cycle cost. First, it has the largest share in the elements’ discounted net present 
value, varying between 48,6 and 50,3% depending on the considered scenario (Figure 
8.14). Second, it determines directly the cost to maintain (stage B2 with a share of 23,1 to 
25,4%) and replace each element (stage B4 having a share of 13,1 to 15,0%). After all, the 
same materials are used to keep the elements up-to-date. The resulting life cycle cost of 
the demountable building strategy varies between 6.493.216 and 6.612.141 euro. That is 
15,9 to 16,4% higher than the life cycle cost of the conventionally renovated building, 
varying between 5.580.665 and 5.705.214 euro. If however the labour cost to deconstruct 
or disassemble a component  or  do not equal the component’s labour construction 
cost  (i.e. conservative labour deconstruction costs) but equal the component’s 
demolition cost  (i.e. advantageous labour deconstruction costs), the difference 
between the life cycle cost of the conventional and demountable building strategy would 
vary between 7,7 and 8,7%. Because these labour deconstruction costs are so 
determining, it was chosen to consider both cost situations separately from the first 
analyses. Nevertheless, as an exemplary advice it can be concluded that in none of the 
four transformation scenarios, a general implementation of the demountable building 
elements is financially feasible (Figure 8.15). 

Although the net present value of the demountable building strategy is not advantageous 
compared to that of the conventional strategy, savings from using demountable 
elements are noticeable during their repair (B3), refurbishment (B5) and end-of-life stages 
(C1-2). With conservative labour deconstruction costs the demountable building strategy 
results in a discounted repair cost that is 27,4 to 27,8% lower than that of the 
conventional strategy. Further, the refurbishment costs, including life cycle stages B5/A4-
5, B5simpl, B5trans, RVtrans and B5/C1-2, are 3,2 to 18,6% lower. Because in case of the 
conventional renovation strategy simple refurbishments give rise to replacements (cf. 
chapter 7), it is however more correct to consider replacements and refurbishments 
together. Their sum is 20,6 to 26,2% higher for the demountable strategy than for the 
conventional strategy. Further the end-of-life cost including the elements’ residual value 
at year 75 is 62,9 to 64,0% higher for the demountable strategy than for the conventional 
strategy. With advantageous labour deconstruction costs the demountable building 
strategy results in contrast in discounted repair costs that are 43,6 to 44,0% lower,  
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Figure 8.14 Life cycle cost of the HoZe building’s renovation per life cycle stage 

Sorting the life cycle cost of the demountable and conventional renovation strategy per life cycle 
stage shows how decisive the initial construction cost is. Figures for the Organic scenario with 

conservative labour deconstruction costs. 

 

 

Figure 8.15 Life cycle cost of the HoZe building’s renovation per scenario 

Regardless of which scenario would become reality, a general implementation of demountable 
building elements is financially unfeasible due to the increased construction and life cycle costs. 

Figures for conservative labour deconstruction costs. 
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refurbishment costs that are 29,5 to 41,4% lower and end-of-life costs that are 39,8% 
lower than those of the conventional renovation (even 121,3 to 122,0% if the optional 
residual value at year 75 is included). Moreover, with such advantageous labour 
deconstruction costs the discounted replacement cost of the demountable elements is 
reduced with 2,3 to 3,6% in three out of four scenarios. The total of refurbishment and 
replacement costs is in that case 7,0 to 11,2% lower for the demountable strategy than for 
the conventional strategy. 

Regardless the individual savings and gains that result from the reuse, recycling and 
residual value of demountable elements, they have little impact on the life cycle cost. 
After all, the share of life cycle stage B3 in the strategies’ life cycle cost is 5,0 to 8,2% while 
that of life cycle stages B5/A4-5, B5simpl, B5trans, RVtrans, B5/C1-2, RV and C1-2 varies 
between 0,0 and 3,0%. Foremost this is caused by discounting costs, savings and gains 
that occur later in the period of analysis. For example, only 5,3% of an element’ residual 
value at year 75 is included in the life cycle cost. Furthermore, the apartments’ layout has 
been optimised to facilitate future alterations and avoid element transformations. 
Savings realised by reusing demountable building elements during future alterations and 
at the building’s end-of-life are as a result rarely decisive. 

b) Differentiated comparison at element level 

To minimise the increased initial and life cycle costs it seems wise to differentiate the use 
of demountable building elements and realise them only where future transformations 
are expected. Because the apartments’ versatile design, only a few alterations are 
required to transform one type into another. Where these alterations are located was 
indicated by KPW Architecten and became visible in the BIM model when highlighting 
some typical apartment transformations (Figure 8.16 to Figure 8.19). Accordingly, all 
instances are divided into three categories. Elements that are common to each 
apartment type and are never altered and fall into category 0. Instances that are altered 
when changing an apartment’s layout belong to category 1. And instances that are 
altered when making an apartment wheelchair accessible or refurbishing its technical 
services are sorted in category 2. Consequently, in addition to the complete conventional 
and demountable construction, a focused and a very specific use of the demountable 
building elements can be considered. In case of the focused use only elements of 
category 1 and 2 are constructed in a demountable way. In case of a very specific use only 
elements of category 2 are constructed in a demountable way. Furthermore, it seems 
useful to use only those demountable elements that bring an environmental or social 
advantage that is worth the extra investment or life cycle cost. Because all elements are 
composed of different materials and have a specific repair, replacement, refurbishment 
and end-of-life regime their initial cost, life cycle cost and feasibility can differ 
significantly. Moreover, each demountable element is compared to a particular 
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conventional variant resulting in smaller or larger differences. Therefore, all elements are 
discussed separately before three implementation strategies at building level are 
elaborated. Table 8.5 summarises the results. 

Floor elements are regularly maintained, repaired and replaced but are not 
subject of future refurbishments or transformations. Therefore, all instances of the floor 
belong to category 0. Compared to the cost of its conventional variant, the demountable 
floor leads to a 48,7% increase of the initial cost and a 48,2% increase of the life cycle 
cost. This increase is led by the demountable variant’s maintenance cost (+213,7%). 
Although its durable parquet finishing results in reduced repair (-72,0%) and replacement 
costs (-49,2%), these saving do not compensate the increased construction and 
maintenance costs. Also the optional residual value and lower end-of-life costs cannot 
repay the initial cost increase. 

The internal dividing walls placed around the vertical shafts are subject of the 
simple refurbishment scenario. For that reason, all instances fall into category 2. The 
demountable version of this internal wall is 12,7% more expensive than its conventional 
alternative. This cost increase is also reflected in the life cycle costs being 10,9% higher. 
Although the maintenance costs are almost equal and the repair costs even 70,5% lower, 
the replacement and refurbishment cost of the demountable internal wall are 39,7% 
higher compared to those of the conventional wall. When the disassembly labour costs 
equal the components’ demolition cost instead of their construction cost, the life cycle 
cost of this demountable wall is nerveless 10,5% lower. These saving result from the 
feasible element reuse during simple refurbishments. 

Like the internal shaft walls, suspended ceilings are refurbished frequently. 
Additionally, instances are added and removed during subsequent apartment 
transformations. Therefore, all instances fall into category 2 and no difference is made 
between a general, focused or specific use. Compared to the conventional ceiling the 
demountable variant has an initial cost that is 26,6% higher. This is the result of the 
durable and expensive materials that are used for its frame and finishing. This durability is 
however hardly reflected in the life cycle cost being 9,9 to 11,6% higher. Although the 
refurbishment costs of the demountable variant are up to 28,5% lower than those of the 
conventional ceiling (or even 38,1% with advantageous labour deconstruction costs) the 
demountable element still needs to be replaced when its components reach their 
expected service life. In contrast, the conventional variant is already replaced with every 
refurbishment. Moreover, because repainting ceilings is very labour intensive, the 
maintenance costs outweigh the savings from reuse. The resulting life cycle cost is 
therefore at least 3,0% higher than conventionally. Further is noticed that in the scenarios 
with more alterations the disadvantage increases. This unexpected phenomenon is 
studied further during the uncertainty analyses. 



326   |   Scenario based life cycle costing 

 

Figure 8.16 Typical apartment alteration in the Transit scenario 

During a typical alteration in the Transit scenario a wheelchair accessible 1/2-apartment at the fifth 
building level is transformed into a 2/3-apartment in year 45. 

 

 

Figure 8.17 Typical apartment alteration in the Flex Fit scenario 

In the Flex Fit scenario space dividing walls can be reused when dividing a 3/5-apartment into a 
satellite guest rooms (2/2) and a 2/3-apartment at level five in year 60. 
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Figure 8.18 Typical apartment alteration in the Ancestral scenario 

In the Ancestral scenario two apartments at the eighth level are made wheelchair accessible 
in year 75. Therewith, walls disassembled elsewhere are reused. 

 

 

Figure 8.19 Typical apartment alteration in the Organic scenario 

During a typical transformation in the Organic scenario a range of different elements 
can be reused, for example at the first level in year 105. 
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The unit dividing walls belong to category 0 when they separate two apartments 
or to category 2 when they create a wheelchair accessible entrance hall. Two alternative 
implementation strategies can thus be compared to the use of the conventional variant. 
The initial cost increase of the demountable alternative is 3,2% in case of its general use. 
In case of a very specific use the cost increase is reduced to 1,8%. The corresponding life 
cycle cost is 15,5 to 19,5% higher, or in case of its specific use 8,9 to 9,8%. Although the 
refurbishment costs of the demountable elements are reduced with 10,3 to 18,1% in three 
out of four scenarios the replacement costs of the demountable unit dividing wall are 
much higher. Refurbishment and replacement costs together are 34,7 to 142,1% higher 
than those of the equivalent conventional wall (figures for its general use). The high 
durability of the conventional masonry variant explains this difference. The more focused 
the use the better the return of the demountable variant, but only with advantageous 
labour deconstruction costs its specific use is financially advantageous in the Flex Fit 
(-0,8%), Ancestral (-0,6%) and Organic (-1,7%) scenario. Sensitivity analyses should 
indicate if the use of more durable materials could improve the feasibility of this 
demountable wall. 

The instances of the space dividing wall are assigned to category 0, 1 or 2 
considering the anticipated apartment transformations. The initial cost increase of the 
demountable alternative is 2,8% in case of its general use, 1,2% when its use is focused 
and 0,4% when its use is very specific. The resulting net present value for all demountable 
instances is however 13,5 to 15,3% higher than that of their conventional variant for the 
first two strategies and at least 11,0% higher for the third strategy. When considering 
conventional and demountable instances together, the difference decreases to 1,1 to 
2,8% in case of the wall’s focused use and to 0,0 to 0,9% in case of its specific use. Imaging 
that the demountable space dividing wall results in an important reduction of its 
environmental impact, this additional cost might be acceptable. Nevertheless, from a 
financial point of view the conventional element remains the most advantageous choice. 

 To improve the acoustic performance of the existing unit dividing walls, single-
sided internal walls are placed in front of them. The initial cost of the demountable 
internal wall variant is 8,3% higher than that of its conventional alternative but results in a 
reduction of the life cycle cost between 9,6 and 10,2%. In particular a 40,8% to 77,1% 
reduction of the construction costs during future refurbishments (i.e. during life cycle 
stage B5/A4-5) indicates that important savings result from element reuse. Moreover, this 
internal wall does not require an additional osb boarding to fulfil the acoustic standards. 
Consequently, the share of the metal framing is larger compared to the space dividing 
wall, with as result that its reuse could be more important and increase the element’s 
feasibility. In case of a specific use, the advantage decreases. This can be explained by the 
increased share of the refurbishment costs for which the savings are not as big as those 
related to stages B3 and B4. In relative terms the advantage thus decreases. 
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Considering the versatile ‘family tree’ of compatible apartment types the façade 
will rarely be altered. Because the window dimensions of each apartment type fulfil the 
requirements of the most demanding type, only two window openings on each floor 
should be cleared or closed when the surrounding apartment changes. Therefore, only 
those parts of the façade are included in category 1. The initial construction cost of the 
demountable external wall is 16,2% higher than that of a conventional façade. Moreover, 
the life cycle cost over a period of 75 years is 18,1 to 18,2% higher. A tripled replacement 
cost (up to +214,9%) and doubled deconstruction cost (+111,1%) are not compensated by 
a lower maintenance (-18,5%) or repair cost (-10,6%). Because few instances are altered 
also the reduced transformation costs (e.g. -4,9% in case of the Organic scenario) have 
little effect. Although the importance of all refurbishment costs rise from 0,6 to 26,2% in 
case of a focused use of the demountable façade, the savings remain too small to 
compensate the cost increases. Even with advantageous labour deconstruction costs the 
demountable variant is profitable only in one out of four scenarios (i.e. -0,7% in case of 
the Flex Fit scenario). 

In the results discussed above the elements’ residual value obtained during simple 
refurbishments and transformations or at the building’s end-of-life is included. The effect 
of this uncertain life cycle gain is nevertheless limited. Omitting the residual value 
increases the differences in net present value between the demountable and 
conventional variants with only a few percent. This increase is decisive in five out of 96 
situations. It changes the preference for the demountable alternative in three situations 
for the unit dividing wall, once for the space dividing wall and in one situation for the 
external wall (these situations are underlined in Table 8.5). Particularly for the unit 
dividing wall it will therefore be important to guarantee the residual value, for example by 
proper maintenance of its components. 

c) Preliminary conclusions and exemplary advices 

Based on the presented findings some preliminary conclusions can be drawn. From a 
mere financial perspective and taking into account the assumptions that have been 
made, the use of the demountable floor element cannot be encouraged. Similarly, the 
use of the demountable suspended ceiling and external wall appears to be unfeasible 
because of their high initial cost and increased life cycle cost. Also the internal dividing 
wall has a higher construction cost, but because of the important life cycle savings it 
brings, it should be studied how this wall’s initial construction cost can be lowered. For 
the instances of the demountable internal wall that surround the vertical shafts the life 
cycle savings are less certain. Additionally, the demountable unit dividing wall and space 
dividing wall have a very competitive initial cost but uncertain life cycle cost. Therefore, 
the conditions under which these savings are assured and the variability of these 
elements’ net present value have to be studied before their use can be advised. 
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Table 8.5 Differentiating the initial and life cycle costs per element and its general (gen.), more 

focused (foc.) or very specific use (spe.) shows important differences amongst all alternatives. 

Situations wherein the demountable variant is advantageous are highlighted in grey. 

  total building  external wall  unit dividing wall  internal wall 
  gen./ foc./ spe./  gen. foc. n/a  gen. n/a spe.  gen. foc. n/a 
  strat.1* strat.2* strat.3*             
              

Cost including residual value of the demountable instances relative to their conventional alternative (in percent). 
              

Initial cost  17,9 5,9 7,9  16,2 16,2 n/a  3,2 n/a 3,2  8,3 8,3 n/a 
              

Life cycle cost with conservative labour deconstruction costs 
              

Transit  16,4 11,7 13,2  18,2 18,2 n/a  19,5 n/a 17,3  -10,2 -9,4 n/a 
Flex Fit  16,2 10,9 12,4  18,2 15,6 n/a  16,1 n/a 13,4  -10,0 -8,1 n/a 

Ancestral  16,1 10,4 12,0  18,2 19,3 n/a  16,4 n/a 14,0  -9,6 -6,2 n/a 
Organic  15,9 10,2 11,7  18,1 15,0 n/a  15,3 n/a 14,3  -10,0 -8,5 n/a 

              

Life cycle cost with advantageous labour deconstruction costs 
              

Transit  8,7 1,0 0,5  7,7 7,7 n/a  7,9 n/a 5,2  -18,9 -17,9 n/a 
Flex Fit  8,3 -0,7 -1,1  7,5 -0,7 n/a  2,7 n/a -1,3  -18,8 -17,6 n/a 

Ancestral  8,2 -1,1 -1,5  7,6 1,0 n/a  2,9 n/a -1,0  -18,3 -14,6 n/a 
Organic  7,7 -2,6 -2,2  7,6 1,5 n/a  -0,3 n/a -2,6  -19,4 -21,3 n/a 

              

Cost without residual value of the demountable instances relative to their conventional alternative (in percent). 
              

Initial cost  17,9 5,9 7,9  16,2 16,2 n/a  3,2 n/a 3,2  8,3 8,3 n/a 
              

Life cycle cost with conservative labour deconstruction costs 
              

Transit  17,2 12,6 14,1  20,7 20,7 n/a  20,7 n/a 19,0  -9,3 -8,4 n/a 
Flex Fit  17,1 11,9 13,5  20,6 17,9 n/a  17,8 n/a 15,3  -9,1 -7,3 n/a 

Ancestral  17,0 11,5 13,0  20,7 24,2 n/a  17,9 n/a 15,5  -8,8 -5,4 n/a 
Organic  16,8 11,3 12,9  20,6 16,9 n/a  16,4 n/a 15,7  -9,1 -7,7 n/a 

              

Life cycle cost with advantageous labour deconstruction costs 
              

Transit  9,5 1,9 1,4  10,1 10,1 n/a  9,1 n/a 7,0  -18,0 -17,0 n/a 
Flex Fit  9,2 0,4 -0,1  10,0 1,6 n/a  4,4 n/a 0,6  -17,9 -16,8 n/a 

Ancestral  9,1 0,1 -0,5  10,1 5,9 n/a  4,3 n/a 0,6  -17,4 -13,8 n/a 
Organic  8,6 -1,6 -1,1  10,0 3,4 n/a  0,8 n/a -1,3  -18,5 -20,5 n/a 

              

Cost including residual value of all instances relative to only conventional elements (in percent). 
              

Initial cost  1,5* 1,9* 2,6*  16,2 16,2 n/a  3,2 n/a 1,8  8,3 1,0 n/a 
              

Life cycle cost with conservative labour deconstruction costs 
              

Transit  -1,4* 0,5* 2,8*  18,2 18,2 n/a  19,5 n/a 9,8  -10,2 -1,2 n/a 
Flex Fit  -1,4* 0,4* 2,7*  18,2 15,6 n/a  16,1 n/a 8,9  -10,0 -1,2 n/a 

Ancestral  -1,4* 0,3* 2,7*  18,2 19,3 n/a  16,4 n/a 9,3  -9,6 -1,1 n/a 
Organic  -1,4* 0,4* 2,6*  18,1 15,0 n/a  15,3 n/a 9,4  -10,0 -1,4 n/a 

              

Life cycle cost with advantageous labour deconstruction costs 
              

Transit  -4,0* -2,2* -2,1*  7,7 7,7 n/a  7,9 n/a 3,0  -18,9 -2,3 n/a 
Flex Fit  -4,1* -2,4* -2,4*  7,5 -0,7 n/a  2,7 n/a -0,8  -18,8 -2,6 n/a 

Ancestral  -4,1* -2,5* -2,5*  7,6 1,0 n/a  2,9 n/a -0,6  -18,3 -2,5 n/a 
Organic  -4,3* -2,7* -3,0*  7,6 1,5 n/a  -0,3 n/a -1,7  -19,4 -3,5 n/a 

 
* Figures for the three implementation strategies at building level (strat.1 to 3), cf. section  c below. 
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(table 8.5 continued) 

  internal shaft wall  space dividing wall  floor  suspended ceiling 
  n/a n/a spe.  gen. foc. spe.  gen. n/a n/a  n/a n/a spe. 
              
              

Cost including residual value of the demountable instances relative to their conventional alternative (in percent). 
              

Initial cost  n/a n/a 12,7  2,8 2,8 2,8  48,7 n/a n/a  n/a n/a 26,6 
              

Life cycle cost with conservative labour deconstruction costs 
              

Transit  n/a n/a 10,9  15,3 15,3 15,2  48,2 n/a n/a  n/a n/a 9,9 
Flex Fit  n/a n/a 10,9  14,9 14,3 14,1  48,2 n/a n/a  n/a n/a 10,4 

Ancestral  n/a n/a 10,9  14,6 13,7 12,7  48,2 n/a n/a  n/a n/a 10,3 
Organic  n/a n/a 10,9  13,9 13,5 11,0  48,2 n/a n/a  n/a n/a 11,6 

              

Life cycle cost with advantageous labour deconstruction costs 
              

Transit  n/a n/a -10,5  6,8 6,5 5,8  38,6 n/a n/a  n/a n/a 3,0 
Flex Fit  n/a n/a -10,5  5,9 4,6 3,3  38,6 n/a n/a  n/a n/a 3,8 

Ancestral  n/a n/a -10,5  5,6 3,8 2,3  38,6 n/a n/a  n/a n/a 3,5 
Organic  n/a n/a -10,5  4,4 2,4 -0,2  38,6 n/a n/a  n/a n/a 5,4 

              

Cost without residual value of the demountable instances relative to their conventional alternative (in percent). 
              

Initial cost  n/a n/a 12,7  2,8 2,8 2,8  48,7 n/a n/a  n/a n/a 26,6 
              

Life cycle cost with conservative labour deconstruction costs 
              

Transit  n/a n/a 11,6  16,2 16,2 16,3  48,8 n/a n/a  n/a n/a 10,1 
Flex Fit  n/a n/a 11,6  15,9 15,5 15,3  48,8 n/a n/a  n/a n/a 10,9 

Ancestral  n/a n/a 11,6  15,7 15,0 13,9  48,8 n/a n/a  n/a n/a 10,7 
Organic  n/a n/a 11,6  15,0 14,7 12,5  48,8 n/a n/a  n/a n/a 12,6 

              

Life cycle cost with advantageous labour deconstruction costs 
              

Transit  n/a n/a -9,8  7,6 7,4 6,9  39,2 n/a n/a  n/a n/a 3,3 
Flex Fit  n/a n/a -9,8  6,9 5,7 4,5  39,2 n/a n/a  n/a n/a 4,2 

Ancestral  n/a n/a -9,8  6,6 5,2 3,5  39,2 n/a n/a  n/a n/a 3,9 
Organic  n/a n/a -9,8  5,4 3,6 1,3  39,2 n/a n/a  n/a n/a 6,3 

              

Cost including residual value of all instances relative to only conventional elements (in percent). 
              

Initial cost  n/a n/a 12,7  2,8 1,2 0,4  48,7 n/a n/a  n/a n/a 26,6 
              

Life cycle cost with conservative labour deconstruction costs 
              

Transit  n/a n/a 10,9  15,3 6,6 2,4  48,2 n/a n/a  n/a n/a 9,9 
Flex Fit  n/a n/a 10,9  14,9 6,2 2,2  48,2 n/a n/a  n/a n/a 10,4 

Ancestral  n/a n/a 10,9  14,6 5,9 2,1  48,2 n/a n/a  n/a n/a 10,3 
Organic  n/a n/a 10,9  13,9 6,1 2,1  48,2 n/a n/a  n/a n/a 11,6 

              

Life cycle cost with advantageous labour deconstruction costs 
              

Transit  n/a n/a -10,5  6,8 2,8 0,9  38,6 n/a n/a  n/a n/a 3,0 
Flex Fit  n/a n/a -10,5  5,9 2,0 0,5  38,6 n/a n/a  n/a n/a 3,8 

Ancestral  n/a n/a -10,5  5,6 1,6 0,4  38,6 n/a n/a  n/a n/a 3,5 
Organic  n/a n/a -10,5  4,4 1,2 1,1  38,6 n/a n/a  n/a n/a 5,4 
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Even if the developed elements would not be studied with greater detail, three 
implementation strategies at building level can be proposed during an advice. Each 
strategy combines conventional and demountable elements in a different way (Table 
8.9). The first strategy aims at a minimal life cycle cost, if necessary without demountable 
elements. The second strategy wants to approximate the life cycle cost of the building’s 
conventional renovation. The third strategy wants to maximise the use of demountable 
building elements but holds cost increases within accepted limits. In each strategy the 
floor and façade are conventionally built elements whereas the internal dividing wall is 
realised in a demountable way. 

The combination of building elements that leads to the lowest life cycle cost 
consists of conventional suspended ceilings and space dividing walls but demountable 
internal shaft walls as well as demountable unit dividing walls. To maximise the number 
of scenarios in which the latter results in a decreased life cycle cost, its use is very 
selective. Accordingly, the initial cost of this strategy is 1,5% higher than the building’s 
conventional renovation. The resulting life cycle savings are 1,4% for conservative labour 
costs (Figure 8.20) and vary between 4,0 and 4,3% for advantageous labour 
deconstruction costs (Figure 8.23). 

The combination of elements that results in the most competitive life cycle cost 
includes conventional suspended ceilings, a specific use of the space dividing wall and the 
general use of the demountable unit dividing walls. The corresponding construction cost 
increases 1,9% compared to the building’s conventional renovation. In case of 
conservative labour costs the life cycle cost is 0,3 to 0,5% higher (Figure 8.21). In case of 
advantageous labour deconstruction costs, the life cycle savings vary between 2,2 and 
2,7% (Figure 8.24). In case all demountable elements would have clear environmental 
advantages, this strategy is competitive with the conventional renovation. 

The combination that includes as much demountable elements as possible 
includes the demountable construction of all elements except of the construction of thed 
façade and floor that have a particularly high initial cost. All instances of the suspended 
ceiling, internal dividing wall, unit dividing wall and space dividing wall are thus built in a 
demountable way. Consequently, the initial cost would be 2,6% higher than 
conventionally while the life cycle cost would vary between a 2,8% increase and 3,0% 
decrease depending on the considered scenario and the actual labour deconstruction 
costs (Figure 8.22 and Figure 8.25). 

Subsequently, the most appropriate implementation strategy can be proposed taking 
into account the designer’s and owner’s preferences and ambitions. Further, the project-
specific context as well as the insight in the environmental and social advantages that are 
associated to the demountable elements can be considered during that advice. 
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Table 8.6 Three implementation strategies at building level combine conventional (C) and 

demountable (D) elements in a different way to pursue a specific goal. Based on the project 

ambitions and the elements’ environmental advantage an appropriate strategy can be selected. 

Most advantageous strategy  Implementation Category 0 Category 1 Category 2  
        

external wall  -  C C C  
floor  -  C C C  

suspended ceiling  -  C C C  
internal shaft wall  general  D D D  

internal wall  general  D D D  
unit dividing wall  specific  C C D  

space dividing wall  -  C C C  
       

Most competitive strategy  Implementation Category 0 Category 1 Category 2  
        

external wall  -  C C C  
floor  -  C C C  

suspended ceiling  -  C C C  
internal shaft wall  general  D D D  

internal wall  general  D D D  
unit dividing wall  general  D D D  

space dividing wall  specific  C C D  
       

Most transformable  strategy  Implementation Category 0 Category 1 Category 2  
        

external wall  -  C C C  
floor  -  C C C  

suspended ceiling  general  D D D  
internal shaft wall  general  D D D  

internal wall  general  D D D  
unit dividing wall  general  D D D  

space dividing wall  general  D D D  
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Figure 8.20 Life cycle cost of the most advantageous implementation strategy 

This strategy results in a reduced life cycle cost compared to the complete conventional renovation 
in case of conservative labour deconstruction costs. 

 

Figure 8.21 Life cycle cost of the most competitive implementation strategy 

This strategy results in a competitive life cycle cost compared to the complete conventional 
renovation in case of conservative labour deconstruction costs. 

 

Figure 8.22 Life cycle cost of the most transformable implementation strategy 

This strategy results in an increased life cycle cost compared to the complete conventional 
renovation in case of conservative labour deconstruction costs. 
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Figure 8.23 Life cycle cost of the most advantageous implementation strategy 

This strategy results in a reduced life cycle cost compared to the complete conventional renovation 
in case of advantageous labour deconstruction costs. 

 

Figure 8.24 Life cycle cost of the most competitive implementation strategy 

This strategy results in a reduced life cycle cost compared to the complete conventional renovation 
in case of advantageous labour deconstruction costs. 

 

Figure 8.25 Life cycle cost of the most transformable implementation strategy 

Also this strategy results in a reduced life cycle cost compared to the complete conventional 
renovation in case of advantageous labour deconstruction costs. 
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2.2. Evaluating model uncertainties 

To verify the results of the deterministic analyses it is necessary to vary the assumptions 
and see what happens. Such uncertainty analyses can confirm or disprove the formulated 
advices. In chapter 7 was for example explained how the necessity of refurbishments is an 
uncertain model parameter. Further, the deterministic analyses indicated that the real 
discount rate has an important effect on the savings from reuse and on the residual value 
at the elements’ the end-of-life. Additionally, growth rates and time quotient were 
defined as potentially critical parameters in chapters 4 and 5 respectively. With the use of 
the what-if and sensitivity analyses presented below, the significance of these 
parameters for the elements’ financial feasibility is studied. 

a) Necessity of refurbishments 

To guarantee an objective comparison of the conventional and demountable elements 
they should fulfil not only the same technical but also the same functional requirements 
throughout the building’s service life. Therefore, all simple refurbishments are considered 
‘essential’. Accordingly, both variants are always up-to-date. Yet it might be more 
realistic to assume that the simple refurbishment of some conventional elements is only 
‘favourable’ and will be postponed until the next replacement. As a result the element’s 
demountable variant will be refurbished more frequently than its conventional one. By 
considering this situation the developed service life model allows to explore to a certain 
extend the rebound effect of transformability. A what-if analysis is conducted to study 
the effect of modelling the simple refurbishments as ‘favourable’ instead of ‘essential’. 
This is presented for the internal walls surrounding the vertical shafts and all instances of 
the suspended ceiling. 

If simple refurbishments take place only because the element is demountable and it is 
easy to complete that refurbishment, they can be considered as being ‘favourable’. As a 
result, the life cycle cost of the demountable variant includes both refurbishment and 
replacement costs while that of the conventional alternative includes only replacement 
costs. In case of conservative labour deconstruction costs this increases the difference 
between the conventional and demountable variant from 10,9 to 64,0% for the internal 
wall (Figure 8.26) and from 9,9 to 75,8% for the suspended ceiling (worst figures for the 
Transit scenario as shown in Figure 8.29, from 11,6 to 69,2% in the Organic scenario as 
shown in Figure 8.31). In case of advantageous labour deconstruction costs, this turns the 
life cycle savings of 10,5% into a 32,2% increase of the life cycle costs for the internal wall 
(Figure 8.27) and increases the cost difference from 3,0 to 64,9% for the suspended ceiling 
(worst figures for the Transit scenario as shown in Figure 8.29, from 5,3 to 59,7% in the 
Organic scenario as shown in Figure 8.31). 
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Figure 8.26  of the internal shaft wall for a varying refurbishment necessity 

 If simple refurbishments of the internal shaft wall are favourable and take place only because the 
element is demountable, the difference in life cycle cost between its conventional and demountable 

realisation is 64,0% in case of conservative labour deconstruction costs. 

 

 

 

Figure 8.27  of the internal shaft wall for a varying refurbishment necessity 

In case of advantageous labour deconstruction costs the life cycle saving of using the internal shaft 
wall’s demountable variant is 10,5% when refurbishments are essential, but turns into a  32,2% cost 

increase if refurbishments are favourable. 
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Figure 8.28  of the suspended ceiling for a varying refurbishment necessity (Transit) 

If simple refurbishments of the suspended ceiling are favourable the difference in life cycle cost 
between its conventional and demountable realisation is 75,8% in case of conservative labour 

deconstruction costs and the Transit scenario. 

 

 

 

Figure 8.29  of the suspended ceiling for a varying refurbishment necessity (Transit) 

In case of advantageous labour deconstruction costs and the Transit scenario the cost difference 
between the conventional and demountable ceiling variants increases from 3,0 to 64,9% if 

refurbishments are favourable instead of essential. 
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Figure 8.30  of the suspended ceiling for a varying refurbishment necessity (Organic) 

In the Organic scenario with conservative labour deconstruction costs, favourable simple 
refurbishments for the suspended ceiling result in a life cycle cost increase of 69,2%. If 

refurbishments are essential the difference is 11,6%. 

 

 

 

Figure 8.31  of the suspended ceiling for a varying refurbishment necessity (Organic) 

In the Organic scenario with advantageous labour deconstruction costs using the suspended 
ceiling’s demountable variant results in 5,3% increase of the life cycle cost when refurbishments are 

essential and a 59,7% increase if refurbishments are favourable. 
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Based on these what-if analyses can be advised that the actual refurbishments occurring 
during an element’s service life are determining for its financial feasibility and that not 
transforming conventional elements will always be most advantageous. Nevertheless, it 
should be understood that future alterations are necessary to keep the building up-to-
date and that demountable building can facilitate that. This added-value is not included 
in the calculated life cycle costs but should nevertheless be taken into account. 

b) Real discount rate 

Future costs are discounted to take into account the fact they are uncertain. 
Nevertheless, also the discount rate itself is an uncertain model parameter. With the 
standard 4% rate introduced above, expenses are weighted increasingly less important 
when they are situated further from the reference year. With a larger discount rate their 
importance decreases faster. With a smaller discount rate, the future costs’ importance 
decreases slower. They are fully included in the net present value with a zero discount 
rate (cf. chapter 2). Not only costs are discounted also the savings and gains that result 
from element reuse, recycling and their residual value are. Consequently, it is expected 
that demountable elements become increasingly feasible (or increasingly less infeasible) 
with a lower discount rate. Sensitivity analyses confirmed this for all elements in case of 
advantageous labour deconstruction cost but not in case of conservative labour 
deconstruction costs. 

For the demountable internal wall (Figure 8.32) the life cycle savings compared 
to its conventional variant vary from 3,9% with a 8% discount rate, over 18,9% with the 
expected 4% rate to 54,8% with a zero discount rate (figures for the wall’s general use in 
the Transit scenario with advantageous labour deconstruction costs). Only for a real 
discount rate larger than 12% the demountable internal wall has a life cycle cost that is 
higher than that of its conventional alternative. 

For the space and unit dividing wall the difference in net present value with a 
varying discount rate changes in a different way. For each rate between 0 and 20% the 
demountable variants are financially disadvantageous. Their feasibility increases however 
with discount rates that are both larger and smaller than 3% (Figure 8.33). As expected, 
the savings and gains in life cycle stages B5/A4-5, B5/RV, B5/C1-2, RV and C1-2 decrease 
gradually with an increasing discount rate. But the costs in stages B3, B4 and B5trans 
decreases much faster. As a result, the savings become relatively more important, until 
their weight decreases further and the difference in net present value converges to the 
initial cost difference. It might be clear that the difference in net present value between to 
alternative elements depends on both the elements’ initial cost structures and their life 
cycle costs. As a consequence, a generic hypothesis cannot be maintained but case and 
element specific sensitivity analyses are required. 
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Figure 8.32  of the alternative internal wall elements for a varying discount rate 

The life cycle savings of the demountable internal wall compared to the conventional variant vary 
from 54,8% with a zero rate to 3,9% with a 8% rate. Figures for the Transit scenario with 

conservative labour deconstruction costs. 

 

 

Figure 8.33  of the alternative space dividing wall elements for a varying discount rate 

The demountable space dividing wall is financially disadvantageous for all positive discount rates. 
Its feasibility increases however with a discount rate larger and smaller than 3%. Figures for the 

Transit scenario with conservative labour deconstruction costs. 
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To verify the impact of the real discount rate on the three implementation strategies that 
were elaborated, their life cycle cost was calculated for a rate varying between 0 and 12%. 
This was done for each scenario and for both conservative and advantageous labour 
deconstruction costs. 

First, the financially most advantageous strategy is analysed. With a minimal 
discount rate the savings are significant. Considering conservative labour deconstruction 
costs, they reach to 10,8% in the Transit scenario (Figure 8.34) and 9,6% in the Organic 
scenario. Because this strategy entails that increasingly more conventional elements are 
altered when considering more severe transformation scenarios, its relative advantage 
compared to the complete conventional construction decreases in the latter scenarios. 
Nevertheless, from a discount rate of 7% this strategy is no longer advantageous. 
Considering advantageous labour costs, life cycle savings from this strategy can rise to 
16,7% and the additional costs remain limited to for example 0,1% with a rate of 12% 
(Figure 8.35). 

 Second, the most competitive strategy is considered. This strategy has a life 
cycle cost that is almost equal to that of the conventional construction for a 4% discount 
rate (Figure 8.36). Consequently 4% is the tipping point: in each scenario the most 
competitive strategy becomes disadvantageous at higher discount rates (additional costs 
up to 0,8%) and more advantageous at lower discount rates (savings up to 8,2%). 
Considering advantageous labour deconstruction costs, the tipping point shifts toward a 
discount rate of about 8% in the Transit scenario (Figure 8.37), to 10% in the Flex Fit and 
Ancestral scenarios and to 12% in the Organic scenario. Because higher real discounts 
rates are less plausible than lower rates, this strategy’s competitiveness is thus 
guaranteed. In conclusion, also this implementation is more feasible than the complete 
conventional construction independent of the discount rate and scenario. 

Third, sensitivity analyses are conducted for most transformable strategy. At the 
expected 4% discount rate this results in a 2,6 to 2,8 increase of the life cycle costs with 
conservative labour deconstruction costs. In the Transit scenario this cost increase rises to 
3,0% for a rate of 5%. If the rate increases further the disadvantage decreases again. If the 
rate decreases, this strategy becomes advantageous from a rate lower than 2% and 
results in savings up to 5,2% at the zero rate (Figure 8.38). With the lowest labour 
deconstruction costs the savings can reach up to 16,2% while the maximum cost increase 
is 0,5% (Figure 8.39).  
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Figure 8.34  of most advantageous implementation strategy for a varying discount rate 

With a minimal discount rate the savings of the financially optimal strategy are considerable. In the 
Transit scenario with conservative labour costs they reach up to 10,8% compared to the complete 

conventional renovation of the apartments. 
 

 

Figure 8.35  of most advantageous implementation strategy for a varying discount rate 

With advantageous labour deconstruction costs the saving even rise to 16,7% for a zero discount 
rate. In this case the discount rate can reach up to 12% before the financially most advantageous 

strategy (dashed line) results in an additional life cycle cost. 
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Figure 8.36  of most competitive implementation strategy for a varying discount rate 

The financially most competitive implementation strategy has in the Transit scenario a life cycle 
cost that is almost equal to that of the conventional strategy for a 4% discount rate when 

conservative labour deconstruction costs are considered. 
 

 

Figure 8.37  of most competitive implementation strategy for a varying discount rate 

With advantageous labour deconstruction costs the tipping point between additional costs or life 
cycle savings that result from the most competitive implementation strategy shifts toward a 

discount rate of about 8% in the Transit scenario. 
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Figure 8.38  of most transformable implementation strategy for a varying discount rate 

For the most transformable strategy sensitivity analyses show that in the Transit scenario the cost 
increase rises to maximum 3,0% for a rate of 5% and is advantageous for rates that are lower than 

2%. Figures for conservative labour deconstruction costs. 
 

 

Figure 8.39  of most transformable implementation strategy for a varying discount rate 

With advantageous labour deconstruction costs and discount rates between 0 and 12% the most 
transformable implementation strategy (dashed line) results in a cost increase of maximum 0,5% 

and savings up to 16,2%. Figures for the Transit scenario. 
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From these sensitivity analyses can be concluded that the feasibility of each demountable 
element changes considerably with the real discount rate. However, negative effects on 
the feasibility of the three implementation strategies are limited. With a discount rate 
that increases from 4 to 12%, savings can become an additional cost of maximum 0,5%. In 
case there were already increased life cycle costs at the 4% rate, they do not become 
larger than 3,0%. Moreover, the discount rate of 4% is situated close to the rates that 
result in the worst life cycle cost differences between the developed strategies and a 
complete conventional construction. 

These sensitivity analyses confirm consequently the reliability of the standard discount 
rate of 4% rate that was selected for this case study. With higher rates none of the 
implementation strategies becomes less feasible. Yet, with lower discount rates, for 
example as the result of lower government bonds, the demountable strategies become 
increasingly feasible from a financial perspective. An exemplary advice could therefore 
confirm the feasibility of each of the three proposed implementation strategies. 

c) Time quotient 

During the life cycle modelling of the evaluated elements the time quotient is taken into 
account four times. First, it ensures that only elements with a sufficiently long remaining 
service life are reused (cf. chapter 4). Second, it determines if simple refurbishment and 
replacements situated close to the next replacement or to the element’s end-of-life will 
occur or not (cf. chapter 5). Third, it determines if a component can result in a residual 
value at its end-of-life (cf. chapter 4). And fourth, it verifies if a simple refurbishment or 
replacement is situated close enough to a transformation before considering their 
interaction (cf. chapter 6). Because this model parameter has not been confirmed by 
practical research, it is necessary to verify with sensitivity analyses if the previous advices 
depend on it. 

From the deterministic analyses is known that the residual value is rarely determining for 
the feasibility of the individual elements. Moreover, because most element layers are 
labelled as ‘technically necessary’ their replacements are in dependent from the time 
quotient. Consequently, the net present value of most demountable elements and their 
conventional variants does not change when the time quotient is varied between 2 and 8. 
For example in the Transit scenario considering conservative labour costs, the net present 
value of the conventional unit dividing wall increases maximum 0,88% compared to the 
standard time quotient. The net present value of the demountable unit dividing wall 
decreases no more than 0,02% and increases maximum 3,79% (Figure 8.40). Under the 
same conditions, the net present value of the demountable suspended ceiling decreases 
no more than 0,50% and increases at most 2,50%, while that of its conventional variant 
remains constant for a time quotient between 2 and 8 (Figure 8.41). 
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Figure 8.40  of the unit dividing wall elements for a varying time quotient 

The demountable unit dividing wall’s net present value increases with 3,81% when the time 
quotient changes from 4,5 to 5,5. This is the result of the extra replacement of the gypsum fibre and 

osb boarding for sub-service lives with a duration of 60 years. 

 
 

 

Figure 8.41  of the suspended ceiling elements for a varying time quotient 

The demountable suspended ceiling’s net present value increases with 2,45% when the time 
quotient changes to 7 because with this quotient transformations no longer interact with other 

interventions and are as a result included separately in the net present value. 
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The differences in the net present value that result from changes in the time quotient can 
be explained by the additional replacements that are considered. For the conventional 
unit dividing wall these are the replacements of the gypsum plaster that has an expected 
service life of 50 years. For sub-service lives that last 60 years, changing the time quotient 
from 4,5 to 5,5 is determining. For a time quotient of 5,5 the remaining service life is long 
enough (i.e. 60-50 > 50/5,5) and the replacement is included in the element’s net present 
value, while for a time quotient of 4,5 the remaining period is too short (i.e. 60-50 < 50/4,5) 
and the replacement is omitted. 

For the demountable unit dividing wall the difference in net present value results from 
additional replacement of the gypsum fibre and osb boarding. They have an expected 
service life of 37 years. For the instances built in year 15 and removed in year 60, changing 
the time quotient from 4,5 to 5,5 is determining. For a time quotient of 5,5 the remaining 
service life is long enough (i.e. 60-15-37 > 37/4,5) and the replacement does take place, 
while for a time quotient of 4,5 the remaining period is too short (i.e. 60-15-37 < 37/4,5) 
and the replacement is omitted. Consequently, with these replacements also their 
interaction with the transformations in year 60 and their compensated cost is omitted. As 
a result the element’s life cycle cost increases with 3,81% when the time quotient changes 
to 5,5 (figures for conservative labour deconstruction costs). 

In case of the demountable suspended ceiling the net present value change when the 
time quotient becomes 7. This is explained by additional replacements of the plywood 
finishing layer, having a reference service life of 35 years. Moreover, various interventions 
no longer interact and are therefore included separately in the element’s life cycle cost, 
including the interaction between the transformations in year 30 and the plywood 
replacements expected in year 35, the interaction between the transformations in year 45 
and the plywood replacements expected in year 50 (for instances created in year 15), and 
between the transformations in year 60 and the replacements of the ceiling’s frame and 
insulation expected in year 65. Consequently, the element’s life cycle cost increases with 
2,45% when the time quotient changes from 6 to 7 (figures for conservative labour 
deconstruction costs). 

These differences are however too small to change the intended feasibility of one of the 
implementation strategies. The difference between the conventional and alternative 
strategies does not increase more than 0,78% or decrease more than 0,43% (each time in 
case of the third strategy) when the time quotient is changed from 4 to 2 or from 4 to 8. 
An exemplary design advice could therefore concluded that in this case study the time 
quotient is not determining within the range of 2 to 8. Moreover, sensitivity analyses 
showed that a time quotient up to 40 has no influence on the preference for all other 
demountable building elements. Further, time quotients smaller than 2 are not realistic 
and therefore not considered. 
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d) Growth rates 

As noticed in chapter 4, the average growth rates for labour, material and construction 
costs are dependent on the considered historical data. Their extrapolation to future rates 
is thus uncertain. Assuming that growth rates could vary between the averages 
determined from the period between 1985 and 2007 (Allacker, 2010) and the period 
between 1994 and 2014, sensitivity analyses show how they influence the life cycle cost of 
each demountable element and their feasibility. 

Changes in construction prices are expressed by the construction growth rate. In 
the life cycle cost calculations this rate is applied to the cost category ‘equipment’. 
Considering both sets of historical data, the variation of this nominal rate is limited from 
2,475 to 2,500%. With an increasing construction growth rate, the elements’ net present 
value increases. However, the net present value of the demountable elements increases 
slower than that of the conventional elements. As a result, the demountable variants 
become increasingly feasible with an increasing construction growth rate. Nevertheless, 
because the considered variation is small and equipment costs have a limited share in the 
net present value, this growth rate has little effect on the net present values. For all 
elements, scenarios and implementation strategies the difference between the 
conventional and demountable variant never changes with more than 0,02%. 

The labour growth rate is applied to all labour costs that are entailed during each 
life cycle intervention. The considered variation includes nominal rates between 2,2 and 
3,1%. From the lowest to the highest rate the net present value of all element variants 
increases with 1,5 to 18,1%. The net present value of the demountable variants grows 
faster with an increasing labour growth rate than the net present value of the 
conventional variants. As a consequence, the feasibility of for example the unit and space 
dividing walls decreases. In case of conservative labour deconstruction costs the 
additional life cycle cost can increase with 11 to 17% (figures for the Transit scenario). The 
most significant effect of a changing labour growth rate is noticed for the internal dividing 
wall surrounding the shafts. The life cycle saving of its demountable variant compared to 
the conventional one drops form 10,5 to 8,6%. However, only in two out of the sixty 
studied situations (i.e. combinations of scenarios, use categories and labour costs per 
element), the changes in the labour growth rate result in new conclusions about the 
demountable variant’s feasibility. For example, for the space dividing wall in the Organic 
scenario with advantageous labour deconstruction costs the life cycle saving of 0,2% 
turns into an increased life cycle cost of 0,7% (Figure 8.42). Or for the unit dividing wall in 
the Organic scenario with advantageous labour deconstruction costs the advantage of 
0,3% turns into an increased life cycle cost of 0,8%. Nevertheless, it could be concluded 
that a changing labour growth rate does not change the feasibility of the proposed 
implementation strategies. 
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Finally, the constant increase of the material prices is expressed by the material 
growth rate and applied to the ‘material’ cost category. Considering the historical rates 
between 1985 and 2007 and between 1994 and 2014, it is assumed that the future rate 
could vary between 1,7 and 3,6% in nominal terms and therefore can result in a negative 
or positive real growth rate. Like with the previous growth rates all net present values 
increase together with the growth rate. In absolute terms the net present value of each 
variant increases with a maximum of 15,0% (i.e. in case of the material intensive 
conventional internal wall for the Organic scenario and advantageous labour 
deconstruction costs as shown in Figure 8.43). The net present value of the demountable 
variants, that are generally more labour intensive, increases slower with an increasing 
material growth rate than that of the conventional variants. Consequently, the feasibility 
of the demountable variants increases with an increasing material growth rate. In case of 
slower growing material prices the advantage of for example the internal dividing wall is 
only 0,5% but increases to 7,7% when the material prices increase at the fastest pace 
(figures for the Transit scenario with conservative labour costs). Nevertheless, for no 
element in any scenario the material growth rate changes the preference that was 
concluded from the deterministic analyses. 

From these sensitivity analyses can be concluded that the growth rates that were used 
during the deterministic analyses (data from the period between 1994 and 2014) are more 
optimistic about the feasibility of the demountable elements than those that were used 
during earlier studies (data from the period between 1985 and 2007). After all, a larger 
material growth rate and smaller labour growth rate are advantageous for the 
demountable variants because they realise savings in the cost category ‘material’ and not 
in the category ‘labour’. Nevertheless, with both sets of rates and intermediate values, 
the feasibility of the demountable element alternatives and proposed implementation 
strategies remains unchanged. 

2.3. Identifying boundary conditions 

Sensitivity analyses not only confirm or disprove the choice of model parameters, they 
also allow to identify the conditions under which deterministic conclusions are valid. The 
first condition that is studied is the asset’s service life and the corresponding period of 
analysis. Although the time-horizon spans between 40 and 110 years, it is necessary to 
select one period to calculate the net present value. By varying the period of analysis can 
be determined how long the building should last before the demountable alternative is 
financially feasible and if it remains feasible thereafter. The second condition that is 
studied is the simple scenario and corresponding refurbishment periodicities. Although 
these periodicities relate to realistic alterations such as the repair and replacement of  
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Figure 8.42  of the space dividing wall elements for a varying material growth rate 

For the space dividing wall in the Organic scenario with advantageous labour deconstruction costs 
the 0,2% life cycle saving of demountable building turns into an increased life cycle cost of 0,7% 

when the labour growth rate varies from 2,2 to 3,1%. 

 

 

 

Figure 8.43  of the internal wall elements for a varying material growth rate 

In the Organic scenario with advantageous labour deconstruction costs the net present value of the 
material intensive conventional internal wall increase with 15,0% when the material growth rate 

changes from 1,7 to 3,6%. 
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technical services they remain uncertain. To find out from which refurbishment 
periodicity the initially more expensive demountable elements are feasible, sensitivity 
analyses on the refurbishment periodicity are conducted. 

To preserve the connection between the outcomes of the sensitivity analyses and the 
developed life cycle models, it was opted to perform these analyses at the element level. 
Sensitivity analyses at the building level, including analyses of the three implementation 
strategies are possible but extremely complex to discuss. Although the resulting 
outcomes could be valuable, it would be difficult to relate a critical period of analysis or 
refurbishment periodicity to the apartment transformations and the design of the 
individual elements. 

a) Period of analysis 

During the deterministic analyses was found that in contrast to the demountable space 
dividing wall the demountable internal wall is more feasible. A possible reason is the 
larger share of the wall’s durable and reusable metal framing. Nevertheless, the 
sensitivity analyses over the period of analysis (Figure 8.44 to Figure 8.47) show that 
multiple movements in the elements’ net present value determine its feasibility. 
Analysing the outcomes per life cycle stage allows identifying to which design choice or 
model parameter each movement relates and explaining what contributes to the 
feasibility of the demountable element. Doing so, two generalities are considered. First, 
movements in the net present value result from the considered apartment 
transformations when they occur simultaneously in both variants. Alternatively, when a 
movement in the net present value is noticed in only one variant, it probably results from 
a component related intervention such as maintenance, repair or replacement. From the 
sensitivity analyses it is clear that the first type of movements dominates in for example 
the Organic scenario. In the Transit scenario the second type of movements are most 
noticeable. To illustrate the added value of the developed analysis method, the most 
instructive elements and element categories are discussed. 

First, the focused use of the internal wall is considered in the Transit scenario 
(Figure 8.44). When increasing the period of analysis, the net present value of the internal 
wall’s demountable variant grows slower than that of its conventional one. This can be 
explained by the demountable variant’s lower repair costs as well as to its larger and thus 
increasingly discounted deconstruction costs if they are situated further in time. From a 
period of analysis of 48 years, the replacement of the wall’s aesthetical finishing in year 37 
is included in the net present value. This replacement occurs for both the conventional 
and demountable variants. The replacement of the demountable gypsum fibre boarding 
is nevertheless more expensive (9.182 euro) than that of the conventional plasterboard 
lining (6.149 euro) and only partially compensated with a 789 euro increase of the residual 
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value. From a period of analysis that is larger than 60 years around 13 square meter of wall 
is added to the building. The discounted construction costs of both variants are almost 
the same (1.342 euro for the conventional and 1.393 euro for the demountable variant). 
Only from a period of analysis of 76 years, the demountable wall variant has a lower net 
present value than the conventional alternative. From that period the technically 
necessary replacement of the frame and insulation layers is included in the net present 
value. These replacements have a discounted cost of 14.226 euro. The advantage of the 
demountable variant reduces again from a period of 84 years. From that period the 
second replacement of the finishing layers is included. 

Alternatively, the internal wall’s focused use is considered for the Organic 
scenario (Figure 8.45). The most important movements in the net present value are 
consequently the result of apartment transformations. For example, from a period of 
analysis of 16 years the transformation costs realised in year 15 are included in the net 
present value. In case of the conventional wall these transformation costs include 18.987 
euro for the construction of new elements (life cycle stage B5/A4-5) and 1.866 euro for 
the demolition of existing elements (life cycle stage B5/C1-2). In case of the demountable 
wall, elements can in contrast be disassembled and reused. The construction of new 
elements costs as a result only 712 euro. Even together with the cost of 15.282 euro to 
disassemble and reinstall existing elements this is cheaper than the conventional 
transformation. From a period of analysis of 32 years, additional transformations are 
included. For the conventional element these exist of 9.240 euro of construction costs and 
936 euro of demolition costs. For the demountable variant this transformation costs only 
6.942 euro increasing further the feasibility of this variant. However, it is only after the 
transformations in year 60 that the life cycle cost of the demountable internal wall is 
lower than that of de conventional alternative. This advantage increases during the 
following transformations and already overrules the next replacements when they are 
included in the net present value. 
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Figure 8.44  of the internal wall elements for a varying period of analysis 

A varying period of analysis shows how the net present value of the internal wall is dominated by 
component related intervention in the Transit scenario. Figures of the wall its focused use and 

conservative labour deconstruction costs. 

 

 

Figure 8.45  of the internal wall elements for a varying period of analysis 

In the Organic scenario, apartment transformations play a determining role in the evolution of the 
internal wall its net present value when the period of analysis extends. Figures of the wall its 

focused use and conservative labour deconstruction costs. 
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Figure 8.46  of the space dividing wall elements for a varying period of analysis 

Taking into account advantageous labour deconstruction costs and the Transit scenario, the net 
present value of the demountable space dividing wall rises faster than that of its conventional 

alternative when the period of analysis extends. 

 

 

Figure 8.47  of the space dividing wall elements for a varying period of analysis 

The Organic scenario shows more movements of the net present value for a gradually increasing 
period of analysis. The demountable space dividing wall is only advantageous for service lives 

shorter than 45 years. 
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Second, the very specific use of the space dividing wall is considered (Figure 
8.46). Taking into account advantageous labour deconstruction costs and the Transit 
scenario, the net present value of its demountable variant rises faster than that of its 
conventional alternative. Looking for example at the net present value for a period of 
analysis of 24 and 26 years learns that this trend is the result of the demountable 
element’s higher varnishing cost and rapidly discounted residual value that is situated 
further from the reference year when the period of analysis extends. The dashed line in 
Figure 8.46 shows indeed that without the optional residual value the net present value 
rises much slower. This emphasises that the residual value can be an important factor for 
the feasibility of a demountable building element in case of the building’s early 
decommissioning. It nevertheless remains an optional and uncertain gain. Further, the 
variation of the space dividing wall its net present value is characterised by only a few 
dominating movements. From a period of analysis of 48 years the demountable wall’s net 
present value grows far above that of the conventional masonry alternative. From this 
period of analysis the aesthetical replacement of the demountable wall’s osb and gypsum 
fibre boarding constructed in year 0 and still present in the building (i.e. for the sub-
service lives 0-75, 0-90, 0-105 and 0-135 considering the time quotient of 4) makes the net 
present value rise with 22.591 euro. From a period of analysis of 62 years the net present 
value includes not only additional maintenance costs but also the discounted costs to 
realise the transformations in year 60. These transformations include the construction of 
almost 50 m² of new elements for 1.241 euro in case of the conventional strategy. In case 
demountable walls are used, only 13 m² have to be constructed anew for 355 euro while 
37 m² can be reused for 680 euro. This advantage is confirmed from periods that include 
also the replacement of the conventional plaster render (8.876 euro). Nevertheless, the 
savings of element reuse are too small to compensate the earlier replacement costs. 

Alternatively, the space dividing wall its very specific use is considered for the 
Organic scenario (Figure 8.47). This results in much more movements in the net present 
value when the period of analysis increases gradually. From a period of analysis of 8 years 
the net present value of both alternatives increases rapidly due to the elements’ 
maintenance costs. For example for a period of analysis of 14 years compared to one of 12 
years the maintenance costs double for both alternatives (from 9.428 to 20.932 euro for 
the conventional variant and from 9.515 to 21.128 euro for the demountable alternative). 
From a period that is another two years longer also the transformation costs of year 15 
are included. For the conventional element these include the construction of 80 m² for 
8.737 euro and demolition of 49 m² at a discounted cost of 3.695 euro. For the 
demountable alternative all required instances are directly reused from the building at a 
transformation cost of 7.697 euro while the remaining elements can be disassembled for 
1.066 euro and have a residual value of 1.324 euro. Even without residual value the 
difference between the conventional and demountable variants is in the latter variant’s 
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advantage. From a period of analysis of 32 years also a second series of transformations is 
taken into account. The corresponding demolition (1.734 euro) and construction of 
conventional elements (6.276 euro) is more expensive than the deconstruction (100 euro) 
and reuse (5.248 euro) of existing demountable elements. These saving are nevertheless 
reduced by the higher maintenance costs of the demountable element (4.657 euro) 
compared to those of the conventional finishing (2.849 euro). Overall the demountable 
variant remains feasible until a period of analysis of 48 years. From that year, the 
replacements of the boarding layers of the demountable variant (20.510 euro) result in an 
abrupt rise of its net present value. For a period of analysis from 64 years, taking into 
account additional transformations and replacements, the demountable space dividing 
wall is competitive again. However, from a period of analysis of 84 years the discounted 
costs (6031 euro) to replace for a second time the finishing of 396 m² of demountable 
space dividing walls undo al previous savings. These figures are based on advantageous 
labour deconstruction costs. 

From these sensitivity analyses can be concluded that the demountable internal wall is 
feasible only from a period of analysis of about 75 years. Considering however scenarios 
with more transformations shortens the service life from which this variant results in a 
competitive life cycle cost to 30 years. The demountable space dividing wall is in contrast 
only advantageous when service lives are shorter than 45 years. For the scenario that 
considers the most transformations the demountable space dividing wall remains 
competitive with the conventional variant in case of longer services lives. For scenarios 
that consider less transformations the demountable variant is increasingly more 
expensive than its conventional alternative. A result it could be advised to invest in the 
demountable internal wall instead of the space dividing wall except if only short-turn 
advantages are in interest of the investor. 

The discussed findings are the result of a complex and element-specific interplay of all life 
cycle interventions and costs. Both the size and periodicity of these costs determine the 
element’s net present value. Depending on the net present value of the alternative 
element, composed out of costs with different sizes and periodicities, one of both 
alternatives is advantageous. For example for the discussed internal wall and space 
dividing wall the expected service life of individual finishing materials, the associated 
maintenance costs and the savings realised during the reuse of demountable elements 
were decisive. The hypothesis that the feasibility of the demountable internal wall results 
from the larger share of its durable and reusable metal framing was thus disproved. 
Moreover, calculating the net present value for a range of analysis periods learns that 
there are larger time frames during which the difference between the conventional and 
demountable element variants is small, and other during which the difference is large. 
Knowing these conditions can be more meaningful to designers than the exact 
differences in net present value when considering the use of demountable elements. 
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b) Simple refurbishment periodicity 

During the deterministic analyses was noticed that the additional life cycle cost of the 
demountable suspended ceiling compared to its conventional alternative is highest in 
those scenarios that consider most transformations. A possible explanation is an 
increased cost of simple refurbishments, maintenance, repair and replacements because 
instances are reused and stay longer in the building. Detailed life cycle cost and additional 
sensitivity analyses are used to confirm this (Figure 8.48 and Figure 8.49). 

The suspended ceiling’s life cycle cost per stage shows that in the Organic scenario the 
advantage of reuse during transformations (i.e. life cycle stage B5/A4-5) is largest. This 
saving has a discounted value of 991 euro. In the Ancestral scenario the benefit is 183 
euro, in the Flex Fit scenario it is 21 euro and in the Transit scenario 0 euro. Additionally, 
the end-of-life costs (i.e. life cycle stage B5/C1-2) are increasingly lower in scenarios that 
include more transformations. In contrast, the savings from reusing demountable 
elements during simple refurbishment (i.e. life cycle stage B5simpl) decrease with 
increasingly severe transformation scenarios (from Transit to Organic the savings are 
11.896, 11.471, 10.972 and 9.478 euro with conservative labour deconstruction costs, and 
15.922, 15.780, 14.988 and 13.929 euro with lower deconstruction costs). Further, repair 
and replacement costs (i.e. life cycle stages B3 and B4) are highest for the Flex Fit and 
Organic scenario. The latter scenario is additionally characterised by high transformation 
costs (i.e. life cycle stage B5trans). These transformation costs overrule together with the 
repair and replacement costs the increasing savings when more transformations are 
considered. 

The actual reason for the decreasing savings from reuse during simple refurbishments 
and for the increasing difference in repair and replacement costs lays as expected in the 
extended sub-service lives that result from element reuse. Because the number of square 
meters that is refurbished differs per element layer and sub-service life this effect cannot 
be proved with absolute numbers. It can nevertheless be shown that when a scenario with 
more transformations is considered the share of the simple refurbishments decreases 
much faster for the conventional ceiling (from Transit to Organic the share varies from 
45,1% to 43,3%, 43,6% and 40,0%, a decrease of 11,2%) than for the demountable variant 
(from Transit to Organic the share varies from 11,2% to 11,0%, 10,8% and 10,8%, a 
decreases of 3,0%). Moreover, because conventional elements cannot be reused, the life 
cycle model often omits simple refurbishments and corresponding interactions that are 
situated close to the end of the considered sub-service life. As a result, the relative 
advantage of the demountable element decreases further when more transformations 
and thus shorter sub-service lives are considered. 
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Figure 8.48  of the suspended ceiling elements per life cycle stage 

For each life cycle stage error bars indicate how the net present value of the suspended ceiling 
changes when instead of the Flex Fit scenario another scenario is considered. Figures for 

conservative labour deconstruction costs. 

 

 

Figure 8.49  of the suspended ceiling elements per transformation scenario 

For the suspended ceiling the life cycle cost related to the demountable building strategy is highest 
in those scenarios that consider most transformations. Figures for conservative labour 

deconstruction costs. 
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That the demountable element’s decrease in feasibility when the number of 
transformations increases is not related to the element’s reuse is finally confirmed with a 
sensitivity analysis on its refurbishment periodicity. Therefore, only one square meter of 
each variant is considered. The resulting net present value shows that with frequent 
refurbishments the demountable variant is even advantageous (Figure 8.50). Additional 
sensitivity analyses considering all demountable instances of the suspended ceiling show 
however that regardless the considered scenario the net present value of the 
conventional element is larger than that of the demountable element from a 
refurbishment periodicity of 9 years, or 14 years in case of advantageous labour 
deconstruction costs (Figure 8.51). An exemplary design advice could therefore question 
the periodicities that are assumed for the simple refurbishment scenarios and emphasise 
that a well-targeted use of the suspended ceiling is essential for its financial feasibility. 

Nevertheless, this discussion shows that a risk is related to the use of demountable 
building elements even if their reuse is cheaper than the replacement of their 
conventional alternative. Depending on the actual transformation scenarios the reuse can 
be companioned with increased maintenance and replacement costs. For that reason, it 
might be useful to question during future research the developed service life model. Are 
for example enough interactions between transformations and replacements or 
refurbishments considered? 

2.4. Understanding design improvements 

Now insight is acquired in the validity of the deterministic analyses and decisive factors 
for the demountable elements’ feasibility are identified, strategies to improve that 
feasibility can be tested. Therefore, additional what-if and sensitivity analyses are 
conducted. On the one hand, preassembly could lower the initial investment cost of the 
internal wall surrounding the vertical shafts. On the other hand, the use of second-hand 
materials or more durable components are compared to decrease the life cycle cost of the 
internal, unit and space dividing walls. 

With the aim to understand the relevance of design improvements, the life cycle cost of 
the improved alternatives is compared to the cost of the first alternatives. Those costs are 
expressed relative to the cost of the conventional variants. Although these relative figures 
allow identifying quickly additional savings and provide guidance to designers, it is 
necessary to question the equivalence of the improved and conventional design 
alternatives. After all, new components have a different performance than second-hand 
materials, whereas preassembly might result in a very different construction process. Due 
to a lack of detailed data, the equivalence of all alternatives could however not be tested. 
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Figure 8.50  of 1 m² suspended ceiling for a varying refurbishment periodicity 

That the demountable suspended ceiling’s decrease in feasibility is not related to its reuse is 
confirmed by the decreasing savings when the refurbishment periodicity increases. Figures for one 

square meter of the element and advantageous labour deconstruction costs. 

 

 

Figure 8.51  of all suspended ceiling elements for a varying refurbishment periodicity 

Also for all instances of the suspended ceiling, the benefits of the demountable variant are highest 
with shorter refurbishment periods. The conventional variant is advantageous from a refurbishment 

periodicity of 9 years. 
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a) Preassembly 

Like the suspended ceiling the demountable internal wall surrounding the vertical shafts 
has an initial cost that is considerably higher than that of its conventional alternative. 
Nevertheless, the use of the demountable internal wall can result in important life cycle 
savings. To increase its initial feasibility, the wall’s construction cost should thus be 
tackled. Therefore, the effect of preassembly is studied with the use of what-if analyses.  

Three distinct situations are evaluated: a worst case, expected and best case outlook. For 
each situation factors  to  express the financial impact of preassembly compared to 
onsite construction (Table 8.7). Because the developed alternatives use reversible, 
durable and compatible components the factors presupposed in chapter 4 are used. 
These factors are applied to life cycle interventions construction (4a), assembly (4b) and 
reuse (4c), as well as to reconstruction (9a), reassembly (9b) and direct reuse (9c). 

 

Table 8.7 The presupposed factors  to  express the worst, expected and best cost outlook of 

prefabrication and assembly compared to conventional construction prices per cost category. 

Factor per Least advantageous  Expected Most advantageous 
cost category outlook outlook outlook 

 Labour 1,00 0,90 0,75  
 Material  0,97 0,96 0,84 
 Equipment 1,30 1,20 1,05 

 

Whereas the initial construction cost of the demountable internal shaft wall was 12,7% 
higher than that of the conventional variant, preassembly could turn this increase into a 
saving of 11,6% in the most advantageous outlook. Compared to the conventional wall 
this results in an initial increase of 4,1%. In the worst case preassembly lowers the initial 
cost increase from 12,7 to 11,6%. In absolute terms this is a decrease of 1,0 to 21,6% (i.e. 
from 44.284 to 43.854 or 34.733 euro) with an expected reduction of 7,7% (i.e. from 
44.284 to 40.888 euro). As preassembly also affects replacement and refurbishment 
costs, this reduction is reflected in the life cycle costs. The demountable variant’s life 
cycle cost can be reduced with 0,3 to 13,2% (i.e. from 155.519 to 155.044 or 135.040 euro) 
with an expected reduction of 4,9% (i.e. from 155.519 to 147.925 euro). In case of 
conservative labour deconstruction costs this reduction is however too small to make the 
demountable variant competitive with the conventional one (Figure 8.52). With 
advantageous labour deconstruction costs (Figure 8.53) preassembly confirms the long-
term benefit of the demountable alternative. In this case, preassembly increases the life 
cycle savings from 14,7% to 15,0% (worst), 19,9% (expected) or 28,7% (best case outlook). 
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Figure 8.52  of the preassembled demountable internal shaft wall per outlook 

For the internal shaft wall, preassembly of the demountable variant can result in lower life cycle 
costs than those of the conventional element in the most advantageous outlook with conservative 

labour deconstruction costs and the Organic scenario. 

 

 

 

Figure 8.53  of the preassembled demountable internal shaft wall per outlook 

In case of advantageous labour deconstruction costs, preassembly of the demountable internal 
shaft wall can increase further its initial and long-term feasibility compared the conventional wall 

variant in case of the Organic scenario. 
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Considering these findings it can be advised that preassembly is an important opportunity 
to reduce the initial cost and increase the life cycle savings. Nevertheless, because most 
equipment costs have a small share in the adopted construction prices (ASPEN, 2014), 
almost no cost increases from preassembly are considered. As was noticed during various 
pilot projects (Crone et al., 2007) these costs pose an important risk of budget overruns. 
Extra equipment and transport costs should therefore be considered separately as soon 
as production and assembly processes can be defined. 

b) Second-hand and more durable components 

During the deterministic analyses was found that the low durability of the demountable 
lightweight unit and space dividing walls could hardly compete with their conventional 
masonry variants. Moreover, the sensitivity analyses confirmed that the replacements of 
those wall’s finishing layers makes them increasingly less feasible. As an alternative for 
the expensive gypsum fibre and osb boarding, cheaper second-hand materials could be 
used. Nevertheless these materials have a shorter service life than new materials and 
might result in additional, but discounted, replacement costs. In contrast, more durable 
materials could be used. Although they are initially more expensive they should result in 
lower replacement costs. To find out which strategy has the best effect on the 
demountable internal, unit and spaced dividing walls’ feasibility, additional what-if 
analyses are conducted. 

Evaluating the use of second-hand and more durable materials cannot be done by 
altering only one or a few model parameters. For this purpose new finishing components 
are added to the material index and combined into new element variants. First, second-
hand osb boarding and gypsum fibre plates with the required thicknesses are added. 
Those second-hand finishing layers are repainted or varnished but do not require a 
preparatory undercoat like new plates do. It is assumed that their remaining service life is 
only 15 years to match the apartments’ refurbishment periodicity. As introduced in 
chapter 4, second-hand components’ material costs are assumed to be proportional to 
their remaining service life and initial cost. Their labour and equipment costs are identical 
to those of new components but adjusted with factors  and  having an expected value 
that is equal to 1. Second, osb boarding and gypsum fibre plates with a reference service 
life of 45 years instead of 30 for the boarding and 37 years for the plates are added to the 
material index. Because the data about the reference service lives is not detailed per 
boarding material it was not possible to compare various boarding materials and take into 
account their actual price difference. Therefore, in analogy to the second-hand materials 
it is assumed that the material cost rises proportionally with their increased reference 
service lives. Again, those more durable components’ labour and equipment cost is 
identical to that of the standard materials. Subsequently, these materials are combined 
into two additional element variants of the internal, unit and space dividing walls. 
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Like during the deterministic analyses the initial and life cycle cost of the second-hand 
and more durable variants is compared to that of the conventional ones. This comparison 
is done for each scenario, for a general, focused and specific use as well as with 
conservative and advantageous labour deconstruction costs. 

When second-hand finishing materials are used, the initial cost of the unit dividing wall is 
5.863 euro or 8,7% lower than that of the conventional element, while the initial cost of 
the demountable variant was 2156 euro or 3,2% higher. The initial cost of the 
demountable internal wall decreases with 26.467 euro and becomes 0,1% cheaper than 
the conventional element. The reduction of the initial cost of the space dividing wall is 
13,7% so the demountable variant becomes 11,3% cheaper than the conventional one. 
Using second-hand materials is thus for each considered element an important 
opportunity to reduce the construction costs of demountable elements. 

Although its initial cost is lower when second-hand materials are used, the life 
cycle cost of the unit dividing wall is after 75 years much higher. Compared to the 
conventional element the cost increase varies between 97.038 euro or 82,1% in the 
Transit scenario with conservative labour deconstruction costs and a general use, and 
19.120 euro or 18,3% in the Organic scenario with advantageous labour costs and a very 
specific use. This increase that is larger than with the use of new materials is the result of 
the increasingly frequent replacements of second-hand materials resulting in additional 
labour costs that outweigh all savings in the material costs. 

For the space dividing wall the findings are similar. The use of second-hand 
materials further decreases its long-term feasibility. The increase of its life cycle cost 
compared to the conventional alternative varies between 29,5% (in case of a very specific 
use, advantageous labour deconstruction costs and the Organic scenario) and 73,1% (in 
case of a general use, conservative labour costs and the Transit scenario). Also for this 
element the increased replacement costs outweigh the savings in the material costs. 
There is thus no long-term advantage of using cheaper but less durable second-hand 
boarding and finishing materials. 

Although the standard demountable internal wall results in long-term savings, 
the results of its second-hand variant are similar as for the previous two elements. When 
second-hand materials are used, the extra life cycle cost is 16,9 to 8,9% in case of 
conservative labour deconstruction costs. In case of advantageous labour costs the use of 
second-hand materials decreases the life cycle savings to 1,6 %. Only in case of a very 
specific use and Organic scenario the life cycle savings compared to the conventional 
variant are 10,2%. Nevertheless, this still is only half of the savings that are realised with 
new demountable components. Because the differences are so substantial, no additional 
sensitivity analyses on factor  and  are conducted.  
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Figure 8.54  of the more durable and second-hand demountable unit dividing wall 

In the Transit scenario the use of second-hand or more durable materials to finish the unit dividing 
wall is disadvantageous. Figures for the element’s very specific use. 

 

 

Figure 8.55  of the more durable and second-hand demountable internal wall 

In the Transit scenario the use of more durable components confirms the long-term savings of the 
demountable internal wall. Figures for the element’s focused use. 

 

 

Figure 8.56  of the more durable and second-hand demountable space dividing wall 

In the Transit scenario the use of second-hand or more durable materials is disadvantageous. 
Figures for the element’s focused use and advantageous labour deconstruction costs. 
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Figure 8.57  of the more durable and second-hand demountable unit dividing wall 

In the Organic scenario using second-hand materials for the unit dividing wall results in a reduced 
initial cost and increased life cycle cost. Figures for the element’s very specific use. 

 

 

Figure 8.58  of the more durable and second-hand demountable internal wall 

In the Organic scenario the use of more durable components is still feasible but has little effect. 
Using second-hand materials undoes partially the life cycle savings of demountable building. 

 

 

Figure 8.59  of the more durable and second-hand demountable space dividing wall 

Also in the Organic scenario the use of second-hand or more durable materials is disadvantageous. 
Figures for the element’s focused use and conservative labour deconstruction costs. 
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In conclusion, from a financial life cycle perspective, postponing costs by the repeated use 
of second-hand materials is not advisable. Because only the material cost are reduced but 
labour costs are an important fraction of the elements’ life cycle cost, the use of second-
hand materials decreases the long-term feasibility of demountable building. The reuse of 
elements during apartment transformations or simple refurbishments is more 
advantageous because in these cases building elements are only demounted when 
necessary. Only if the difference between the service life of the new and second-hand 
material is relatively small, for example in case of nearly new or very durable components, 
and when labour deconstruction costs are advantageous, the use of second-hand 
materials can be advised. 

When selecting in contrast more durable materials the initial cost of the demountable 
unit dividing wall increases with 2600 euro and becomes 7,0% more expensive than the 
conventional element variant. For the internal wall the initial costs increase with 31.214 
euro to an additional investment of 9,7% compared to the conventional element. For the 
demountable space dividing wall the increase is 40.686 euro with as result an investment 
costs that is no longer 2,8 but 7,2% higher than that of the conventional alternative. 
Consequently, the use of more durable finishing materials reduces further the initial 
feasibility of each demountable element variant. 

In case of the unit dividing wall the use of more durable materials decreases the 
additional life cycle cost of a demountable variant with maximum 3,3% so the difference 
in net present value varies between a 16,2% increase and a 1,6% decrease compared to 
the conventional variant (Figure 8.54). In some situations the disadvantage of the 
demountable variant increases with 1,0%. This is the case in the Organic scenario or with 
a specific use (Figure 8.57). The long-term advantage of more durable materials is thus 
rather small and possibly disadvantageous when more transformations are expected. 

Also for the space dividing wall using more durable element variants results in 
the decrease of the extra life cycle cost of demountable building. For this element the 
maximum decrease is 3,9%. Consequently, life cycle costs become 1,3 to 13,5  higher for 
the demountable element compared to its conventional alternative (Figure 8.56). 
Exceptionally, the disadvantage of the demountable space dividing wall increases with 
maximum 1,6%. This is the case in the Organic scenario with a focused and specific use of 
the demountable and more durable element variant (Figure 8.59). 

For the demountable internal wall, the life cycle savings increase further when 
more durable elements are used. The maximum extra saving is 2,5% (i.e. in case of the 
element’s general use in the Transit scenario as in Figure 8.55). As a result the saving of 
the demountable variant are situated between 8,1 and 21,6%. For the internal wall there 
is no scenario or use strategy in which the savings for demountable building decreases 
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when the durable variant is considered (Figure 8.58). There is thus no long-term risk 
associated to the use of more durable finishing materials for this particular wall element. 

Considering all findings, the detailed analyses that could be performed with the scenario 
based life cycle costing method demonstrate that although the components’ durability is 
important to be able to profit from their reuse during building transformations and 
refurbishments, choosing more durable materials is not per se a better solution from a 
financial point of view. Nevertheless, when more detailed data about the reference 
service life of materials would be available it could be possible to search for the most 
optimal material considering its additional return per marginal investment cost. 

2.5. Exploring investment risks 

After the deterministic analyses three implementation strategies for demountable 
building elements could be advices. Further, sensitivity and what-if analyses gave 
sufficient insight for making reasonable investment choices even if assumptions would 
turn out to be wrong. However, one question remains. Is the life cycle cost of 
demountable building elements less uncertain than that of conventional ones? 

The deterministic results might give the impression that investing in for example the unit 
dividing wall is more risky than investing in the suspended ceiling. After all, depending on 
the labour deconstruction costs and considered scenario the unit dividing wall can result 
in long-term savings of 0,3% but also in a 19,5% cost increase, while the suspended ceiling 
results any way in additional life cycle costs between 3,0 and 11,6%. Nevertheless, 
depending on the environmental and social gains as well as on the investor’s willingness 
to invest in demountable elements both options might be relevant to consider. Risk 
cannot be evaluated by comparing the long-term cost of different building elements. 
What needs to be known is the chance a life cycle cost is larger than the expected or 
acceptable one. Therefore, not only the variability of the net present value needs to be 
acknowledged, also its probability has to be considered. When this chance or ‘risk 
exposure’ is known, an investor can choose the strategy that suits best his ‘risk attitude’ 
or willingness to invest (Marshall, 1988, p. 13). 

Probabilistic analyses are conducted for three sets of input variables. First, a triangular 
distribution of the simple refurbishment rates is considered. Second, the variance of all 
reference service lives is introduced. And third, uniform distributions for the discount and 
growth rates are selected. For each set it will be studied if the probabilistic analyses 
confirm the earlier findings or bring new insights. The analyses are presented for the most 
illustrative scenarios and implementation strategies. 
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a) Simple refurbishment rate 

Both the internal shaft wall and the suspended ceiling are characterised by two simple 
refurbishment periodicities. After the simple scenario, it is expected that the technical 
services behind these elements are repaired every 15 years and replaced every 30 years. 
For that purpose the boarding and insulation or the complete element is demolished and 
replaced or disassembled and reused. Because these periodicities are only expected 
values, the related net present value is uncertain. To evaluate how uncertain this output is 
and how large the chance is of having a life cycle cost that is higher than the expected 
one, Monte Carlo simulations are performed as introduced in chapter 2 and detailed in 
insight 2, p. 86. These simulations take into account two independent triangular 
distributions for the refurbishment periodicities. The most probable periodicity is given by 
the expected values being 15 and 30 years. The minimum periodicities are 10 and 20 years. 
The maximum periodicities equal the period of analysis of 75 years. For each simulation 
two periodicities are selected that fit these input distributions. Subsequently, the actual 
periodicities are determined by synchronising the selected values as explained in chapter 
5 and the net present value is calculated as in chapter 6. In total 2049 simulations are 
done for every element, scenario, labour deconstruction cost and use strategy. This 
corresponds to a 95% certainty the average of the generated sample will not deviate 
more than 2,5% from that of the population (cf. insight 3, p. 87). 

For the suspended ceiling, the probabilistic analyses confirm all earlier findings. 
As during the sensitivity analyses, the refurbishment rates have an important effect on 
the element’s net present value. Nevertheless, the conventional variant remains the most 
feasible alternative. Although the demountable element has the lowest standard 
deviation and coefficient of variance, the conventional alternative has a noticeably lower 
mean life cycle cost (Table 8.8). Consequently, the cumulative probability graphs show 
that for every possible net present value the chance of having a life cycle cost that is lower 
than that value is largest for the conventional alternative (Figure 8.60). Or in other words, 
savings from reuse make the demountable variant less dependent on the number of 
future refurbishments but are insufficient to compensate the increased expenses even for 
the most advantageous labour deconstruction costs. Therefore, it can be advised that 
additional ceiling variants with larger savings should be developed. 

Further, it was noticed that the transformation scenarios have little effect on the 
suspended ceiling’s probabilistic outcomes. When a scenario is considered that includes 
increasingly more transformations, the cumulative probability distribution curves of both 
conventional and demountable variants shift gradually to the right. This can be explained 
by the importance of the simple refurbishments compared to that of the transformations. 
After all, many transformations are compensated as they interact with the reoccurring 
refurbishments. 
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Figure 8.60 Probabilistic  of the suspended ceiling for a varying refurbishment rate 

After 2049 Monte Carlo simulations taking into account an uncertain refurbishment periodicity, the 
histograms and cumulative probability graphs show that the conventional suspended ceiling is 

preferred above its demountable alternative. 
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For the internal shaft wall, the labour deconstruction costs are very determining. 
This was already indicated during the deterministic analyses and is confirmed with the 
probabilistic analyses. Taking into account the uncertain refurbishment periodicities, 
both the mean and standard deviation of the net present value are lowest for the 
conventional variant when conservative labour deconstruction costs are considered 
(Table 8.8 at the end of this section). When advantageous labour deconstruction costs are 
considered both the mean and standard deviation of the net present value are lowest for 
the demountable variant. Because these labour costs are so determining, it was opted to 
give them a probability and include them in the probabilistic uncertainty analyses.  

As there is no evidence today that advantageous labour deconstruction costs are more 
likely than conservative costs, a uniform distribution between conservative and 
advantageous labour costs fits best current insight. Moreover, a triangular distribution, 
symmetric around the average of advantageous and conservative labour deconstruction 
costs results in almost identical results because the tilting point, or the labour costs from 
which the demountable variant has the same life cycle cost of the conventional one, is 
situated around that average of both labour deconstruction costs. The results of the 
combined probabilistic analysis nuance the earlier findings. The cumulative probability 
graphs show that for every possible net present value the chance of having a life cycle 
cost that is lower than that value is almost equal for the conventional alternative as for 
the demountable one (Figure 8.61). Moreover, the statistical figures emphasise the 
feasibility of the demountable internal shaft wall: its most frequent net present value is 
situated between 90.000 and 95.000 euro while that of the conventional variant is situated 
between 95.000 and 100.000 euro. The average of its net present values is 105.947 euro 
while that of the net present values of the conventional internal wall is 107.751 euro. And 
also the standard deviation and coefficient of variation of the demountable element are 
slightly lower than those of the conventional alternative. Therefore, the corresponding 
advice would advocate the use of this wall variant. 

b) Reference service life of components 

Another determining factor that was pointed out during the sensitivity analyses over the 
period of analysis was the reference service life of each component. Especially in case of 
the unit and space dividing walls the reoccurring replacement costs of the less durable 
finishing layers were determining for the demountable variants’ feasibility. The actual 
service life of a component depends however on various aspects including its inherent 
quality but also its in-use maintenance. The guide published by the Royal Institution of 
Chartered Surveyors (BCIS, 2006) gives a minimum, expected and maximum value for the 
service life of various building materials and elements. Taking these values to build a 
triangular input probability distribution allows performing probabilistic analyses and 
evaluating the risk that results from the uncertain reference service lives. 
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Figure 8.61 Probabilistic  of the internal shaft wall for a varying refurbishment rate 

For the internal shaft wall results show that the preference for the conventional or demountable 
variant depends on the labour deconstruction costs. Considering a uniform distribution of those 

costs shows the variants’ competitiveness. 
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For the unit dividing wall the probabilistic analyses show that the chance that the 
actual net present value of each of the variants is lower than the present value found 
during the deterministic analyses varies between 25 and 35% (Figure 8.62). The 
deterministic life cycle cost is thus most probably an underestimation of the element’s 
net present value. The same results nevertheless confirm the generally low life cycle cost 
of its conventional variant and thus provide few new insights. 

For the internal wall the probabilistic analyses show that the chance that the 
actual net present value of the conventional variant is lower than the deterministic net 
present value is close to 80% while that of the demountable variant is situated around 
30% (Figure 8.63). For the conventional variant the deterministic life cycle cost is thus 
probably an overestimation of the element’s net present value, while for the 
demountable variant the deterministic life cycle cost is most probably an 
underestimation. Nevertheless, the statistic figures and cumulative probability 
distribution curves confirm that savings will result from the demountable internal wall in 
case of advantageous labour deconstruction costs or a uniform distribution between 
conservative and advantageous labour costs. In case of conservative labour 
deconstruction costs, the cumulative probability distribution curves show that the 
demountable variant is not necessarily disadvantageous. In case the durability of the 
element’s components is unexpectedly high and the element is frequently refurbished, 
the demountable variant remains the most feasible. This is true for every scenario. 

For the space dividing wall the probabilistic analyses show that the chance that 
the actual net present value of the conventional variant is lower than the deterministic 
net present value depends on the considered labour deconstruction costs (Figure 8.64). 
When those costs are advantageous the considered chance is close to 20% for the 
conventional variant, indicating that an underestimation is likely, while for the 
demountable variant that chance is situated around 40% indicating that an 
underestimation is less probable. When the labour deconstruction costs are conservative, 
the chance that the actual net present value is lower than the deterministic net present 
value is situated around 20% for both variants. Together this suggests that an uncertain 
reference service life is not necessarily disadvantageous for the demountable space 
dividing wall, but includes a considerable risk for the conventional alternative or in case of 
higher labour deconstruction costs. Nevertheless, after the deterministic and sensitivity 
analyses also the statistic figures and cumulative probability distribution curves confirm 
the financial attractiveness of the conventional masonry space dividing wall, regardless 
the labour deconstruction costs. 

Based on these findings, the preference for the demountable internal wall variant is 
strengthened as the related risks are low. For the unit and space dividing walls the general 
implementation of the demountable variant is more risky and thus not advised. 
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Figure 8.62 Probabilistic   of the unit dividing wall for varying reference service lives 

After 2049 Monte Carlo simulations taking into account the uncertainty of all components’ 
reference service lives, the histograms and cumulative probability graphs show that the 

conventional unit dividing wall is preferred above its demountable alternative. 
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Figure 8.63 Probabilistic  of the internal wall for varying reference service lives 

After 2049 Monte Carlo simulations taking into account uncertain reference service lives the results 
for the demountable internal wall are nuanced with conservative labour deconstruction costs but 

advantageous when the labour costs’ uncertainty is included. 
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Figure 8.64 Probabilistic  of the space dividing wall for varying reference service lives  

After the probabilitic simulations taking into account uncertain reference service lives the 
histograms and cumulative probability graphs confirm that the conventional space dividing wall is 

preferred above its demountable alternative. 
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c) Growth rates 

Sensitivity analyses pointed out that the growth rates that were used during the 
deterministic analyses were in favour of the demountable element variants. To find out if 
this uncertainty includes any risk, probabilistic analyses are conducted. For the input 
probabilities of the individual growth rates, uniform distributions between the rates from 
the period between 1985 and 2007 and the period between 1994 and 2014 are assumed. 
These assumptions are necessary because no historical data about the average growth 
rates for periods that last as long as the period of analysis is available. Consequently, 
outcomes have to be interpreted with sufficient caution. The probabilistic analyses are 
conducted for the external wall, unit dividing wall, internal wall, internal shaft wall, floor 
and suspended ceiling. Generally, the probabilistic analyses confirm the financial 
advantageousness of the conventional element variants or the long-term feasibility of the 
demountable alternative. Only rarely do they point out an increased risk as the result of 
uncertain growth rates. As an example some outcomes are presented. 

For the unit dividing wall the probabilistic analyses confirm that the rates that 
were used during the deterministic analyses are probably an underestimation of the 
demountable variant’s net present value (Figure 8.65). This chance is however dependent 
on the considered scenario, labour deconstruction costs and implementation strategy. In 
case of the Transit scenario, conservative labour costs and the wall’s general use, the 
chance that the deterministic life cycle cost is an underestimation is almost 90%, while in 
case of the Organic scenario, advantageous deconstruction costs and the element’s very 
specific use that chance is about 30%. The less favourable growth rates affect thus most 
those elements that are not transformed. Consequently, in case of the Organic scenario, 
advantageous deconstruction costs and the element’s general use the statistical figures 
point out that the conventional element is most feasible. This is in contrast to the 
deterministic analyses that demonstrated a life cycle saving of 0,3% when using the 
demountable element variant.  

For the space dividing wall, the conclusions are similar (Figure 8.66). The 
standard growth rates represent again a likely underestimation of the demountable 
variant’s net present value. Moreover, the variance of the net present value is generally 
larger for the alternative variants than for the conventional ones. This does not alter the 
earlier findings, in particularly not when the conventional space dividing wall was 
financially the most advantageous. Only for the single situation wherein the demountable 
variant was the most feasible one, the conclusion change. In case of the element’s specific 
use in the Organic scenario with advantageous labour deconstructions costs, the 
probabilistic analyses point out that also in this situation the conventional variant is the 
most optimal choice from a long-term financial perspective even if growth rates are 
uncertain. 
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Figure 8.65 Probabilistic  of the unit dividing wall for varying growth rates 

After 2049 Monte Carlo simulations taking into account uncertain growth rates the histograms and 
cumulative probability graphs confirm that the demountable unit dividing wall is most competitive  

in case of advantageous labour deconstruction costs. 
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Figure 8.66 Probabilistic  of the space dividing wall for varying growth rates 

After the probabilitic simulations taking into account uncertain growth rates, the histograms and 
cumulative probability graphs show that the conventional space dividing wall is preferred above its 

demountable alternative. 
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Table 8.8 In contrast to the deterministic net present value, the statistical figures after 2049 Monte 

Carlo simulations take into account the defined uncertainty of the refurbishment periodicity. 

Net present values are given in euro. Preferred results are underlined. 

Suspended ceiling     

Deterministic results  Conventional variant  Demountable variant 

Conservative labour costs:  92.768   116.913 (+9,9 to +11,6%) 

Advantageous labour costs:  92.768   95.592 (+3,0 to +5,4%) 
     

Probabilistic results  Conventional variant  Demountable variant 

Conservative labour costs:   

expected npv  60.000-65.000  75.000-80.000 

average npv  72.630  85.390 

standard deviation  10.982  9.127 

coefficient of variation  0,151  0,107 

Uniformly distributed costs:   

expected npv  60.000-65.000  75.000-80.000 

average npv  72.403  83.497 

standard deviation  10.808  7.984 

coefficient of variation  0,149  0,096 

Advantageous labour costs:   

expected npv  65.000-70.000  75.000-80.000 

average npv  73.503  82.072 

standard deviation  11.311  7.134 

coefficient of variation  0,154  0,087 
     

Internal shaft wall     

Deterministic results  Conventional variant  Demountable variant 

Conservative labour costs:  133.867  158.856 (+10,9%) 

Advantageous labour costs:  133.867  119.780 (-10,5%) 
     

Probabilistic results  Conventional variant  Demountable variant 

Conservative labour costs:     

expected npv  95.000-100.000  95.000-100.000 

average npv  107.227  114.393 

standard deviation  15.570  19.098 

coefficient of variation  0,145  0,167 

Uniformly distributed costs:   

expected npv  95.000-100.000  90.000-95.000 

average npv  107.751  105.947  

standard deviation  16.116  15.829 

coefficient of variation  0,150  0,149 

Advantageous labour costs:   

expected npv  95.000-100.000  65.000-70.000 

average npv  106.883  97.502 

standard deviation  15.646  12.393 

coefficient of variation  0,146  0,127 
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3. Conclusions and discussions 

To illustrate the added-value of the developed life cycle costing method the conclusions 
from the individual life cycle and uncertainty analyses are related once again to the 
predefined questions. Further, the relevance of the individual analysis techniques as well 
as the role the adopted transformation scenarios are discussed. 

3.1. Drawing exemplary conclusions 

During the definition of the goal of this case study three question were put forward. To 
each of them answers could be formulated that are useful to both designers and owners. 
Together those answers lead to an increasing insight in the financial feasibility of 
demountable building elements and give rise to their effective use. 

Question 1 
Under what conditions it is financially feasible to use demountable elements? 

All life cycle cost analyses pointed out that the financial feasibility of demountable 
building elements depends largely on their specific composition and initial construction 
cost. Therefore, it is advisable to compare not just one but multiple demountable variants 
to the equivalent conventional element. Further, the expected refurbishments and 
transformations play a determining role in the long-term savings that result from reusing 
demountable elements. Therefore, a differentiated use that takes into account the 
specific building layout can minimise the initial cost increase and maximises the long-
term return. This confirms the importance of for example the infill and support concept 
and of pace layering introduced in chapter 1. 

Also the remaining service life of the asset or period of analysis plays an important role. 
From the sensitivity analyses could be concluded that for example the demountable 
internal wall is feasible from a period of analysis that last about 75 years while the 
demountable space dividing wall is only advantageous when the building’s expected 
service life is shorter than 45 years. Moreover, these figures change drastically when more 
or fewer simple refurbishments and transformations are considered. For each element 
variant it is therefore important to determine the range of service lives for which the use 
of the demountable element is feasible and confront those ranges with the owner’s and 
investor’s objectives. 

But the most important condition for the financial feasibility of future reuse is the labour 
deconstruction cost. When the labour cost to deconstruct or disassemble a component is 
very conservative and equals the components’ labour construction cost, just one 
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demountable element is financially advantageous compared to its conventional 
alternative. Only when the labour deconstruction cost equals the components’ labour 
demolition cost the differentiated use of multiple demountable elements is competitive 
with the conventional alternatives. 

Question 2 
How can the financial feasibility of demountable elements be improved? 

Because the construction costs have a determining impact, measures that decrease this 
initial cost can play an important role. The what-if analyses adopting rough assumptions 
showed for example that preassembly of the demountable elements could lower their 
construction cost with about 1 to 20% and reduce the life cycle costs with 5%. 
Consequently, with advantageous labour deconstruction costs preassembly can double 
the life cycle savings from about 15% to 30%. Nevertheless, the equipment and transport 
costs that result from preassembly could reduce these savings drastically. Because their 
share in the conventional construction prices is extremely small it is difficult to make 
conclusions based on this data. 

Further, the importance of the labour deconstruction costs points out that the guidelines 
on Design for Change developed by Paduart et al. (2013) and Debacker et al. (2015) should 
not be taken lightly (cf. chapter 1). For example the accessibility, speed and simplicity of 
demountable connections will certainly determine the costs to disassemble and reinstall 
each component. How both relate is however hardly studied and could not be integrated 
in the uncertainty analyses of this case study. 

Finally, the differentiated use of demountable elements results in increasingly feasible 
implementation strategies. On the one hand, this allows to use only those demountable 
element that bring long-term savings compared to their conventional alternative. On the 
other hand, differentiation allows to invest in those elements that are most likely to be 
altered during the asset’s service life. Together, this avoids overinvestments and allows to 
compensate the increased life cycle cost of one element with the life cycle savings of 
another one. Moreover, when the environmental and social advantages of the 
demountable building elements would be quantified, these implementation strategies 
could be optimised further. 

Question 3 
What is the potential advantage of using second-hand materials? 

For establishing a solid second-hand market of construction components their reuse 
should be financially feasible. From a financial life cycle perspective, postponing costs by 
using second-hand materials is however not viable. Because only the material cost are 
avoided during reuse and labour costs are so determining for the elements’ life cycle cost 



384   |   Scenario based life cycle costing 

the repeated use of second-hand materials increases life cycles costs considerably and 
undoes the saving of demountable building. The reuse of elements during apartment 
transformations or simple refurbishments is more advantageous because in those cases 
elements are only demounted when necessary. Nevertheless, in the analyses only the use 
of second-hand finishing materials was considered. It can be expected that the reuse of 
very durable or nearly new materials will be more advantageous. This would correspond 
to the findings of ROTOR (2009). 

Although the detailed analyses indicated that the components’ durability is important to 
be able to profit from their reuse during building transformation and refurbishments, 
choosing extra durable materials is not per se a better alternative. For the considered 
time-horizon, it rarely results in less frequent replacements, certainly not of those 
elements that are already regularly refurbished or transformed. However, when more 
detailed data about the reference service life of materials would be available it would be 
possible to search for the most profitable material considering its initial cost. 

3.2. Reappraising analysis techniques 

During the discussed life cycle cost analyses of the demountable elements, a combination 
of deterministic, what-if, sensitivity and probabilistic analyses was used. As explained in 
chapter 2 each analysis technique allows to evaluate different issues and brings as a result 
different insights. 

With the straightforward deterministic life cycle cost analyses the initial and long-term 
cost of the developed elements could be compared at building level and element level. 
Together they showed that the demountable elements’ life cycle cost is mostly higher 
than that of the conventional ones, regardless the savings that result from reuse and 
recycling. Detailing these outcomes per life cycle stage showed that this effect is caused 
by discounting costs, savings and gains that occur later during the period of analysis. 
Consequently, savings realised by reusing demountable building elements during future 
transformations are less significant than the initial cost increases. 

The deterministic analyses allowed further to elaborate three feasible implementation 
strategies for the demountable elements. Each strategy combines conventional and 
demountable elements in a different way and aims at the minimal life cycle cost, the most 
competitive life cycle cost or the highest acceptable cost increase. By calculating the life 
cycle cost per building element and differentiating between a general and specific use, 
the least feasible demountable elements are avoided and the most feasible ones are 
wisely combined. 
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With the what-if analyses important model parameters could be questioned. For example 
by changing the necessity of refurbishments from ‘essential’ to ‘favourable’ the rebound 
effect of demountable building was explored. This exploration showed that if 
refurbishments take place only because they are easy to complete the life cycle cost of 
demountable building is considerably larger even if elements are reused. Nevertheless, it 
should be understood that future alterations are necessary to keep the building up-to-
date and that demountable building is expected to facilitate this. That added-value was 
not included in the life cycle cost. 

Other what-if analyses would allow to study the life cycle cost if demountable elements 
are not reused but wasted with every refurbishment (as if they were conventional 
elements), what the life cycle cost would be if replacements are not technically necessary 
but only aesthetical, or if elements are transformed in modules instead of layer by layer. 
These analyses can be conducted by changing only one parameter value per layer in the 
element definition and redoing the deterministic analyses. Also evaluating the difference 
between conservative and advantageous labour deconstruction costs and with or without 
residual value are what-if analyses. 

With the sensitivity analyses the variability of different calculation and life cycle 
parameters was recognised. They showed “how significant a single input variable is in 
determining project outcomes” (Marshall, 1988, p. 25) and could give possible output 
ranges. For example, they pointed out that the effect of the discount rate differs from 
element to element, that the benefits of the demountable elements is largely dependent 
on the refurbishment periodicity, but that the inflation and growth rates are in contrast 
less decisive, just like the time quotient that changes the preference of one variant above 
another only in exceptional situations. 

Additionally, sensitivity analyses over the period of analysis were used to unravel the 
complex and element specific interplay of life cycle interventions that determines the life 
cycle cost of a building element. From these analyses it was clear that both the size and 
periodicity of interventions such as replacements, maintenance and refurbishments can 
be decisive for an element’s feasibility. Moreover, these sensitivity analyses 
demonstrated that larger time frames exist during which the difference between the 
conventional and demountable element variants is small, and others during which the 
difference is large. These finding can be more meaningful to designers than the exact 
differences in net present value when considering the use of demountable elements. 

Nevertheless, sensitivity analyses do not say how likely the most pessimistic or optimistic 
outcomes are. Therefore probabilistic analyses are conducted. Generally the probabilistic 
analyses confirm the earlier findings, certainly when there was a clear difference between 
the life cycle cost of the conventional and demountable variants. Nonetheless, when the 
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results of the deterministic analyses were indecisive, probabilistic analyses allow to make 
a responsible choice. After all, they quantify the chance that an element results in an 
unfavourable life cycle cost. Moreover, the probabilistic analyses could confirm if the 
standard values used during the deterministic analyses result in an over- or 
underestimation of the net present value and on which element variant they have the 
largest effect. Those risks could consequently be avoided. 

What could not be concluded is that the variability of the demountable elements’ life 
cycle cost is lower than that of their conventional alternative. Although the life cycle costs 
of for example the demountable suspended ceiling are less dependent on the 
refurbishment periodicity than those of the conventional suspended ceiling, the in this 
case studied demountable elements are often more vulnerable for changes in the labour 
deconstruction costs and the reference service life of their components. 

With these exemplary analyses is demonstrated that the developed method allows to 
evaluate various aspects of demountable building elements and can results in coherent 
insights at the level of the building, the element and its constitutive materials. Moreover, 
the method allows to take into account and quantify the effect of multiple uncertainties 
including relevant transformations scenarios and model parameters. This is not only 
useful when evaluating the feasibility of demountable building elements or the use of 
second-hand materials but also when developing for example product-service systems 
wherein reuse plays an important role. Further, through the developed method, 
uncertainty analyses could evaluate the effect of taxes or subsidies on the price and 
feasibility of demountable building element, the effect of the damage created during 
disassembly of building materials or the effect of compulsory deconstruction instead of 
demolition of conventional building elements. Consequently, not only practical but also 
policy oriented advices could be elaborated. Such evaluations require nevertheless 
appropriate data. 

3.3. Reviewing scenarios 

The four developed transformation scenarios are rarely determining for the preference of 
one element variant above another. Consequently, the scenarios have been considered 
only a few times to decide to which extend an element should be built in a demountable 
way when elaborating the different implementation strategies. After all, the life cycle 
cost of the Flex Fit, Ancestral or Organic scenario is never 3% larger than that of the 
Transit scenario. This relates to the limited share of transformations in the life cycle costs, 
being the result of discounting future costs as well as of the versatile plan layout KPW 
Architecten designed. 
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Simultaneously, it should be noticed that rather conventional, unsurprising scenarios 
have been adopted during the presented analyses. The considered uncertainties about 
families’ composition and mobility resulted only in a series of anticipated alterations of 
the apartments’ plan layout. Surprising scenarios, questioning for example the residential 
function of the building, the possibility to realise the anticipated alterations in a 
conventional way (e.g. due to material scarcity) or the current performance requirements 
could reveal the actual variance of each alternative’s life cycle cost. Although the 
probability of these surprising scenarios might be judged as very unlikely compared to the 
scenarios that are considered in this chapter, it are these scenarios that could possibly 
demonstrate the financial advantages of reusing demountable building elements.  

Nevertheless, in contrast to the life cycle cost analyses that were conducted during the 
‘Design for Change’ research project (Debacker et al., 2015) the analyses presented in this 
cases study include transformation scenarios that are much more realistic than the 
continuously reoccurring disassembly and reconstruction of each element. Through the 
developed scenarios, the specific plan layout of every apartment, their possible 
transformation options and the determining key drivers for change could be taken into 
account. After these realistic possible futures it appeared that the financial feasibility of 
the demountable building elements is noticeably lower than was concluded earlier during 
the Design for Change research project. A differentiated element use and continuous 
element design improvements are thus indispensable. 
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Chapter 9. 
Findings and opportunities 

To frame the feared initial cost increase and gain better insight in the financial feasibility 
of transformable building the present research proposes scenario based life cycle costing. 
Taking into account the dynamic nature of buildings this method empowers designers to 
realise the transition towards Design for Change in a well-conceived way. 

Additional elaboration, validation and benchmarking of the proposed method and its 
features remain nevertheless necessary. They are needed to advance the method in 
accordance with the envisioned transition as well as to adjust its features to alternative 
implementation opportunities. 
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1. Findings 

After the development of the five features that constitute scenario based life cycle 
costing it was possible to conduct an in-depth analysis of the HoZe apartment’s 
transformable renovation. This analysis showed how scenario based life cycle costing 
allows comparing long-term financial impacts, evaluating model uncertainties, 
identifying boundary conditions, understanding design improvements and exploring 
investment risks. Although one case study is insufficient to make general conclusions 
about the financial feasibility of transformable building the outcomes of this analysis 
confirm and nuance the findings of earlier studies. 

First, the outcomes confirm that a general use of demountable building elements is rarely 
financially favourable (Paduart et al., 2013; Debacker et al., 2015). After all, the smallest 
cost increase is disadvantageous for those elements that are never altered. A well-
thought combination of conventional and alternative elements is therefore advisable. 
Such a combination allows avoiding the least feasible elements and combining wisely the 
most profitable ones. Further, when supported by environmental or social analyses a 
combination of alternative elements allows developing optimal implementation 
strategies. For instance a minimal resource use, maximal social value or zero carbon-
equivalent footprint could be aspired. 

Second, the outcomes of the HoZe case study foster the idea that a building’s versatility 
is determining for its long-term cost. Compared to studies by Debacker et al. (2015) and 
Galle et al. (2015) the use of demountable building elements is less advantageous in this 
case. Because the apartments’ versatile design requires only a few elements to be altered 
every transformation and this advantage could be acknowledged in the transformation 
scenarios and cost analyses the share of future refurbishments in the overall life cycle 
costs and savings is limited. This finding corresponds to the wisdom that avoiding costs is 
more effective than reducing them (Hendriks & Janssen, 2003). Nevertheless, more design 
alternatives and scenarios should be evaluated to confirm this. 

Third, the lower advantage of using transformable elements in case of the HoZe 
apartment building compared to previous studies might be related to the introduced 
transformation scenarios. Because these scenarios are based on actual refurbishments 
they are more realistic than the continuously reoccurring alterations that were considered 
earlier (Paduart, 2012; Debacker et al., 2015; Galle et al., 2015; Vandenbroucke et al., 
2015). After all, the introduced transformation scenarios take into account that not all 
elements are changed every building alteration. Accordingly, the outcomes of earlier life 
cycle assessments, both financial and environmental, can be questioned if the evaluated 
elements’ service lives are based on continuously reoccurring alterations. 



398   |   Scenario based life cycle costing 

Fourth, the outcomes of this case study could not confirm that the use of demountable 
building elements results in a building that is financially more resilient. Although earlier 
studies by Paduart et al. (2013) and Galle et al. (2015) showed that the life cycle cost of 
transformable buildings and building elements is less dependent on the number of future 
refurbishments than that of conventional ones, this could not be demonstrated for the 
HoZe apartment building. Nevertheless, “if it can be agreed that better decisions come 
from more complete information, accounting for uncertainty and risk enhance decision 
making” Marshall said (1988, p. 68). During the case study this enhancement was 
illustrated with the development of alternative implementation strategies. 

Fifth, as the outcomes show that transformable building results not always in financial life 
cycle savings, neither is it always more expensive. This case study showed that amongst 
the evaluated elements and considered implementation strategies the differences in the 
initial cost can be considerable. Consequently, general conclusions about the financial 
feasibility of transformable building cannot be made. Because the developed scenarios 
and evaluated elements take into account the building’s specifications as well as its 
context the outcomes of scenario based life cycle cost analyses might be very diverse. A 
case-by-case approach to evaluate the financial feasibility of transformable building 
remains therefore necessary as was already concluded by Paduart (2012). 

 

2. Research achievements 

To frame the feared cost increase and gain better insight in the financial consequences of 
transformable building the present research proposed scenario based life cycle costing as 
an enhanced life cycle costing method. Taking into account the dynamic nature of 
buildings this method has the ambition to empower advisors and designers to evaluate 
thoroughly transformability’s feasibility and implement it in a well-conceived way. To 
realise that ambition the present research studied how the introduction of transformation 
and simple scenarios could strengthen the relation between designers’ insights and life 
cycle costing. Accordingly, three aims were put forward. 

Aim 1. 
Integrate the dynamic service life of transformable buildings in LCC 

The development of transformation scenarios, their conscious modelling and analytical 
assessment allows integrating the dynamic service life of transformable buildings in life 
cycle cost analyses. Therefore, it was necessary to define life cycle interventions that can 
be combined to closed-loop service lives and validate calculation methods that discount 
the corresponding costs. The use of scenarios in life cycle costing is particularly valuable 
because it allows leaving behind the idea that a building’s performance remains 
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unchanged during the period of analysis and goes beyond the continuously reoccurring 
refurbishments that were modelled during earlier studies. After all, both assumptions 
maintain no relation with the changing needs and resulting refurbishments transformable 
building anticipates. 

Typical transformation scenarios include the reorganisation of plan layouts according to a 
building’s function, element upgrades according to the evolution of technical and legal 
standards as well as the expansion or contraction of an asset according to a business its 
success. 

Aim 2. 
Establish a structured relation between LCC and the designers’ interests 

Life cycle scenarios allow merging designers’ insights and interests with the informative 
power of life cycle costing. Through scenarios a building’s architectural qualities such as 
its versatility or cultural value and their effect on its service life are taken into account. 
Especially the definition of key drivers for change and the identification of the life cycle 
options a building offers tight together architectural practice and life cycle costing in a 
structured way. Moreover, scenario based analyses provide practical feedback to 
designers including the identification of boundary conditions for a successful 
implementation of the evaluated design proposals and the effectiveness of additional 
design improvements. Consequently, an interactive relation between life cycle costing 
and the designers’ interests is established regardless of project type, size or stage. 

Scenario based life cycle costing allows comparing the effect of subsequent design 
proposals. Not only the result of introducing transformable building elements but also of 
the implementation of movable elements and spatial versatility could be identified by 
evaluating succeeding design proposals. 

Aim 3. 
Evaluate the robustness of design alternatives through LCC 

Understanding that the future cannot be forecasted long-term evaluations have hardly 
any predictive value. For that reason uncertainty has to be acknowledged explicitly during 
the conducted life cycle cost analyses. Therefore, not the most probable or expected 
service lives are modelled and evaluated but different and diverse scenarios are 
considered. Such imaginable futures allow evaluating the robustness of the design 
alternatives at the table. If the considered scenarios are carefully fleshed-out and 
successfully implemented new insights will be provided and well-founded design advices 
can be formulated. In addition, continuous sensitivity analyses, probabilistic risk analyses 
and automated what-if analyses are indispensable to quantify the associated risks. To 
facilitate these analyses the developed calculation methods are largely parametrised. 
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On the one hand, transformation and simple scenarios allow evaluating various 
intensities and extents of future refurbishments and their distribution over time. On the 
other hand, sensitivity and probabilistic analyses provide insight in the risks associated to 
uncertain building characteristics and model parameters. 

 

3. Added value and strengths 

The development of scenario based life cycle costing was a fundamental study about the 
use of scenarios to achieve the mentioned aims. Nevertheless, three choices have been 
made to facilitate the method’s adoption in as many situations as possible. After all, each 
project is different and requires its own analyses. For the same reason, further 
elaboration, validation and benchmarking of the features are necessary but include the 
opportunity to adjust the method according to the progress of Design for Change and the 
priorities that are identified in the course of that transition. 

First, the developed method is presented as a set of features including calculation 
techniques and modelling protocols. It is not a regulated procedure, prescriptive software 
or standardised template. Consequently, the method allows balancing the evaluation’s 
accuracy and confidence level with its practical feasibility. What is appropriate depends 
on the defined scope and goal. In this regard Marshall (1988) advices the assessor to 
appraise the following items before elaborating an analysis. On the one hand, the 
available resources should be considered including time, money and skills. On the other 
hand, the “particular audience that will use the analysis must be identified, and their 
reactions to the techniques should be considered” (Marshall, 1988, p. 68). 

Second, scenario based life cycle costing is a well-considered continuation of existing 
methods and techniques. It departs from established life cycle costing, scenario 
modelling and service life planning and relies on conventional building information 
models and spreadsheets. By adopting these techniques critically it was possible to 
achieve the discussed aims. Even though the adopted techniques are not high-tech, the 
developed method facilitates continuous sensitivity and probabilistic analyses. Although 
these uncertainty analyses are often omitted in practice they are indispensable because 
of the long-term perspective of life cycle cost analyses (Cole & Sterner, 2000) and the 
limited knowledge about the financial consequences of transformable building. 

Third, scenario based life cycle costing preserves the comparative as well as the analytic 
strength of established analyses. By comparing alternative design choices it is not only 
possible to study the feasibility of transformable building but also to quantify the 
potential savings it might result in. Correspondingly, the developed scenarios never tend 
to predict the future but trigger new insights in the consequences of initial design choices 



  

Chapter 9. Findings and opportunities   |   401 

or changing external factors. By detailing the life cycle costs per building element and life 
cycle stage scenario based analyses could explore for example the consequences of an 
increasingly common disassembly practice or of alternative tax policies and result in 
concrete design and policy advices. 

 

4. Limitations and reservations 

Scenario based life cycle costing fulfils the aims defined at the beginning of the present 
research. Therefore a series of life cycle interventions, transformation and simple 
scenarios, geometric and analytical discounting, and a versatile modelling protocol have 
been developed. Nevertheless, the method also shows some limitations. They result from 
assumptions that have been made to simplify the acknowledgement of a building’s 
dynamic nature and its changing specifications. Consequently, reservations have to be 
made about the method’s accuracy, its applicability and relevance.  

First, reservations have to be made about the accuracy of the life cycle costing outcomes, 
i.e. the calculated net present values. They are influenced by several simplifications. On 
the one hand simplifications are the result of defining the service life of a building 
element by a set of rules. As discussed in chapter 5, these rules are only a model for the 
reality. Therefore, the analysis outcomes can be used for comparative purposes but for 
example not for budget planning. On the other hand, simplifications result from 
describing the moment of occurrence of each life cycle intervention by a set of interacting 
parameters. As discussed in chapters 5 and 6 the resulting models not always correspond 
to the service lives that would be modelled manually and might return outcomes that are 
less accurate. Nevertheless, if the assessor follows the recommendations at the end of 
both chapters it is possible to identify the inaccuracies and propose more detailed models 
or manual calculations whenever necessary. 

Second, the method’s applicability is limited by several assumptions. If these suppositions 
are not fulfilled, the method cannot be used without reservation. First, in the present 
research it is assumed that a building can be described as a changing assembly of building 
elements. Several costs are however not related to building elements but to the building’s 
use and users (e.g. operational water use or insurance costs). Therefore, several costs 
have to be considered separately at building level. Second, it is assumed that all building 
elements are properly pace layered. Only in this case the adopted service life rules 
approach realistic service life models. For all elements that are not properly pace layered 
an alternative model has to be set up. These models are however not discussed within the 
present research. Further, it is assumed that the cost of elements’ reuse, recycling and 
their residual value can be reflected by their construction cost and remaining estimated 
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service life. Few data and information is however available about actual recycling and 
reuse regimes. This is particularly true for emerging design strategies and construction 
practices such as transformable building. 

Third, the defined series of life cycle interventions and cost categories as well as the 
related net present value formulas limit the method’s relevance. Because this cost 
oriented approach does not acknowledge changes in revenues or the building’s 
performance the presented method cannot reflect completely the advantages of 
transformable building or other design strategies focused on long-term advantages. 
When a building is easily adaptable it is however expected that its spatial effectiveness 
(e.g. travel distances), operational consumption (e.g. energy use) and user wellbeing (e.g. 
safety and health) are optimised constantly. As mentioned throughout the present 
research these advantages have to be evaluated separately if the proposed method is 
adopted. In contrast, an integrated whole life cost analysis could be more effective in 
advising designers and clients towards a holistic building design (Kishk et al., 2003). 
However, various evaluation techniques have to be developed before such an analysis 
would be possible.  

 

5. Further research recommendations 

To implement effectively scenario based life cycle costing three recommendations are 
formulated for subsequent research projects. They relate to a series of practical 
limitations that were encountered during the development of the method, the 
elaboration of the five analysis features and the evaluation of the HoZe apartment 
building. Although these limitations have been determining for the accuracy and 
relevance of the analysis outcomes and required additional uncertainty analyses they 
could not be resolved within the present research. 

First, it is necessary to review, complete and update the data that was used. The adopted 
construction costs related mostly to conventional materials and activities. The cost to 
disassemble and reuse demountable building elements is in contrast practically unknown. 
This information and its variability are nevertheless crucial to study the feasibility of 
transformable building. Also the selected values of model variables such as the time 
quotient and the adjustment factors should be reviewed. During the present research 
these values have been chosen on the basis of discussions in literature and verified with 
sensitivity analyses. They could however not be confirmed by structured observations or 
surveys in practice. Further, deconstruction activities and their consequences for the 
construction costs, the components’ reuse potential and the latter’s residual value should 
be documented to complete the required data. 
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Second, it is necessary to review certain modelling assumptions such as the use of a single 
time quotient for all building elements. Also other choices should be studied with greater 
detail. Are for example enough interactions between life cycle interventions considered? 
Are the conditions for reuse and residual value realistic today and in the future? And when 
should the adopted parameter implications be reviewed? Further, it is necessary to 
continue the validation and benchmarking of the developed calculation methods. 
Therefore, increasingly representative case studies should be conducted. Moreover, if the 
transition towards Design for Change points out that it is relevant to do so the developed 
features could be detailed further and consider in addition to the reuse of building 
elements also the reuse of individual building materials or focus in contrast on the costs 
entailed by product-service systems. 

Third, the developed method should be made increasingly dynamic. Although a building’s 
specifications is no longer constant it is still “assumed that the first decision is repeated 
like-for-like throughout the study period” (Kroepelien & Eek, 2013, p. 29). Therefore, as in 
option based assessments it would be valuable to be able to evaluate throughout the 
period of analysis if the initially preferred alternative remains feasible or will be replaced 
by another one. Additionally, more dynamic assessments could include increasingly more 
alternatives during the period of analysis or investigate alternative intervention schedules 
and result in advices about the building’s management. For such dynamic analyses 
innovative service life models and calculation techniques are already being studied 
(Frangopol, 2011; Esders et al., 2016). Their implementation in scenario based life cycle 
costing could enhance further the thoroughness of the analysis outcomes. 

 

6. Future implementation opportunities 

In the present research scenario based life cycle costing was developed to gain better 
insight in the financial feasibility of transformable building. The considered perspective 
was that of the building user or owner possibly represented by a team of designers and 
advisors. Nevertheless, the developed method might also support the interests of other 
stakeholders. Three examples are briefly discussed to illustrate this opportunity. Each of 
them corresponds to the idea of a circular economy wherein material loops are closed but 
future uncertainty is unneglectable. 

The first example is DBM or Design-Build-Maintain. It is an emerging contracting form 
that requires the contractor to design, build and maintain or manage the building. This 
responsibility can even be completed with the task to finance the project. Accordingly, it 
is expected that the contractor takes into account the long-term consequences of his 
design choices and optimises the building’s performance over the contract’s duration. 
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Therefore, the building’s adaptability could be increased or the operational costs could be 
reduced by a smart building design, the selection of more efficient services and the use of 
more durable construction techniques and materials. To evaluate the effectiveness of 
these measures as well as the related risks the contractor could use scenario based life 
cycle cost analyses. In this case both the analyses’ perspective and the relevant financial 
impacts are the same as in the present research. 

The second example considers the development of product-service systems. These 
systems are, put simply, products that are offered as a service by their manufacturer (Plan 
C, 2016). Well-known examples are Philips' pay-per-lux model selling light instead of 
lighting equipment and Atlas Copco's air service selling cubic meters of compressed air 
instead of compressors. During the development of these systems it is crucial that the 
manufacturer can compare the long-term costs and risks of alternative product variants. 
To conduct such a comparison scenario based life cycle costing could be useful. 
Therefore, a different perspective should be taken and the set of life cycle interventions 
should be extended with for example transport and storage costs as well as deposits and 
revenues. In the context of the construction sector imaginable product-service systems 
include mobile building units for ageing in place of in-residence care resembling the 
modules developed by Skilpod (Debacker et al., 2015) or demountable dividing walls 
resembling the partitioning elements developed by Technibo (Paduart et al., 2015). 

The third example is the study of a household’s total cost of living for the marketing of 
services or product-service systems (Diegenant, 2014). It starts from the idea that by 
taking into account the requirements of a household and their budget more affordable 
sets of services could be developed and offered. This way not only manufacturers would 
reach a broader market, also more people could profit from certain facilities. Examples 
are a set of energy saving measures combined with an electricity contract, the installation 
and maintenance of technical appliances and contracts for the temporary rental of 
additional spaces in an apartment building. To get insight in the feasibility of these 
services compared to conventional practice the users’ total cost of living in both situations 
needs to be compared. This comparison could be done with the use of scenario based life 
cycle costing. Therefore, the method should take again the users’ perspective and 
consider additional impacts such as taxes, assurances and rents. When the resulting total 
cost of living is known under different scenarios the feasibility of the alternative supply 
contracts, product-service systems or dwelling forms could be evaluated. 

Considering these established and emerging innovations in contracting, ownership and 
marketing multiple implementation opportunities exist for scenario based life cycle 
costing. They emphasise the method’s strengths including its versatile set-up, the 
complexity it takes into account as well as the uncertainty it acknowledges. With the 
simultaneous refinement and extension of the developed features and the collection of 
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appropriate data, scenario based life cycle costing supports thus not only designers to 
realise the transition towards Design for Change but also product developers and 
manufactures during their shift towards a circular economy. 
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Annex 1. Parametric discounting, validation 

In chapter 5 the parametric net present value calculation method geometric discounting 
was developed. To verify its accuracy the present value of 390 simplified elements was 
determined with the use of geometric discounting, with an existing parametric method 
and with manual calculations, and was subsequently compared. The calculations and 
resulting statistics can be consulted in the following spreadsheet files: 

 

File name 
Annex 1a Parametric discounting Cases 01-13 - validation20160511.xlsx 

Download link 
www.v.gd/ScenarioBasedLccAnnex1a 

 

File name  
Annex 1b Parametric discounting Cases 14-26 - validation20160511.xlsx  

Download link 
www.v.gd/ScenarioBasedLccAnnex1b 

 

File name  
Annex 1c Parametric discounting Cases 27-39 - validation20160511.xlsx  

Download link 
www.v.gd/ScenarioBasedLccAnnex1c 

 

File name  
Annex 1d Parametric discounting Stats 01-39 - validation20160512.xlsx  

Download link 
www.v.gd/ScenarioBasedLccAnnex1d 
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Annex 2. Cost calculations of reused elements 

In chapter 6 an analytical life cycle cost calculation method was developed. To verify its 
accuracy 72 transformation scenarios were evaluated with the use of the newly developed 
method, with an existing reductionist method and with manual calculations, and were 
subsequently compared. Further, 4 sensitivity analyses were conducted. The calculations 
and resulting statistics can be consulted in the following spreadsheet file: 

 

File name 
Annex 2 Cost calculations of reused elements - validation20160512.xlsm 

Download link  
www.v.gd/ScenarioBasedLccAnnex2 
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List of symbols 

Dependent and independent variables 

 minimum input value 

 maximum input value 

 expected input value 

 cost of life cycle intervention  

 estimated service life of a component 

 standard error /  relative standard error 

 adjustment factor 

 given periodicity of life cycle intervention  

 actual periodicity of life cycle intervention  

 heat loss 

 confidence multiplier 

 median 

 sample size 

,   given number of life cycle intervention  

,   actual number of life cycle intervention  

 absolute heat production efficiency 

  heat system efficiency 

 net present value 

 discounting period or repair period 

 present value 

 time quotient 

    quantity of element  

  quantity of element  per sub-service life 

  quantity of element  that is transformed  

 energy consumption 
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 nominal discount rate 

 real discount rate 

 nominal growth rate 

 real growth rate 

 reference service life of a component 

 residual value 

 standard deviation /  coefficient of variation, CV 

 moment of occurrence of an intervention 

  period of analysis 

 random value between 0 and 1 

 thermal conductance 

 mean value 

 variance 

 input variable 

 input value of   

  moment an element instance is added to the building 

 moment an element instance is transformed 

 moment an element instance is removed from the building 

 scale factor  

 
 
Mathematical operators   rounds down  to the previous integer  rounds up  to the next integer [ ] rounds  up or down to the closest integer | | selects the absolute value of  ( ; )  returns the remainder after the division of  into  ( )  selects the smallest value from matrix  
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Scenario based life cycle costing 
an enhanced method for evaluating the financial 
feasibility of transformable building  

 

Transformable building is an innovative design and construction strategy. It aims for an 
adaptable building stock and fosters the future reuse of construction materials. As a 
result, long-term environmental and financial savings could be realised. Nevertheless, a 
feared increase of its initial cost impedes this strategy’s widespread implementation. To 
frame this impediment and gain better insight into the financial consequences of 
transformable building, the present research proposes an enhanced life cycle costing 
method. Taking into account the circular service life of adaptable buildings and their 
elements this method empowers advisors and designers to evaluate the feasibility of 
transformable building and implement it in a well-conceived way. 

For considering the circular service life of adaptable buildings as well as their 
unpredictable and dynamic nature, the proposed method departs from life cycle 
scenarios. Such scenarios or imaginable futures reflect our varying requirements. To 
facilitate their integration in life cycle cost analyses, the present research developed five 
new features. These features include specific calculation methods as well as detailed 
modelling protocols. To illustrate their added-value, an in-depth case study is conducted. 
The study’s outcomes show how scenario based life cycle costing allows comparing initial 
and long-term costs, evaluating model uncertainties, identifying boundary conditions, 
understanding design improvements and studying investment risks. 
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