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Foreword

The management of buildings involves determining the levels of service required from buildings
and executing interventions to ensure that these levels are provided. Interventions are required
because both the levels of service required from, and provided by, buildings change over time.
The former is because of desired changes in use, e.g. the type of equipment housed by the
building is changed, and the latter is because of deterioration, e.g. the ability of a building to
keep out rain is compromised due to cracks in the fagade.

Building managers are increasingly using computer support to help determine optimal inter-
vention programs, i.e. when to execute interventions on their buildings, and which interventions
to execute. These computer systems are relatively well equipped to help determine the interven-
tion programs if the level of service to be provided is known and the only reason for intervention
is deterioration. They are relatively poorly equipped to help determine the intervention pro-
grams when the level of service to be provided might change, and there is substantial uncertainty
related to that change. In these situations, qualitative methodologies are often used.

To bring the building management community forward on this issue, Ms. Miriam Esders
developed a methodology built on state-of-the-art methods to determine optimal intervention
programs for buildings when there is substantial uncertainty with the level of service to be
provided in the future. Ms. Esders shows clearly how her methodology works when compared
to a traditional methodology using a simple example. She then shows how her methodology
could work in the real world, simultaneously showing that the challenges of simplifying the real
world in a meaningful way, so that the methodology can be used, can be overcome.

Through her work, Ms. Esders clearly shows that, with her methodology, building managers
can take into consideration large uncertainties with respect to the level of service to be provided
in the consideration of intervention programs to be followed for their building portfolios. She
also shows that this can be done objectively, quantitatively and with explicit consideration of
the ability of managers to change their minds in the future if circumstances changes. Even if
there is substantial difficulty in estimating what will happen in the future, or the probabilities
with which the many possible futures will occur, the use of her methodology leads to substantial
insights into what may happen in the future, and as to the type of building that will be required
to provide the possible required levels of service. This is a substantial improvement to the
qualitative, and in many situations unsystematic, way, many building managers now develop
intervention programs for the buildings in their building portfolios.

Ms. Esders’ work as a whole will greatly help bring the building management community
forward in developing improved computerised systems to support the development of intervention
programs that will increase the net-benefit obtained from buildings. Additionally, however,
her work is of interest to anyone who develops algorithms to determine optimal intervention
programs for multiple objects, e.g. bridges, tunnels, locks, in situations where there is substantial
uncertainty with respect to the level of service to be provided.

Through her work, Ms. Esders has demonstrated that she has the ability to conduct work
rigorously at a high academic level, and make contributions to the state-of-the-art in a new
emerging field of research. On behalf of the Institute for Construction and Infrastructure Man-
agement at the Swiss Federal Institute of Technology, Ziirich, I thank her for her thorough and
constant investment to this topic, as well as, for both her professional and personal qualities.

Zirich, 28.02.2017 Professor Dr. Bryan T. Adey
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Abstract

One task of building managers is to ensure that their buildings function as required over a
defined period of time, while the ability of buildings to meet demands changes over time due
to two reasons: (1) The change of the ability of the building to meet fixed demands, normally
through deterioration, and (2) the change of demands for the building. Building managers want
to determine what they should do with their buildings at present to maximize their net-benefit
in the long term. This requires determining the intervention to be executed immediately and
estimating the ones that might be executed in the future, i.e. determining an intervention
program. This decision making process is supported through the modelling of deterioration and
the determination of the optimal intervention program.

The used models and methods often do not consider the uncertain future demands on the
buildings. Although the assumption of non-changing demands is convenient from a mathematical
modelling point of view, it is rarely true in the real world. Uncertain changes in demand make it
undesirable to attempt to evaluate intervention programs now and then determine exactly which
one to follow over the remaining planning horizon. Instead, uncertain changes in demand can
make it desirable to find flexible solutions that consider the possibility to postpone decisions on
the actual intervention program to implement to a later moment when more information will be
available. Taking into consideration this flexibility of management to decide which intervention
program to follow is believed to be a cornerstone of any method to be used to determine optimal
intervention programs in management systems where there is uncertainty with respect to future
demand.

To make a decision about whether to introduce decision flexibility in intervention planning,
it is necessary to evaluate the benefits that the flexibility can bring to the building management,
in light of the uncertainty it is exposed to. In conditions characterized by high uncertainty, inter-
ventions programs developed with consideration of decision flexibility enable building manager
to adapt the system to new information and thus avoid losses or even seize opportunities.

The main objective of this research is to investigate how to consider the decision flexibility of
the decision maker in the determination and evaluation of intervention programs with consider-
ation of the uncertainty in future demand and to identify a method that can support a decision
maker in the determination and evaluation of such intervention programs.

In this thesis, a Real Options Method for the evaluation of intervention programs with
consideration of decision flexibility under uncertainty in changes in demand is presented and
applied to a simple example of a fictive office building and a real world example, a clinic of
a Swiss university hospital. This method is based on Real Option Analysis and Decision Tree
Analysis. To identify eligible intervention projects where the consideration of decision flexibility
is relevant, a methodology for the identification and evaluation of intervention projects with
consideration of decision and building flexibility is presented and applied to the real world
example.

The Real Options Method for the evaluation of intervention programs with consideration
of decision flexibility and the methodology for the identification and evaluation of interven-
tion projects with consideration of decision and building flexibility are applied by analysing
the situation, building adequate models of the uncertain key parameters, establishing the static
and dynamic evaluation models, identifying possible intervention projects, and evaluating these
intervention projects with the method for the evaluation of intervention programs with consid-
eration of decision flexibility. The decision flexibility about the interventions to be executed



over the investigated time period is the focus of this thesis. For the real world example, how-
ever, three different design alternatives are also considered, providing different levels of decision
flexibility over the investigated time period. This design flexibility can also be evaluated with
the presented method for the evaluation of intervention programs with consideration of decision
flexibility.

The ramifications of the results from the application of both the method and the methodology
are analysed. The use of the method for the determination and evaluation of intervention
programs with consideration of decision flexibility shows that the method allows for appropriate
consideration of decision flexibility and, therefore, can lead to an increased benefit for building
managers. The expected net benefits and optimal intervention program determined with the
method with consideration of decision flexibility are closer to reality, and thus enable better
budget planning. The application of the method on this example showed that the Real Options
Method required more effort than the Traditional Method without the consideration of decision
flexibility before and during the evaluation for the definition of the flexible decision making, the
definition of the consequences of the decision making at these decision points and values over the
investigated time period, and the calculation of the probabilities of execution for each possible
time and value where a decision of execution is beneficial.

The method with consideration of decision flexibility does not lead to better intervention
programs for all components of a building, and thus should only be applied if management
flexibility is a possibility, the uncertainty of key parameters is high, and the intervention costs
are high compared to the benefits.

The use of the methodology for the identification and evaluation of intervention projects on
the real world example shows that it can be applied to a real world situation and can deliver
meaningful results. It strongly relies on stakeholder knowledge and requires good and extens-
ive stakeholder communication throughout the complete process. Considerable simplifications
regarding the selection of key parameters and models must be made throughout the process, to
keep the complexity at a manageable level, though the methodology can be adapted to take in
the level of complexity that is required for different projects.

The results from the application of the method on the simple and the real world example
show that, even though the expected net benefits from the evaluation with the method with
consideration of decision flexibility are higher than the ones from the Traditional Method, the
difference is small for the given examples, within the error margin of the input parameters,
which does not justify the additional effort required to consider the flexible decision process.
This small difference is mainly due to the reduced impact that the uncertainty considered in the
examples have on the expected net benefits of the intervention program, but it is a result that
is only possible to obtain through an adequate evaluation method as presented in this thesis.
In such a situation, the decision maker can make a choice of which intervention program to
follow, either with or without consideration of decision flexibility. Also, during early steps of the
methodology, a test can be made whether the considered case will have a significant impact.

Future research should also consider a deeper analysis of the probabilistic models used for the
evaluation of intervention programs, which were in this thesis based on simplifications. Based
on the given classification of influence factors, changes in demand, and effects, suitable methods
for the modelling of changes in demands in connection with the changes of connected influence
factors should be identified and tested for application. The consideration of decision flexibility
in the construction of intervention programs is not applicable for all building components, as
the application is only beneficial under certain conditions. It can be assumed that many of the
intervention programs constructed for a complete building are determined without the consid-
eration of decision flexibility, resulting in inflexible intervention programs. Thus, the method
and methodology with consideration of decision flexibility investigated in this thesis have to be
applied in the context of the management of related building components without consideration
of flexibility.
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Zusammenfassung

Eine Aufgabe von Gebdudemanagern ist es sicherzustellen, dass ihre Gebdude iiber einen definier-
ten Zeitraum wie gefordert funktionieren. Die Fahigkeit von Gebduden, gegebenen Anforder-
ungen zu geniigen, nimmt mit der Zeit aus zwei Griinden ab: (1) Die Verdnderung der Féahigkeit
des Gebaudes, gegebene Anforderungen zu erfiillen - normalerweise aufgrund von Verfall - und
(2) die Veranderung der Anforderungen an das Gebéude.

Gebaudemanager wollen bestimmen, was sie heute mit ihren Gebduden tun sollten, um
ihren langfristigen Nettonutzen zu optimieren. Dies erfordert die Bestimmung jener Massnah-
men, die sofort durchgefiihrt werden sollen, sowie die Abschitzung der Massnahmen, die in
der Zukunft durchgefithrt werden sollen, d.h. die Bestimmung eines Massnahmenprogrammes.
Dieser Entscheidungsprozess wird unterstiitzt durch die Modellierung zukiinftiger Umsténde und
die Bestimmung des optimalen Massnahmenprogrammes.

Die verwendeten Modelle und Methoden beriticksichtigen selten die unsicheren zukiinftigen
Anforderungen an das Gebdude. Obwohl die Annahme von unverdnderten Anforderungen von
Vorteil fiir die mathematische Modellierung ist, trifft dies selten in der Realitdt zu. Bei un-
sicheren Verdnderungen von Anforderungen ist es nicht wiinschenswert, Massnahmenprogramme
bereits jetzt zu bestimmen und genau festzulegen, welches Programm iiber den verbleibenden
Zeitraum durchgefithrt werden soll. Stattdessen ist es wiinschenswert, bei unsicheren Anfor-
derungen flexible Losungen zu finden, welche die Moglichkeit beriicksichtigen, Entscheidungen
iiber das tatsidchliche Massnahmenprogramm auf einen spateren Zeitpunkt zu verschieben, wenn
mehr Informationen zur Verfiigung stehen. Die Beriicksichtigung dieser Flexibilitdt des Man-
agements hinsichtlich der Entscheidung, welches Massnahmenprogramm durchgefithrt werden
soll, wird als grundsétzliche Basis jeder Methode gesehen, die zur Bestimmung optimaler Mass-
nahmenprogramme verwendet werden sollte, wenn Unsicherheit tiber zukiinftige Anforderungen
besteht.

Um entscheiden zu kénnen, ob Entscheidungsflexibilitat in der Planung von Massnahmen
beriicksichtigt werden muss, ist es notwendig, den Nutzen dieser Flexibilitdt im Gebdudeman-
agement unter Beriicksichtigung der zu beriicksichtigenden Unsicherheiten zu bewerten. Wenn
Massnahmenprogramme unter Beriicksichtigung von Entscheidungsflexibilitit ermittelt werden,
kann der Gebdudemanager in Situtationen mit grossen Unsicherheiten ein System an neue In-
formationen anpassen und so Verluste vermeiden beziehungsweise giinstige Gelegenheiten ergre-
ifen.

Das Hauptziel dieser Forschungsarbeit ist es, die Beriicksichtigung der Entscheidungsflex-
ibilitdt des Gebdudemanagers in der Ermittlung und Bewertung von Massnahmenprogrammen
unter Beriicksichtigung von Unsicherheit in zukiinftigen Anforderungen zu untersuchen und eine
Methode zu identifizieren, die den Gebdudemanager in der Ermittlung und Bewertung solcher
Massnahmenprogramme unterstiitzen kann.

In dieser Dissertation wird solch eine Realoptionsmethode zur Ermittlung und Bewertung
von Massnahmenprogrammen unter Beriicksichtigung von Entscheidungsflexibilitdt bei Unsich-
erheiten in Anforderungsdnderungen vorgestellt und auf ein einfaches Beispiel eines fiktiven
Biirogebaudes und auf das reale Beispiel einer Klinik des Universitétsspitals Ziirich angewendet.
Diese Methode basiert auf der Realoptionsanalyse und der Entscheidungsbaumanalyse. Um
Massnahmenprojekte zu identifizieren, bei denen die Berticksichtigung von Entscheidungsflexib-
ilitdt relevant ist, wird eine Methodik zur Identifikation und Bewertung von Massnahmenpro-
jekten unter Beriicksichtigung von Entscheidungs- und Gebadudeflexibilitat vorgestellt und auf
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das reale Beispiel angewendet.

Die Realoptionsmethode zur Ermittlung und Bewertung von Massnahmenprogrammen unter
Berticksichtigung von Entscheidungsflexibilitdt bei Unsicherheiten in Anforderungsdnderungen
und die Methodik zur Identifikation und Bewertung von Massnahmenprojekten unter Ber-
iicksichtigung von Entscheidungs- und Gebaudeflexibilitit werden auf das reale Beispiel an-
gewendet, indem die Situation analysiert wird, addquate stochastische Modelle von unsicheren
Schlisselparametern erstellt werden, statische und dynamische Bewertungsmodelle ermittelt
werden, mogliche Massnahmenprojekte identifiziert werden und diese Massnahmenprojekte mit
der Methode zur Ermittlung und Bewertung von Massnahmenprogrammen unter Beriicksichti-
gung von Entscheidungsflexibilitdt bewertet werden. Obwohl die Entscheidungsflexibilitat iiber
die durchzufiihrenden Massnahmen iiber den definierten Zeitraum im Mittelpunkt dieser Arbeit
stehen, werden im realen Beispiel auch drei verschiedene Designalternativen vorgestellt, die jew-
eils unterschiedliche Stufen von Gebaudeflexibilitdt aufweisen und somit unterschiedliche Stufen
von Entscheidungsflexibilitit ermoglichen. Diese Gebaudeflexibilitdt kann ebenfalls mit der
gegebenen Methode zur Ermittlung und Bewertung von Massnahmenprogrammen unter Ber-
iicksichtigung von Entscheidungsflexibilitiat bewertet werden.

Die Schlussfolgerungen aus den Ergebnissen der Anwendung der Realoptionsmethode und
der Methodik werden analysiert. Das Verwenden der Methode zur Bewertung von Massnah-
menprogrammen unter Beriicksichtigung von Entscheidungsflexibilitit zeigt, dass die Methode
die adequate Beriicksichtigung der Entscheidungsflexibilitit zuldsst und damit zu einem er-
hohten Nutzen fiir den Gebdudemanager fithrt. Der erwartete Nettonutzen und das mit der
Methode ermittelte Massnahmenprogramm entsprechen eher der Realitdt und machen so eine
bessere Budgetplanung moglich. Die Anwendung der Methode erfordert zusétzlichen Aufwand
fir die Definition der flexiblen Entscheidungsfindung, die Definition der Konsequenzen dieser
Entscheidungen an den gegebenen Zeitpunkten und Werten der Schliisselparameter iiber den
untersuchten Zeitraum sowie die Berechnung der Durchfiihrungswahrscheinlichkeiten fiur die
moglichen Zeitpunkte und Werte der Schliisselparameter, wenn das Durchfiihren einer Mass-
nahme von Vorteil ist. Die Methode fithrt nicht fiir alle Gebdudekomponenten zu besseren
Massnahmenprogrammen und sollte somit nur angewendet werden, wenn Entscheidungsflexibil-
itdt moglich, die Unsicherheit fiir Schliisselparameter hoch und Massnahmenkosten im Vergleich
zum moglichen Nutzen hoch sind.

Die Verwendung der Methodik zur Identifikation und Bewertung von Massnahmenprojekten
unter Beriicksichtigung von Entscheidungs- und Gebadudeflexibilitdt auf das reale Beispiel zeigt,
dass die Methodik angewendet werden kann und relevante Ergebnisse liefert. Dabei hingt die
Methodik stark von Stakeholderwissen ab und erfordert gute und ausfiihrliche Kommunikation
mit den Stakeholdern iiber den gesamten Prozess. Uber den gesamten Prozess miissen erhebliche
Vereinfachungen, beziiglich der Auswahl der Schliisselparameter und der Modelle, vorgenommen
werden, um die Komplexitiat auf einem akzeptablen Niveau zu halten, wobei die Methodik an
das gewlinschte Komplexitatsniveau des betrachteten Projekts angepasst werden kann.

Die Anwendung der Realoptionsmethode und der Methodik auf das einfache und das reale
Beispiel zeigt, dass die Massnahmenprogramme unter Beriicksichtigung von Entscheidungsflex-
ibilitdt einen grosseren erwarteten Nettonutzen haben konnen als diejenigen, die ohne Bertick-
sichtigung von Entscheidungsflexibilitit ermittelt wurden. Der Unterschied der Nettonutzen mit
und ohne Beriticksichtigung der Entscheidungsflexibilitdt ist bei den Beispielen klein, er liegt im
Fehlerbereich der Eingangsparameter, was nicht den erhéhten Aufwand fiir die Beriicksichtigung
der Entscheidungsflexibilitdt rechtfertigt. Dies ist hauptséchlich auf den geringen Einfluss der
Unsicherheiten, die in den Beispielen beriicksichtigt wurden, zuriickzufithren. Diese Erkennt-
nis kann jedoch nur durch die Anwendung einer angemessenen Bewertungsmethode gewonnen
werden, so wie sie in dieser Arbeit présentiert wird. Auf Basis dieses Ergebnisses kann der
Entscheidungstrager fundiert entscheiden, welchem Massnahmenprogramm er folgen mochte,
mit oder ohne Beriicksichtigung von Entscheidungsflexibilitdt. Auch kann in den frithen Schrit-
ten der Methodik der Einfluss der Unsicherheit im betrachteten Fall grob bewertet werden.

Zukiinftige Forschung sollte eine tiefere Analyse der stochastischen Modelle beinhalten, die
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fir die Ermittlung und Bewertung der Massnahmenprogramme verwendet und in dieser Arbeit
vereinfacht wurden. Geeignete Methoden zur Modellierung von Anforderungsdnderungen in
Verbindung mit Anderungen der verbundenen Einflussfaktoren sollten, basierend auf der vorges-
tellten Klassifikation von Einflussfaktoren, Anforderungsédnderungen und ihrer Auswirkungen,
identifiziert und fiir die Anwendung getestet werden. Die Berticksichtigung von Entscheidungs-
flexibilitdt in der Bestimmung von Massnahmenprogrammen ist nicht anwendbar fiir alle Ge-
bdudekomponenten, da die Anwendung nur unter bestimmten Bedingungen von Nutzen ist.
Es kann angenommen werden, dass viele Massnahmenprogramme fiir ein komplettes Geb&dude
ohne Beriicksichtigung von Entscheidungsflexibilitdt ermittelt werden, und somit auch unflexible
Massnahmenprogramme erstellt werden. Daher miissen die Methode und die Methodik unter
Berticksichtigung von Entscheidungsflexibilitdt unter Beriicksichtigung von unflexiblen Mass-
nahmenprogrammen in angrenzenden Gebdudekomponenten angewendet werden.
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Chapter 1

Introduction

1.1 Background and motivation

One task of building managers is to ensure that their buildings function as required over a
defined period of time. This is a challenging task, particularly because the ability of buildings
to meet demandeﬂ changes over time. Two reasons stand out:

1. The change of the ability of the building to meet current demands, which normally de-
creases as elements and connections between elements deteriorate.

2. The change of demands on the building, for example new laws concerning the energy
consumption of buildings, which causes the building to become gradually obsolet(ﬂ

Building managers can execute interventionsﬂ on the building elements to meet the required
demands. If there were no constraints, such as budget constraints or the constraint to minimize
the interruption of building operation, interventions would be executed in short time intervals,
to ensure that the condition of all building elements remains close to the required level. How-
ever, such constraints exist and lead to the necessity for the building manager to find optimal
intervention programs. An intervention program (IP) is a list of interventions to execute over
a defined period of time, with the actual time and type of the intervention, with the highest
expected net benefit over the investigated time period, considering the given constraints.

To determine when to intervene on buildingsﬂ and what intervention is to be done, building
managers are increasingly supporting their decision making process through the use of computer-
ized infrastructure management systems (IMS)F_ﬂ The most advanced of these systems support
the decision making process through the modelling of deterioration and changes in demand and
the determination of the optimal intervention program to restore the building to a condition in
which it can continue to, or can again, provide the presently required service level. Changes in
demand, however, have been considered less widely than deterioration in most of these systems.

'In this context, the required service level of a building results from demand situations, e.g. the demand for
more and better living space results in the required service level in the form of apartment size and layout. Changes
in demand will result in changes of the service level on buildings (compare appendix [E}).

2Changes in demand in this context include all key parameters that lead to the choice of different optimal
intervention programs, i.e. all factors that (1) lead to a change of boundary conditions of the optimisation or (2)
different goals of optimization or (3) introduce new candidate solutions.

3Interventions on buildings are herein defined as actions, which (1) keep a building and its components in a
state to meet the initial demands, herein referred to as maintenance interventions, or (2) which adapt the building
and its components to new demands, herein referred to as modification interventions (compare appendix.

4See definition of a building in appendix

5IMS are software tools that determine quantitative intervention programs, i.e. intervention programs that
give the exact time and type of interventions for a system to be taken in a given planning horizon. On the
object level, IMS consist, on a very high level, of (1) a component for the prediction of system performance by
deterioration modelling, (2) one for choosing possible interventions when required, and (3) one for the modelling
of the effect of the taken interventions. These components produce different programs, which have to be evaluated
with the help of an adequate optimization algorithm.

SInfrastructure or building management encompasses the process described in figure in appendix



1.1. BACKGROUND AND MOTIVATION

Changes in demand are relevant in the determination of optimal intervention programs. A
recent study by [Sarja et al.| (2006) found that changing demands are the cause of refurbishment
in 26% of all cases, and in 50% of all cases when the buildings or infrastructures were demolished.
It is suggested that the percentage is even higher for the renewal of components or modules,
such as technical equipment.

It can be concluded that the change of demands is an important factor in the life cycle of
a building and should be considered in the determination of optimal intervention programs,
as modifications are often major interventions that affect maintenance interventions, which are
counteracting deterioration, strongly.

While the modelling of deterioration of building elements over longer periods of time, and
thus the prediction of an elements condition with both deterministic and probabilistic models,
is considered extensively in research and practice, such models for predictions for the changes of
demands on a building have not been used widely in the context of the determination of inter-
vention programs, but rather in the context of business investment. There is often considerable
uncertainty associated with the key parameters leading to changes in demand. This uncertainty
is one reason for this lack of consideration of demand changes in the determination of inter-
vention programs, even though a wide variety of probabilistic models is available for uncertain
processes, and even in use for the modelling of deterioration.

Uncertainty about changes in demand make it undesirable to attempt to evaluate intervention
programs now and then determine exactly which one to follow over the remaining investigated
time period. It can be assumed that a building manager will adapt his or her decision about
the execution of interventions over the investigated time period, e.g. when demands change,
should it be beneficial; thus, the possibility needs to be considered, that the decision about the
actual intervention program to follow can be postponed to a later moment, i.e. whether or not
an intervention is to be executed now or not.

Taking into consideration this flexibility in decision making about the execution of interven-
tions, which allows for more information to be considered at a later date, is believed to be a
cornerstone of any method to be used to determine optimal intervention programs where there is
uncertainty with respect to future demand. Existing IMS do not take such flexibility in decision
making into account, i.e. the determination of optimal intervention programs is done under the
assumption of intervention programs that are not changed over the investigated time period.

The evaluation of a set of decisions under uncertainty about the state of nature has been done
before; the main methods for this purpose investigated in this thesis are (I) the Real Options
Analysis (ROA) and (II) Decision Tree Analysis (DTA)E These evaluation methods have been
used for the evaluation of numerous engineering design and investment projects. There have also
been a number of examples where these evaluation methods have been used for the evaluation
of interventions for specific infrastructure objects (Haddad et all [2011alb; Koide et al., 2001;
Santa-Cruz and Heredia-Zavonil, [2009). The focus of these publications, however, has been on
the flexibility of the infrastructure or buildings themselves, which has to be distinguished from
the decision flexibility in intervention programs{ﬂ

In summary, the following main points can be made:

1. Changes in demand should be considered in the determination of intervention programs, as
they can have considerable impact on the expected net benefits of an intervention program,
which the building manager uses to pick the optimal intervention program.

2. Changes in demand should be considered probabilistically in the context of the determin-
ation of intervention programs as their outcomes are uncertain.

"ROA and DTA and their relation are explained in more detail in appendix

8Flexibility in decision making in intervention programs: Decision flexibility, i.e. the decision about the exact
time and type of an intervention is not fixed today but can be postponed to a later point in time. Flexibility
of a building or building flexibility: Property of the building and its elements, defining how easily they can be
modified and thus to what extent flexible decision making about interventions is possible (always assuming that
modifications are easier or cheaper than tearing down the complete building).
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3. Due to the uncertainty in changes in demand it can be assumed that building managers
will be flexible in their decision making about interventions, i.e. the exact intervention
program is not known from the beginning.

4. This flexibility of decision making of the building manager needs to be considered in the
determination of intervention programs.

5. Flexibility in decision making about interventions and flexibility in buildings can be eval-
uated with either (i) Real Options Analysis or (ii) Decision Tree Analysis.

1.2 Aims

The main objective of this research is to investigate how to consider the decision flexibility of the
decision maker in the evaluation of intervention programs with consideration of the uncertainty
in future demand and to define a method that can support a decision maker in the evaluation
of such intervention programs. This was done by

1. identifying relevant classes of uncertain changes in demand,

2. identifying and applying a methodology for the identification of

(a) the most relevant uncertain scenarios for future demand and

(b) suitable possibilities for flexible decision making about interventions with correspond-
ing building flexibility

for a specific building case, the methodology for the identification and evaluation of inter-
vention projects with consideration of decision and building flexibility,

3. investigating possible ways of determining and evaluating the decision flexibility and build-
ing flexibility with Real Option Analysis and Decision Tree Analysis, and apply a suitable
method, either from Real Option Analysis or Decision Tree Analysis, to determine and
evaluate optimal intervention programs with consideration of decision flexibility of the
building manager with regard to intervention programs and with consideration of uncer-
tainty in future demands and constraints on the service level of the building, and

4. analysing the ramifications of the results from the application of the

(a) methodology for the identification and evaluation of intervention projects with con-
sideration of decision and building flexibility on a real world example and

(b) the presented method for the determination and evaluation of intervention programs
with consideration of decision flexibility on both a simple example and a real world
example,

also with regard to their possible use in existing methodologies for building management
and intervention management systems.

1.3 Research significance

The research significance of this thesis is defined by the following points:

1. The systematic methodology for the identification of relevant uncertainties in future de-
mand, the decision flexibility about the interventions to execute and the corresponding
building flexibility supports the building manager in making better decisions about modi-
fication interventions.



1.4. LIMITATIONS

2.

The impact of flexible decision making on intervention programs can be estimated, and
optimal intervention programs with consideration of decision flexibility and changes in
demand can be determined with the application of Real Option Analysis or Decision Tree
Analysis.

Negative impacts from uncertainty can be reduced with the consideration of decision flex-
ibility in intervention programs and building flexibility.

1.4 Limitations

The following limitations apply to this work:

1.

Flexibility in decision making was considered for interventions becoming necessary due to
changes in demands, not deterioration, even though there can be considerable uncertainty
about the deterioration of buildings and their elements over an investigated time period.

This work does not include a comprehensive collection and classification of relevant demand
changes in the determination of intervention programs, the influencing key parameters or
the resulting effects on the service level of a building; thus, a detailed modelling of the
relationships between these factors was also not included.

This work does not include a comprehensive investigation of all costs and benefits, monet-
ary and other, that can be used for the evaluation of a modification intervention program
due to changes in demand, as it exists e.g. for the evaluation of maintenance intervention
programs for highway infrastructure.

1.5 Organisation of the thesis

After the introduction of the thesis topic in chapter [l the thesis is structured as follows to reach
the aims described in section [L.2k

Chapter [2| provides a review of the state of research and the state of practice in the area of
determination of intervention programs as well as the evaluation of flexibility in building design
and decision making and identifies the research gap.

First, the state of research and state of practice in the determination of intervention
programs due to deterioration are presented for buildings and other infrastructure.

Second, the state of research and state of practice in the determination of intervention
programs due to changes in demand are presented for buildings and other infrastructure.

Third, the state of research and state of practice in the evaluation of flexible decision mak-
ing in interventions and flexible building design with the real options analysis is presented.

Finally, the discussion and conclusion show the findings of this review.

The goal of chapter [3]is to present the methodology for the identification and evaluation of inter-
vention programs with consideration of flexible decision making and design. This methodology
consists of eleven steps.

In steps 1 to 2, the desired service level and the key parameters are determined.

In steps 3 to 5, adequate models to predict the likelihood of future scenarios of the key
parameters are selected.

In steps 6 and 7, a set of possible models for the evaluation of the service level are discussed
and selected.
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e In steps 8 and 9, possible renewal projects are identified, i.e. combinations of decision
flexibility with regard to interventions and increased design flexibility of the building.

e Insteps 10 and 11, the evaluation of intervention program with consideration of uncertainty
and flexibility in decision making is prepared and executed.

The goal of chapter [4] is to show the proposed method for the determination and evaluation
of intervention programs with consideration of uncertainty and flexibility in decision making,
based on existing models and methods.

o First, an overview with necessary components is shown.
e Second, possible stochastic models to be used in the method are described.

e Third, a traditional method for comparison with the necessary steps of the methods is
presented.

¢ Fourth, the mathematical formulations used in the method with consideration of decision
flexibility is described.

o Finally, possible decision situations and intervention program types are presented.

The goal of chapter [5|is to demonstrate the effect of using the method presented in chapter {4|in
the determination of intervention programs on a simple example of a fictive office building.

o First, the simple example is described.
e Second, the model of the uncertain key parameter is described.
¢ Finally, the results and their variation in a sensitivity analysis are presented and discussed.

The goal of chapter [6] is to show that the proposed evaluation method with consideration of
uncertainty and flexibility presented in this thesis can be applied to a real world situation. The
real world example considers the clinic of nuclear medicine of the university hospital Zurich.
The eleven general steps presented in detail in chapter [3| are executed.

o First, the situation is analysed in steps 1 and 2, models of the key parameters are determ-
ined in steps 3 to 5 and a static and dynamic evaluation of the service level are established
in steps 6 and 7.

e Second, possible renewal projects are identified in steps 8 and 9.

e Third, these renewal projects are evaluated, with the method presented in chapter 5, i.e.
with consideration of decision flexibility in the determination of intervention program in
steps 10 and 11.

e Finally, the results of the real world example are presented, discussed and investigated
further in a thorough sensitivity analysis.

A summary, the discussion of the content of the thesis, overall conclusions, and the outlook of
this work are provided in chapter

For those who are unfamiliar with the field, a background section has been included in
appendix[D] This background section provides the basic definitions in infrastructure management
and the construction of intervention programs. The goal of this appendix is to put the content
of this thesis in the right context.

o First, the basics for the intervention management of buildings will be defined, especially
the terms intervention strategy and intervention program.

e Second, the terms risk and uncertainty will be specified, and the content of this work will
be positioned with regard to these terms.
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o Third, the definition of flexibility in the context of intervention programs will be elaborated,
and its relevance will be explained.

e Finally, general attributes of methods and models that can be used in the evaluation of
flexible intervention programs will be presented.



Chapter 2

State of research and state of
practice

The consideration of both deterioration and changes in demand are relevant when determining
the intervention programs for buildings and their components, and there is often uncertainty
associated with both deterioration and changes in demand. Further, it was elaborated that
decision flexibility exists for a building manager with regard to decisions about interventions to
be executed over an investigated time period.

In this chapter, the topic of this thesis is set in context with existing work in research
and practice with regard to the determination of intervention programs for buildings and other
infrastructure with consideration of uncertainty and the evaluation of engineering problems with
consideration of decision flexibility.

First, current methods for the determination and evaluation of intervention programs for
buildings and other infrastructure are presented, considering both deterioration, changes in
demand and constraints. The focus lies here on methods in which uncertainty in the predictions
of future deterioration and changes in demand are considered, i.e. methods using probabilistic
models for these parameters. Second, as decision flexibility is not considered in the construction
of intervention programs in the current publications, the state of research in the use of methods
for the evaluation of decision and design flexibility in building and infrastructure design and
management was investigated. The vast majority of these publications consider Real Option
Analysis (compare appendix . Finally, the findings from this review are summarised, and
conclusions are drawn with regard to the goal of this thesis.

2.1 Methods for the determination of intervention programs for
buildings and other infrastructure

This section shows a selection of publications considering the current methods for the determ-
ination of intervention programs for buildings and other infrastructure relevant to this thesis,
considering both deterioration and changes in demand and constraints. The focus lies on meth-
ods using (1) consistent models for the prediction of future deterioration and changes in demand
(not only expert opinion) with the goal to capture all relevant scenarios, and the consideration
of uncertainty through probabilistic models, and (2) quantitative evaluation methods for finding
the optimal intervention programs, e.g. mathematical programming. These two aspects, how-
ever, could not always be considered, especially for methods in which intervention programs due
to changes in demand were constructed.
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2.1.1 State of research
2.1.1.1 Deterioration

There is a great body of methods for the determination of intervention programs for buildings
and other infrastructure with consideration of deterioration processes. Original methods for the
determination of intervention programs for buildings and other infrastructure were based on
deterministic models of the deterioration influencing the costs and benefits over the life cycle,
i.e. the key parameters they depend on were assumed to be known with certainty. Examples for
such methods for buildings are e.g. Mendes Silva and Falorca (2009); Flores-Colen and de Brito
(2010)), who use deterministic deterioration curves, adjusted according to the identified mechan-
isms leading to the deterioration, and determine intervention programs for building components
that minimize life cycle costs whilst sustaining a minimum acceptable quality.

Building on these methods based on deterministic models, a great number of researchers
realised the necessity to consider uncertainties in the prediction of the state of nature in the
planning of interventions, and proposed methods with probabilistic models to address the un-
certainties associated with engineering and construction projects (Kobayashi and Kuhn, 2007;
Woodward, 1997) to be used for the determination and evaluation of intervention programs.

Markov models are often used for modelling the deterioration of buildings and other in-
frastructure: Lounis and Vanier| (2000)), for example, use the performance prediction based on
a Markov model and determine the optimal intervention program with a multi-objective cost-
benefit optimization for a roofing system. Lacasse et al.[(2008) use the same method for a facade
system. Zhang (2006, a) and |Zhang and Gao| (2010)) use Markov models to model the change of
the condition of buildings in a building network and determine intervention programs for these
networks with integer programming and linear programming.

Monte Carlo simulation is also a model often used for modelling the deterioration of build-
ings and other infrastructure: Marseguerra and Zio| (2000) use Monte Carlo simulation for the
estimation of reliability, costs and revenues in the operation of industrial plants and use a ge-
netic algorithm to optimize component maintenance periods and the number of repair teams.
Borgonovo et al.| (2000) use Monte Carlo simulation for the prediction of deterioration of the
components of a production plant, and determine the desired intervention program by determ-
ining the optimal fixed intervention interval leading to lowest costs for repair, downtime and
maintenance. [Bocchini and Frangopol| (2011]) use Monte Carlo simulation to simulate the ser-
vice states of bridges and the effect of maintenance interventions, and determine the optimal
preventive intervention programs for these bridges in a network with a multi-objective genetic
algorithm, resulting in a Pareto frontier of optimal solutions for the decision maker to chose
from.

2.1.1.2 Change of demand and constraints

While the major body of methods used in the determination of optimal intervention programs
in building management considers the deterioration of materials, components and structures,
efforts have been made to determine intervention programs explicitly under the consideration
of changes in demand and constraints. Most of these methods rely only on expert’s opinion,
sometimes for both predicting the change in demand and constraints, resulting in deterministic
scenarios for these predictions, and the determination of intervention programs to follow, e.g.
(Taillandier et al., 2009, 2011)).

There are some methods using Monte Carlo simulation for the prediction of changes in
demand and constraints: Booth and Choudhary| (2013), for example, model uncertain energy
savings after interventions for improvement of the energy efficiency of a set of buildings with
Monte-Carlo simulation and Bayesian regression. Out of the set of candidate intervention pro-
grams, consisting of single interventions and determined by expert opinion, the intervention
program with the best expected multi-attribute utility (energy savings, resulting in lifetime
financial savings, emission reduction, temperature takeback, installation costs) is chosen as op-
timal. Borgonovo et al.| (2000) use Monte Carlo simulation not only for the deterioration but also
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the obsolescence of components of a production plant. Intervention programs are determined by
finding the optimal fixed intervention interval leading to lowest costs for repair, downtime and
maintenance by choosing the interval leading to the best cost-benefit ratio.

2.1.2 State of practice

Probabilistic models and methods for the determination of intervention programs for buildings
are also used in practice, often as part of infrastructure management systems, or IMS.

The Canadian Institute for Research and Construction and Public Works and Government
services initiated the BELCAM projectﬂ The resulting IMS combines (1) an condition assess-
ment module, (2) a Markov model for the prediction of deterioration (Vanier et al., 2001}; Lounis
et al., [1999) and (3) a multi-objective optimization method that uses compromise programming
for this optimisation (Lounis and Vanier} 2000).

The software tool EPIQRE| combines (1) a framework for a quick survey of the a building’s
condition, (2) a database with possible interventions in repair, refurbishment and retrofit in-
terventions, their effects on building condition and their costs, (3) a tool for the prediction of
improvement for the energy situation and the indoor environmental quality for each interven-
tion, (4) a software to model deterioration of building components probabilistically with Markov
models, and (5) the MEDIC tool to simulate the future building condition and calculate the
costs resulting for the intervention strategies. The intervention strategy to follow is selected by
expert’s opinion, based on the aforementioned simulations (Caccavelli et al., [1999; |[Flourentzou
and Roulet, 2002)). INVESTIMMO is a software, based on EPIQR, for the determination of
intervention strategies for large portfolios of residential buildings. The user can create and eval-
uate several intervention strategies with a cost analysis, which considers changes in the building’s
physical and functional state due to deterioration, future deterioration of building elements, oc-
cupants’ quality of life, energy and water consumption, and the environmental impact from a
building’s operation and retrofit interventions, reduction of operating costs and the overall time
effectiveness of the investment (Balaras et al., 2005)).

The European project TOBUSZ’II considers in its assessment module for a building’s condi-
tion deterioration, obsolescence, energy consumption and indoor environmental quality, using
condition states for obsolescence. TOBUS offers a module for the determination of very simple
intervention programs, which provides the decision maker with a tool to build and change in-
terventions manually and the necessary information. TOBUS does not offer any algorithms
for selecting the optimal intervention programs but only supports the expert decision maker
in the choice of intervention programs. The decision maker is supposed to start from one in-
tervention program and alter it according to the information he gets from TOBUS. TOBUS
shows the condition of each element, its interaction with other elements, and the costs related
to the chosen intervention program. The tool highlights contradictions between interventions on
elements (Wittchen and Brandt, [2002; |[Flourentzou et al. 2002; Caccavelli and Gugerli, 2002).

!The BELCAM project is “the Building Envelope Life Cycle Asset Management” project, which is aimed at
helping building owners and facilities managers predict the service life of the building envelope and its components
- a critical aid for managing their property inventory.”(Canadal 2012)

2EPIQR stands for “Energy performance, Indoor Environmental quality and retrofit”. The European Union
launched the project EPIQR with the goal to develop a software tool for architects and other involved decision
makers to make integrated decisions about refurbishment and modification interventions on residential (apart-
ment) buildings with a minimum of complexity and effort.

3TOBUS has been initiated by the European Commission in the frame of the JOULE II programme. The aim
of TOBUS was to develop a decision support tool for the assessment of relevant requirements for modification
of office buildings and the estimation of the costs related to possible interventions to meet these requirements
(Caccavelli and Gugerli, 2002]).



2.2. METHODS FOR THE EVALUATION OF DECISION AND DESIGN FLEXIBILITY

2.2 Methods for the evaluation of decision and design flexibility
in building and infrastructure design and management

Real Option Analysis and Decision Tree Analysis were applied widely to engineering projects
for buildings and other infrastructure to consider decision and design flexibility. The following
section shows the state of research in the use of ROA and DTA in decision making about the
timing and/or type of interventions on buildings and other infrastructure. The vast majority of
these publications describe the use of ROA. In the next section, a selection of current publications
describing the use of ROA and DTA to determine the best design of buildings to facilitate future
modifications due to changes in demand is presented.

2.2.1 Intervention management of buildings and other infrastructure

In the following section, publications in which ROA and DTA were used to determine time and/or
type of interventions on buildings and other infrastructure objects are presented. Menassa (2011))
and |[Rexrode J. and Menassa C. (2010) use ROA to evaluate the two investment possibilities
to execute energy retrofit interventions on existing building now or at a later time and if to
execute the intervention in one or two stages, under uncertainty of expected benefits and other
key parameters from energy retrofits (an example for sustainable retrofit intervention is the
installation of solar panels). [Ashuri et al. (2011]) use ROA to evaluate different building designs
regarding the ease of sustainable retrofit interventions (installation of solar panels) over the life
cycle of buildings, i.e. the building flexibility, under uncertainty. A binomial lattice is used to
model the uncertain development of the energy price over time.

Lethanh and Adey|(2014a) use a ROA to determine optimal intervention windows for railway
infrastructure, where interventions were to be coordinated between multiple rail managers. The
building manager has the decision flexibility to decide in the intervention window if to execute an
intervention or not, considering uncertainty about the state of the railway infrastructure in the
intervention window. Optimal intervention windows were selected according to their expected
value at t=0. The expected values of two different intervention strategies were also compared.
Santa-Cruz and Heredia-Zavoni (2009) use ROA to evaluate the decision flexibility to decide
about executing interventions, maintenance intervention, decommissioning or doing nothing, on
offshore oil platforms during a single intervention window, which is defined by an inspection of
the platform. The Black Scholes method is used for evaluation of this decision flexibility under
consideration of uncertainty about the state of the platform in the intervention window. The
expected value from this evaluation is used to decide which interventions should be prepared
to be executed upon inspection, i.e. in the intervention window. Koide et al. (2001) use ROA
to evaluate two rehabilitation interventions today on a steel girder bridge under consideration
of possible future interventions on the bridge. The decision today is made between a major
rehabilitation and a minor repair. They assume that further repair or replacement decisions can
be made after a legal inspection every two years over the investigated time period. The decision
about these future interventions depends on the state of the bridge at time t. The uncertainty in
the state of the bridge over the investigated time period is modelled with a probability density
function at every inspection point.

2.2.2 Design of buildings and other infrastructure to facilitate modifications

Several examples exist where the ROA was used to evaluate the flexible designs of buildings
and other infrastructure to facilitate modifications in the future. A selection is shown in this
section. (Greden and Glicksman| (2004) use ROA to evaluate the flexible design of a laboratory
building space that can be constructed in a way so that a conversion into office space is easy
(flexible) or expensive (inflexible). The uncertain parameters are the future rent price and the
actual dates of the change. This work is based on (Greden and Glicksman/ [2005), where ROA is
used to evaluate different design alternatives facilitating the installation of mechanical cooling
in a building to save energy. Monte Carlo simulation is used to model the system’s technical
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performance under future uncertainty in the market price of rent, timing, amount of space
needed, and the number of renovations. |Kalligeros and de Weck| (2004)) present a framework
for the evaluation of designs for modular commercial buildings under market uncertainty which
need to be adapted to changing market demands. In (Guma and de Neufville, 2008|) the ROA
is used on the evaluation of four major building projects with consideration of adding five or
more stories to each building in the future with uncertainty in market demand for space, using
Monte Carlo simulation.

Zhao and Tseng| (2003) use the ROA to determine the best foundation size for a parking
garage structure that might have to be adapted to new demand situations in the future by
adding more parking levels, using a trinomial tree to model the uncertainty in future demand in
parking space. |de Neufville et al.| (2006) use ROA for a similar example of a parking garage that
is to be enlarged if needed, using Monte Carlo simulation for generating random scenarios for
the demand development and to evaluate a flexible and inflexible design. Fawcett et al.| (2015)
apply ROA to the evaluation of the design of a highway with consideration of uncertainty of
the rate of traffic growth and the discount rate. Seven designs for the roadway were evaluated,
under consideration of six modifications that can be executed should the traffic demand cross
given thresholds in the future.

There are many other examples of the use of ROA in evaluating designs of infrastructure
objects facilitating future modifications. A good reference for further reading is [Martins et al.
(2013)), who give a comprehensive overview of the state of research in the use of real option
analysis on infrastructure projects with corresponding examples.

2.3 Discussion and conclusion

It can be seen from the review of the state of research and the state of practice that

o there are traditional methods (without the use of Real Option Analysis) for the determin-
ation of intervention programs for buildings and other infrastructure for choosing optimal
intervention programs (time and type of intervention) for buildings, also considering un-
certainties by modelling underlying parameters (deterioration, changes in demand and
constraints) probabilistically - however, these methods assume in their optimization that
intervention programs are inflexible (even though they mention that interventions can be
adapted later),

¢ in these traditional methods where the changes in demand and constraints are considered,
candidate and optimal intervention programs are often not determined systematically, i.e.
often, the optimal IPs are chosen through expert opinion,

e there are many applications of ROA and DTA in building modification. Most of them
focus , on the differences in value of design solutions (Flex/Inflex) today, not on possible
timing of interventions in the future. The given sources suggest different methods for
valuing a building’s flexibility and its components to be modified to new requirements
over the lifetime of the building, and

¢ there are a few publications about the application of ROA and DTA in this context that
focus on the timing of interventions using a method from the Real Option Analysis, and
focusing on specific time windows for execution.

Further research is possible about the use of the ROA and DTA to evaluate optimal maintenance
and modification intervention programs for buildings, with the investigation of the determination
of the preferred timing of execution of the interventions and the corresponding scenarios, under
consideration the probability of changes of demand and the ability of decision makers to change
their decisions in the future if beneficial. Possible outputs from the use of such a method from
the ROA or DTA and the comparison of the results to the results of traditional methods will be
investigated in greater detail.
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Chapter 3

Methodology for the identification
and evaluation of intervention
projects with consideration of
decision and building flexibility

The general methodology for the identification and evaluation of intervention and design projects
with consideration of decision and building flexibility (MIP) presented in this chapter is based
on the approach by de Neufville and Scholtes| (2011), i.e. the five-step process for the estimation
of the distribution of future possibilities, the identification of candidate flexibilities, and the
evaluation and choice of flexible design options. The steps by [de Neufville and Scholtes| (2011))
were adapted to fit the context of intervention projects and the application of the Real Option
Method for the identification and evaluation of intervention programs with consideration of
decision flexibility. Mainly, step 8 and 9 were added to ensure that possible interventions and
flexibility in decision making are considered in addition to the design flexibility, and in step
11, the decision flexibility about the time and type of intervention to be exeucted over the
investigated time period can be evaluated with the Real Option Method. The methodology
presented in this chapter was adapted and published in (Esders et al., 2015 and applied to a
real world example (see paper in appendix .

An intervention and design project (IDP) is herein defined as the combination of intervention
programs with decision flexibility and a related increase in building flexibility by design to
facilitate this flexible decision making, if necessary. The presented methodology can be divided
in three main parts:

1. Identify and model the system key parameters
2. Identify possible IDPs

3. Evaluate the possible IDPs

These three main parts are presented in more detail in tables and The evaluation
of intervention and design projects in step 11 was the focus of this thesis. The other steps of the
methodology can be followed at different levels, from using very simple qualitative methods to
using very detailed quantitative methods and assumptions, e.g. including the use of statistical
methods for the interpretation of historical data and making forecasts, as demonstrated by
(Cryer and Chanl, 2008)), and for the identification of ways to modify facilities, as demonstrated
by (Hu and Poh}2011)). The choice of level depends on the amount of time, effort and availability
of the building manager and the requirements of the investigation.

13
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IDENTIFY AND MODEL SYSTEM KEY PARAMETERS

3.1

Identify and model system key parameters - Steps 1 to 7

This methodology was applied to a real world example, which is presented in detail in the
publication by (Esders et al., 2015). Steps 1 to 7 in table describe how the model system
and key parameters are identified and analysed, and how the appropriate stochastic models for

the key parameters can be found.

Table 3.1: Methodology MIP - Steps 1 to 7

Part No. Step Comment
. This step is done to obtain a general overview of how the building is
Assess service ) ; ] ) ]
. expected to function over the investigated time period. The expected
level provided . . . o .
] by and function is defined in the level of service (LOS). This is to be done with
taking into consideration how all of the elements in the building work
expected from . . .
building together. It often requires the involvement of stakeholders of the building
regarding their demands and processes in the building.
In this step all parameters whose values have a non-negligible probability
of changing, in a way that will have a large effect on the ability of the
9 Identify key building to provide an adequate LOS, are to be identified. It is often useful
parameters to think of the processes that might lead to this changing, e.g. increases in
fuel prices, the desire to have larger apartments. Thought then needs to be
given as to which ones should result in a change to the building.
Analyse past
evolution of This step involves the collection and investigation of historical data for the
3 values of most important key parameters to gain insight into which possible future
possible key scenarios may occur and with what likelihood.
parameters
Model Analyse If there are changes in the trends observed in past data, the reasons why
system and changes in they have occurred and the factors that led to this need to be identified.
key trends This information needs to be used in the identification of such trend
parameters changes in possible future scenarios and in how likely they are.
Select models
to predict In this step models are selected based on the data, and the ability to use
5 likelihood of them to make future predictions is evaluated. The latter is done by
future verifying the ability of the selected models to make past predictions.
scenarios
An evaluation framework for system’s service level as a function of the key
parameters is established. If it is assumed that the values of the key
6 Establish parameters can be predicted precisely, this is a static model. The
static model development of an appropriate model requires an understanding of how the
building provides an adequate LOS, as well as how the system’s service
level is affected by a myriad of economic, environmental and social factors.
The static model is to be extended to represent the possible variations in
the selected uncertain key parameters, the interactions between them and
their influence on the system’s service level.
If desired, the effect of variations in the values of the key parameters of the
Establish static model on future benefit are tested using a sensitivity analysis. The
. dynamic parameters with the largest effect on future benefit are to be included in
model the dynamic model, keeping in mind the amount of work associated with

the evaluation of each scenario and the level of detail required in the

analysis.

Once the key parameters to be used are decided, the ranges of these
parameters are to be determined and the uncertainty associated with their

values needs to be modelled.
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3.2 Identify possible intervention and design projects - Steps 8
and 9

In steps 8, possible changes in operation and use are identified first. In step 9, possible inter-
ventions and flexible design alternatives are determined.

Table 3.2: Methodology MIP - Steps 8 and 9

Part No. Step Comment

Identify possible ) . o )
int> 04t In this step, possible changes to building use and operation are
ways in 0
v determined to adapt the building to different future scenarios with the

change the . o - o
o potential to maximize net benefits. The determination of building use and
. building use or . . . .
Identify 8 i operation often requires the definition of new LOS, and explicit
operation so
inter- P consideration of how it could change over the investigated time period.
] that new LOS . . . . . . . .
vention b This step involves considerable brainstorming and discussions with the
could be
and ] stakeholders of the building and process specialists.
desi provided
esign
& In this step, possible interventions over the investigated time period need
ro-
P ¢ Identify possible  to be defined to enable the above determined changes to improve facility
ects
! 9 renewal projects  use and operation. Then, special consideration should be given to the
att =0 definition of possible interventions at t = 0, which are referred to here as

renewal projects. The sub process is shown in table

Table [3.3] shows the sub-process of step 9 in detail.

Table 3.3:

Sub-process of Step 9 in Table 1: Identify possible projects

Sub-

Description
step

Comments

9.1 Identify details
of changes in
building use and

operation in t >

The changes in building use and operation over the investigated time period are to
be structured so that it is easy to identify both the possible effects on the building
(i.e. with regard to interventions and operation) to maximize net benefit and the
time that these should be done.

0

9.2 Identify The necessary interventions and changes in operation on the building are
necessary determined and organized in IPs and operation plans respectively, based on the
interventions general possible changes identified in the previous sub-step. These IPs include all

and operations
on building in
detailint > 0

interventions required to ensure that the general changes in use and operation will

work and are planned in sufficient detail.

9.3  Construct
possible renewal
projects at t = 0

The proposed renewal project is checked to see if it is well fitted to the possible
future scenarios. In particular, it is checked to see if it is robust or flexible. Part of
this process includes envisioning if the future possible changes to the building would
be better done now, or if the building could be built differently now so that it would

be easier to make the changes in the future if they were required.

9.4  Pre-screen

possible projects

A pre-screening is done to eliminate possible projects that are rather clearly not
going to result in a maximisation of net benefit, i.e. either not flexible enough or
robust enough. It is done to reduce the analysis effort in future steps. It can be
done in many different ways. One is using a simple ranking based on expert opinion,
and another is by defining a few basic criteria, and ranking these. The criteria can
be weighted. If weighted, the sum of the multiplication between the score and
weight will give the total score and will give insight into the most likely ways to
change the building to maximise net benefit. As this ranking is rather approximate,
it is advisable to set a threshold where one can say which possibilities are to be

considered further and which ones not.
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3.3 Evaluate possible intervention and design projects- Steps 10

and 11
Table 3.4: Methodology MIP - Steps 10 and 11
Part No. Step Comment
In this step, the costs and benefits in each unit time for each investigated
Estimat way to improve building use and operation and way to change the
stimate
o building are estimated. This is done for each investigated future, i.e. for
additional costs . L ) ) )
each possible building use and operation scenario and all possible values
10 and benefits of . . . . .
. for the key parameters. This step is to be done without consideration of
each ID project o ) .
. probabilities of occurrence of each possible future or the ability of the
Evaluate int>0 o . . .
building manager to change plans based on newly obtained information
interven- .
) in the future.
tlor.l and In this step, the cumulative costs and benefits of each identified
deS{gn possibility taking into consideration the probabilities of occurrence of the
projects Estimate total values of the key parameters in the future and the ability of a manager
1 additional net to change plans based on newly obtained information in the future.

benefits of each
project at t =0

They are to be estimated relative to a reference project to modify the
building. The method for determination and evaluation of intervention
programs with consideration of decision and building flexibility (DEM) is
applied here.

In step 11, the method for determination and evaluation of intervention programs with
consideration of decision and building flexibility, which is described in the following chapter
is used. Thus, this step is the one described in greatest detail.
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Chapter 4

Real Options Method for evaluation
of intervention programs with
consideration of decision flexibility

This chapter presents a method from the Real Option Analysis and Decision Tree Analysis{ﬂ
for the determination and evaluation of intervention programs with consideration of decision
flexibility. In the method for intervention programs with consideration of decision flexibility,
Real Option Analysis or Decision Tree Analysis, respectively, are used depending on the
situation, i.e. using the risk-adjusted approach or not. For reasons of simplicity, the method
will be called ROM. In this chapter, the method and its components are described in more
detail. Some sections were published as described in (Esders et al., [2016)).

4.1 Components

The method for the evaluation of intervention programs with consideration of decision flexibility
requires the following components, which are also depicted in figure

1.

The modelling of one or multiple uncertain parameters with appropriate discrete stochastic
models for the prediction of uncertain key parameters over the investigated time period.

. A definition of how decisions are made over the investigated time period. This includes

especially

(a) the timing of the decisions

(b) the type of decision making, e.g. according to an optimisation or when a threshold
is transgressed.

. Event trees or lattices, with the definition of nodes for possible values of the uncertain

parameters, their probability of occurrence and the connection of these nodes.

The calculation of the costs and benefits used as the basis of decision making?]

. If required, the additional modelling of other input, e.g. the physical situation or main-

tenance planning.

. The recursive decision making through the nodes of the combined lattice or tree according

to the decision making defined above.

!The Real Options Analysis is an extension of the Decision Tree Analysis. In appendix this difference is
elaborated on further.

2Even though the examples in this thesis consider the monetary costs and benefits in the evaluation, also non-
monetary components can be considered in this method, e.g. the environmental or social impacts of a decision.
This depends on the preference and perspective of the decision maker.
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Figure 4.1: Components of evaluation method

4.2 Stochastic models for uncertain key parameters

Key parameters that influence the benefit of intervention programs and therefore decision making
in the determination of intervention programs and that are uncertain can be modeled with
probabilistic methods to make predictions about their future development. Different stochastic
processes can be used to model these uncertain parameters, depending on the use of the model
and the desired result of the evaluation. A selection of three processes (as also presented in
Dixit and Pindyck| (1993)) used in this work, that can be represented as binomial lattices, are
presented in this sectio

o Geometric Brownian Motion (Suitable for manifest processes)
o Mean-Reverting Process (Suitable for manifest processes)

e Poisson Jump Process (Suitable for latent processes)

3There are other popular processes that can be used in this context, e.g. the Markov process or the Levy
process.
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CHAPTER 4. ROM WITH CONSIDERATION OF DECISION FLEXIBILITY

4.2.1 Geometric Brownian motion

The Geometric Brownian motion (GBM) is appropriate for non-negative parameters with expo-
nential growth rates. The same input as for the Brownian motion is used, however, a log-normal
distributed time variant is used. Other than the Brownian motion, this log-normal distribution
cannot become negative, a property that is true for many processes in the evaluation of inter-
vention programs in general, such as the oil price or the demand for a product, making the GBM
widely applicable (Chow et al., 2011]).

dS/S = psdt + ogdz (4.1)

4.2.2 Mean reverting process

A mean reverting process, also called Ornstein-Uhlenbeck process, is suitable for modelling
parameters with a tendency to vary around a mean value. The required input is, next to the
mean value, S, and the volatility, o, a mean reversion parameter, k, defining how strong this
tendency is to return to the mean value (Hahn and Dyer, |2008; Bastian-Pinto et al., 2009; Chow
et al., [2011)).

dS/S = k(S — S)dt + odz (4.2)

The expected S in t+1 depends on the value of S in t, and on its difference to the mean
value S; the bigger this difference is, the more likely S will return towards S in t41. Thus, the
increments of S are not independent from each other (Dixit and Pindyck, [1993).

4.2.3 Jump process

A jump process, also called a Poisson process, is used to describe significant changes in input
parameters of known or uncertain size, so-called “events”, e.g. the success of research and
development. According to Dixit and Pindyck (1993), A denotes the mean arrival rate of such
an event of the size u, i.e. the probability of the occurrence of event is A\dt.
dg— { 0 wit@ probabili?fg{ 1—\dt (43)

U with probability A\ dt

This leads to the definition of the stochastic process of S as follows (Dixit and Pindyck,
1993)), with f(S,t) and g(S,t) being known functions:

dS/S = f(S,t)dt + g(S,t)dq (4.4)

4.2.4 Representation of stochastic processes as binomial lattices

Stochastic processes can be represented in discrete-time step models, i.e. in trees or lattices,
with a discrete number of possible outcomes in each year t. An example is given in the following
figure where the development of price S, e.g. as a Geometric Brownian motion, is given as
a binomial, reconnecting lattice. Each connection of two paths 7 in the lattice is herein defined
as a node, e.g. S;. The paths ¢ are defined by up-movements u, with a probability of p, and
down-movements d, with a probability of (1 — p). The path leading to node S, for example is
defined by two up-movements, i.e. iyy.

In addition to its computational tractability the use of a binomial or multinomial tree or
lattice gives an attractive representation of the possible values of the key parameters (Dixit and
Pindyck, 1993), which helps to increase transparency in the decision-making process (Kalligeros),
2010)).
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Figure 4.2: Binomial lattice with S and nodes N

4.2.5 Consideration of two uncertain key parameters

Often, the consideration of two or more uncertain key parameters is necessary. |Copeland and
Antikarov| (2001) present the quadrinomial approach for the consideration of two uncorrelated
uncertain key parameters that are modelled each in binomial lattices, an approach that was used
in the real world example in chapter [6]

The value of the object is subject
to two sources of uncertainty:
Source 1: ud,
Source 2: upd,

Sulsu2

Sul Sd2

Sa1Sw

Sa1Sa

Figure 4.3: Quadrinomial lattice (adapted from (Copeland and Antikarov, 2001))

Assuming that these two key parameters are uncorrelated, the risk-neutral and the real
probabilities can be combined following the equations (Copeland and Antikarov, [2001)):

Pulu2 = Pul * Pu2
Puld2 = Pul * Pd2 (4.5)
Pdiu2 = Pd1 * Pu2
Pdid2 = Pd1 * Pd2

4.2.6 Calculation of expected net benefits based on uncertain key parameter

In this context, not the values of the uncertain key parameter, S, are directly relevant to
decision making, but the expected net benefits (ENB), R, that result from the yearly benefits,
B, which in turn result from the value of the uncertain key parameter Sﬂ Figure (a) shows

4The yearly benefits can include monetary and non-monetary impacts, depending on the perspective and
preferences of the decision maker.
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CHAPTER 4. ROM WITH CONSIDERATION OF DECISION FLEXIBILITY

the probabilistic model of one key parameter S in a binomial tree, each node n representing
one possible value of S. As can be seen from figure future scenarios are the paths that
immediately follow each node n, with a certain probability ¢. B;,, in figure (b) are the
yearly net benefits depending on the value of S. Therefore, the expected net benefits in figure
(c), Ry, that can be gained in the following years t will be the sum of benefits yearly B;,
from all paths i,, departing from node n multiplied with their probabilities until the end of
investigated time T, which can be represented by the following equation:

T Ny Iny
R = > (Q_T(HR) > Y (di, -B@-nt)> (4.6)

t:TR+1 nt:I intzl

Here, the notation 7p is referred to as the decision time interval, the selected discount rate, r,
and q is the joint probability of path i,, leading to node n;. For example, if considering in figure
(a) the node S, for the calculation of Rg, ; , then the probability ¢ that leads to the path
over node Sy, to the node Sy,q (dashed path in figure (a)) with Byygisq¢ = p - (1 — p).

I
Change inS Suuu Change in B} p Buuu
with time with time i
I
8 > Suu d ‘ Buud
S B
Y
Sudd ‘ Buad
|
|
Sud | i Badd
| | ‘ i
0 T T 0 T T
() (b)

Change in Ri

with time

Ruad

(©)

Figure 4.4: (a): Uncertain key parameter S, (b): Yearly benefits B, (c): Expected net benefits
R in binomial tree (R is the sum of yearly benefits in the light grey cone, R, is the sum of yearly
benefits in the dark grey cone)

21



4.3. TM WITHOUT CONSIDERATION OF DECISION FLEXIBILITY

4.3 Traditional Method without consideration of flexibility in
decision making

To show the validity of the method for the evaluation of intervention programs with consideration
of decision flexibility, a comparison of the results of this method with consideration of decision
flexibility with the results of a traditional method without the consideration of decision flexibility
is necessary. The Traditional Method (TM) used in this thesis has been described in numerous
literature before and is summarised in the following section. With the traditional method , it is
assumed for the valuation of IPs that all possible IPs are known at the decision time t = 0 and
that the building manager chooses the optimal intervention program among all possible IPs at
t = 0, i.e. decision flexibility to postpone a decision to a later point in time is not considered.

4.3.1 Mathematical formulation of the Traditional Method

The mathematical model used in the TM in this thesis is described with the following equations.
The interventions to execute and when they should be executed are determined at ¢ = 0, taking
into consideration the probable values of one uncertain key parameter, i.e. their expected values,
throughout the investigated time period, by discounting them back to t = 0 and summing them
up (as described for example in (Trigeorgis, [1998))). The objective function is:

argmazr,,, { X (rrar)} (4.7)

i.e. choose the time 7p); to execute an intervention of a specific type that results in the
maximum expected net benefits. The value of X (7rjs) is the cumulative expected net present
benefits for all yearly benefits estimated for the entire investigated period [0, 7], and it can be
estimated using the following equation:

N"TM
X(rrm) =Ro+e ™| RE—Crpyy (4.8)
Nrpy =

where Ry are the reference expected net benefits for the entire period [0,7], i.e. for the
case that no intervention is executed over the complete time period, and 7y in this equation
is referred to as the time to execute the intervention, C-,,, is the cost of an intervention at
time 77pr. Nrpy, is the total number of nodes at time 77,7, and R are the additional expected
net benefits that could be generated after any particular node due to the execution of the
intervention. R, is calculated depending on the chosen stochastic model for the uncertain
utility over the investigated time period. In the calculation of X (77,/), the probabilities of each
R needs to be considered. If considering multiple interventions, e.g. one type can be executed
multiple times or two types of intervention can be executed sequentially, then X (777) has to be
calculated for each possible combination of intervention type and execution time 7 in order

to find the optimal.

4.3.2 Steps of the Traditional Method

The expected net benefits from a IP, determined with the TM, are determined by performing
the steps shown in table
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CHAPTER 4. ROM WITH CONSIDERATION OF DECISION FLEXIBILITY

Table 4.1: Steps evaluation with the Traditional Method without consideration of decision
flexibility

Step Description

1 Determine the costs and benefits as a function of the values of the uncertain key parameters
over the investigated time period (T)

2 Develop a static model of the system, i.e. determine the values of the key parameters to be
considered possible over the investigated time period

3 Develop a dynamic model of the system, e.g. using a binomial lattice, where the values of the
uncertain parameters move in equal units up and down after calculating the probabilities of
having each of the values of each of the key parameters S at the beginning of each time
interval (p)

4 Estimate the expected net benefits of a reference IP

5 Estimate the additional yearly net benefits for each t in which it is possible to execute an
intervention

6 Calculate the expected net benefits over the investigated time period for each node n of each

IP, under consideration of the probabilities of occurrence of each node n, discounted to and
compared at t = 0 and chose the IP with the maximum expected net benefits

This section was published in (Esders et al., 2016).

4.4 Real Options Method with consideration of decision flexib-
ility
4.4.1 Mathematical formulation of the Real Options Method

The mathematical model used in the Real Options Method for the evaluation of intervention pro-
grams with consideration of decision flexibility is described in the following equations. The Real
Options Method has been published in numerous literature, e.g. in (Kodukula and Papudesu,
2006; |[Menassal, 2011) and has been adapted here for the evaluation of intervention programs
with consideration of decision flexibility.

This mathematical formulation applies for both ROM EO and ROM AO (which are explained
more detail in section, while the decision in ROM EO can only be made at decision nodes
in the last possible, i.e. only one, time interval, and in ROM AOQ is possible at decision nodes in
selected time intervals before the last. In the method for the evaluation of intervention programs
with consideration of decision flexibility, the total expected net benefits at ¢ = 0 are calculated
using following equation:

Ny
Xop (t=0)=Ro+e - > X[ (1) (4.9)

ng=1

where, Tpr is the end of the decision time interval and t is the time in [0, 7ps] in which
the decision to execute an intervention can be made. The values of X1 (¢) are determined by
applying the following equation to the final nodes of last possible time interval at 7p; in both
the ROM EO and ROM AO context (according to (Kodukula and Papudesul [2006; Menassa,
2011))

X’I_T(TDI) = max |:Oa R;:LFTDI - CTD[:| (410)

In the European option (ROM EO) context, X, (¢) is determined only in the final nodes
and then used in equation to determine X-(t) at ¢ = 0. In the American option (ROM
AO) context, the decision is possible in the time intervals before the last and thus, X1 (¢) can
be determined (according to (Kodukula and Papudesul, |2006; Menassa, [2011)) in decision nodes
before the last by applying
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4.4. ROM WITH CONSIDERATION OF DECISION FLEXIBILITY

X1 (t) = max [e_r‘dt {p~X1F (t+dt)+(1—p) X

n ,up n,down

|sRe, - i (4.11)

where X,—t up are the additional expected net benefits from executing an intervention in the
time interval following ¢ at the node with the increasing value of S, and thus R(up), and X ; down
are the additional expected net benefits from executing an intervention in the time interval
following t at the node with the decreasing value of S, and thus R(down). R; are the additional
expected benefits from executing an intervention only at the node n. When an intervention is
executed, positive benefits can be gained. Again, the probabilities of R,—J[T relative to X,,, (t = 0)
need to be considered.

Applying equation in recursive calculation from time T to 0, the expected net benefits
at t = 0 can be expressed under the consideration of optimal decision-making at each decision
node n in any t. It can be seen that the expected net benefits of the reference case, Ry,
are not considered in the optimisation at each decision node described in equation but
finally in the total expected net benefits at ¢ = 0 (equation . If considering multiple
interventions, e.g. one type can be executed multiple times or two types of intervention can be
executed sequentially, X (¢) of each possible intervention after ¢ and following node 7 has to
be considered in the optimisation in equation and equation (Esders et al., [2016).

4.4.2 Steps of the Real Options Method

The expected net benefits from a IP, determined with the method for the evaluation of interven-
tion programs with consideration of decision flexibility, are determined by performing the steps
given in table which are similar to those used by others (Arnold and Crack, 2000; Kodukula
and Papudesu, 2006)). This section was published in (Esders et al. 2016]).

Table 4.2: Steps evaluation with method for the evaluation of intervention programs with con-
sideration of decision flexibility
Step Description

1 Determine the costs and benefits as a function of the values of the uncertain key
parameters over the investigated time period (T

2 Develop a static model of the system, i.e. determine the values of the key parameters to
be considered possible over the investigated time period

3 Develop a dynamic model of the system, e.g. using a binomial lattice, where the values
of the uncertain parameters move in equal units up and down after calculating the
probabilities of having each of the values of each of the key parameters S at the
beginning of each time interval (p)

4 Estimate the expected net benefits of a reference IP

5 Estimate the additional yearly net benefits for each ¢ in which it is possible to make a
decision for each possible IP

6 ROM EO: Calculate the additional expected net benefits, i.e. additional to the one of
the reference IP, of each possible IP for each possible node n in one time t in which

decisions can be made and chose the one with the maximum expected net benefits for
each node n; then discount this expected net benefits back to t = 0, considering the
probabilities of occurrence of all possible node n with values of S at decision time t
ROM AOQO: Calculate the additional expected net benefits, i.e. additional to the one of
the reference IP, of each possible IP for each possible node n for each possible time t in

which decisions can be made. then, starting with the latest possible decision time t,
chose the IP with the maximum expected net benefits for each node n in that decision
time t; then discount this expected net benefits back to t — 1 and again chose the IP
with the highest expected net benefits for each possible node n at time t — 1,
considering the probabilities of occurrence of all possible nodes n with values of S at
decision time t, relative to t — 1. repeat this backward calculation until time t = 0
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4.4.3 Types of evaluation with the method for the evaluation of intervention
programs with consideration of decision flexibility

The method for the evaluation of intervention programs with consideration of decision flexibility
includes two types based option types introduced in the Real Option Analysisﬂ

1. ROM EO - the European option type, where a decision is to be made at one specific point
in time in the future, or at the last possible time interval, and

2. ROM AO — the American option type, where decisions are to be made at multiple specific
points in time in the future, or at the last possible time interval and in the intervals before.

For both types, it is not assumed that the building manager chooses the intervention program
to follow, herein referred to as optimal intervention program (OIP), at t = 0, but merely the
intervention at t = 0 that is most likely to be part of the optimal intervention program. In
both ROM EO and ROM AOQ, it assumed that decisions about interventions at times t > 0
are made when the uncertainty related to the values the key parameters has decreased, i.e.
when the building manager knows more about the actual value of the key parameter than she
did at decision time t. The possible values of the key parameter are represented as nodes n
in the binomial tree. It can be seen that in both types of options, there is not one optimal
intervention program at time t but an optimal set of IPs, and the intervention selected at t = 0
will belong to all IPs in that optimal set. As the key parameter develops probabilistically, optimal
intervention programs are selected with a certain probability. In this thesis, the optimal set of
IPs determined with the method with consideration of decision flexibility is equally referred to
as optimal intervention program (section published in (Esders et al., 2016)).

4.5 Decision situations

For the determination of possible intervention programs, it is necessary to define the possible
execution times over the investigated time period, which also has to be defined. The combination
of investigated time period and possible decision times is herein defined as decision situation for
one or several interventions, e.g. the two different decision situations in table

Table 4.3: Decision situations

No. Description Decision times
(years)
A In this situation the building manager can decide to execute an 0,1,2,3,4,5,6,7,

intervention at the end of any 1-year time interval between now and one 8, 9
time step before the end of the 10-year time period (a decision in year 10
would lead to not executing the decision as no yearly benefits can be
generated afterwards). this situation is one without constraints

B Here, the building manager can decide to execute an intervention at any 0, 1, 2, 3,4, 5
time during the first 5 years of the 10-year time period but not
afterwards. It is one where due to planned interventions on other nearby
buildings nothing can be done beyond a specific point in time

C Here, the building manager can decide to execute an intervention now or 0, 5
in b years but at no other time. It is one where effort is being made to
combine interventions on the building to reduce the impact on the users
of the building

5For further explanation of options of the European and American option type, refer to section and ROA
literature, e.g. [Trigeorgis| (1998).
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4.6 Probabilities and time of execution as part of the interven-
tion programs

Intervention programs are defined as a list of interventions to execute over a defined period
of time, determined under consideration of the actual state of nature and the constraints over
the investigated time period. Thus, in this context, the possible times of execution of each
intervention are of interest. The optimal intervention programs for each method and situation
are the ones that yield the highest expected net benefits at t = 0.

4.6.1 TTM for the TM

For traditional methods, the time of intervention, 77y is the optimal planned time of execution
as defined at t = 0. Because the decision is assumed to be made at t = 0, the assumed probability

of execution, ¢57 , at each possible time t7p is 1.

4.6.2 Nodes and probabilities of execution for the ROM

The core of using the ROM for the determination and evaluation of intervention programs
with the consideration of uncertainty in demand is the determination of when and under which
conditions, i.e. for which values of the uncertain key parameter, interventions are expected to
be executed. The discrete attributes of the binomial lattice used in this thesis allows for the
identification of the nodes where execution takes place according to equations or ie.
if the maximum expected benefits at any node can be generated by executing an intervention.
An example is given in the following figure [4.5] where the execution nodes, i.e. nodes where
an execution of an intervention are beneficial, are highlighted with a frame (Syu., and Syyuq).

Change in § Suuu

with time

Suud
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Figure 4.5: Binomial lattice with nodes of S where execution is beneficial with frame

The probability of execution results from the probability of the execution node(s), i.e. the
probability of uncertain parameter S reaches the value of Sy, and Sy.q respectively where
an execution is beneficial. The probability of a single node, generally defined by the time t
and its position n in the lattice, i.e. as node n; relative to another node nj, is the sum of
the probabilities ¢; of all paths ¢ leading from n} to n;. If the binomial lattice in figure
represents a Geometric Brownian motion, for node S,,,4, there are three paths from node S in
t=0: Path i,,4, with two up- and one down-movement, path 4,4,, with one up-movement, one
down-movement and one up-movement, and path ¢4,,, with one down- movement and two up-
movements. If the probability of an up-movement is p and the probability of a down-movement
is (1 — p), then the probability gg,,, of node Syuq, relative to t=0, is ¢, + G,y + Gigy, =

pp-(l=—p+p-1—p)-p+(1—p)-p-p=3-p>-(1-p)
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CHAPTER 4. ROM WITH CONSIDERATION OF DECISION FLEXIBILITY

If the lattice represents the Geometric Brownian motion, the probability of each node in the
lattice can be calculated by the following general equation (adapted e.g. from (Copeland and
Antikarov, 2001))):

t!

gs(n, [t,p) = mpt’”(l -p)' (4.12)

where n is the number of the node counted from the top of the lattice, starting at n = 0,
and t is the number of time steps to the node, starting at ¢ = 0. For the representation of other
stochastic processes as lattices, the probabilities for each node have to be calculated with less
elegant methods.

4.6.3 7go and probability of execution for the ROM EO

Tro for the ROM EOQO, is herein defined as the best possible time of execution to decide about
the execution. This optimal time 7go is selected by calculating the expected net benefits for all
possible 7o according to equations 4.9 and and selecting the one with the highest expected
net benefits. Using equation at each node in 7go, the execution nodes can be identified,
with an example in figure 4.6
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Figure 4.6: ROM EO with example execution nodes in frames

For this example, the optimal 75o is t=3 and the execution nodes are nodes Sy, and Syq-
Suuwu is defined by n=0 and t=3, S,,,4 is defined by n=1 and t=3. Thus, the node probabilities
are qs,,., = p°> and gs,,, = 3 p*> - (1 — p) respectively (according to equation . The sum of
all node probabilities of the execution nodes is the total probability ¢7;  of execution for this
TEO-

4.6.4 740 and probability of execution for the ROM AO

Tao for the ROM AOQ, is the earliest time where the probability of execution is non-zero. The
ROM AO considers that decisions cannot only be made in one 740 but at several times over
T, e.g. in the fictive and the real world examples here are at every time step dt. In a recursive
calculation all possible nodes of execution are determined over T, always considering possible
optimal decisions at a later 740. As the intervention is only possible once over the investigated
time period, but the recursive calculation from equation does not consider possible optimal
execution at preceding nodes only at subsequent nodes, such interactions have to be considered
in an additional step. It is assumed that the decision maker will execute an intervention at
the earliest possible time, i.e. as soon as an execution is beneficial compared to not executing
according to equation If execution of preceding nodes is possible, execution at a later node
is not possible anymore in this context. Thus, it is necessary to check for each execution node
if an execution is possibly optimal at a preceding node.
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In a reconnecting lattice, one single node can be part of multiple paths i (compare Sy,4 in
figure . Some of these paths can include a preceding node where an execution would be
beneficial earlier. This is explained with the help of the example of nodes Sy, and Sy.q already
shown in figure for the ROM EO. For the ROM AOQO, these execution nodes in time 7 are
preceded by node Sy, in time 7 — 1.

Change in § %

with time S
uu

Suud

Sudd

Sqdd

Figure 4.7: ROM AO with example execution nodes in frames

Only one path is leading to the possible execution node Sy, namely path 4y, through the
nodes Sy, and Sy, If earlier execution is possible at node Sy, then execution is not possible at Sy
if the building manager executes at the earliest possible node, even though execution is initially
indicated through recursive optimisation according to equation 4.11. For [the possible execution
node Sy.q4, the situation is different, as there are three paths leading to that node, namely 4,4,
Tudu, and 7 gy, (compare figure 4.5). Only path includes the earlier possible execution node Sy,,.
Thus, the probability of path 4,,q has to be excluded when calculating the probability ¢,, of
node Syuq to determine the adjusted probability q,", of execution node Syyq-

In this case, the adjusted probability qsawd is 2 - p%- (1 — p), opposed to the general probability
qs,.,4» Which is 3 - p*- (1 —p).

The sum of the adjusted probabilities g, of execution that are non-zero are summed up for
each 740 and describe the total probability of execution in Tao, ¢5; - The overall probability of
execution of the considered intervention, q%y, is the sum of the total probabilities of execution
a5 o of each 740 over the investigated time period. 740 are thus the times over the investigated
time period where the probability of execution are non-zero.

4.6.5 Staged interventions

Sometimes it is necessary to consider several subsequent interventions, i.e. one intervention can
only be executed at the same time as or after the preceding intervention.

4.6.5.1 773 for the TM for staged interventions

With the Traditional Method, the 775, for each intervention is determined according to equation
@ while considering all possible combinations of 7pj; of the individual interventions. The
probabilities of execution of each intervention are 1, as for the single-stage intervention.

4.6.5.2 Nodes and probabilities of execution of staged interventions for the ROM

For the Real Options Method, equations and can easily be adapted to consider sub-
sequent interventions by adding the additional expected net benefits from executing a subsequent
intervention, e.g. 12, and thus X;{ 12(TD1), to the additional expected benefits from intervention
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11, R%TDI, and the subsequent intervention 12 in equations and resulting for example
in equation in both the ROM EO and the ROM AO context.

Xy n(mprn) =max |0;RY 1+ X0 (Tprre) — CTDI,H] (4.13)

Nrprr1o

X;; 11(Tpr,n) are the additional expected net benefits from intervention Il in the end of
the decision interval for intervention I1, 7py r1. X;Lr 12(TD1,12) are the additional expected net

benefits from intervention 12 in the end of the decision interval for intervention I12. R;{TDI e
are the additional expected benefits of the execution of intervention I1 in the end of the decision
interval for intervention I1, 7py 1. CTDI, ., are the execution costs of intervention I1 in time
Tpr.11- As above, in the European option (ROM EO) context, X (¢) is determined only in the
final nodes and then used in equation to determine X (t) at t = 0.

For the determination of the 7o of two or more interventions, the expected net benefits
X-(t) at t = 0 from equation are calculated for all possible combinations of 7o for each
intervention, always considering that only staged, i.e. subsequent, execution is possible.

In the American option (ROM AO) context, the decision is possible in the time intervals
before the last and thus, X (¢) can be determined in decision nodes before the last by applying

n,Il,up(t + dt) + (1 - p) ’ XFJLr,Il,down

X;;H (t) = mazx [e_r'dt [p S XT ;R;{t + X;Lfm(t) — C’t} (4.14)

The probabilities of execution of a subsequent intervention, e.g. intervention 12, are con-
ditional probabilities, ¢¢, i.e. conditional on the probabilities of execution of the preceding
interventions, e.g. ¢©®*(I2|I1) is the conditional probability that intervention 12 is executed
if intervention I1 is executed before or at the same time. The approach for the calculation of
these conditional probabilities is the same as for the calculation of the probabilities of single
interventions in sections to with the difference that these probabilities are not cal-
culated relative to S at ¢ = 0, but can be relative to any preceding node n} in the lattice, where
the preceding intervention is executed. In the intervention program, the joint probabilities ¢’
of execution of the subsequent intervention are given, e.g. the joint probability ¢/¢*(I1,12) is
the probability of execution of intervention I2 given that intervention I1 was executed before or
at the same time (see also Bayes’ theorem on conditional and joint probabilities described in
appendix . If intervention I1 is the first possible intervention, its execution is not condi-
tional on the execution of other interventions, and thus, only the execution probability ¢%* (1)
has to be calculated, as for a single-stage intervention.

For both the ROM EO and the ROM AO, the probabilities of execution of the first inter-
vention are calculated the same way as for the single-stage interventions described in sections
[4.6.3| and [4.6.4L The probabilities of execution of any subsequent intervention, e.g. ¢rp, ;, are
calculated first as conditional probabilities ¢°(12|I1), i.e. conditional on the execution of pre-
ceding interventions, e.g. intervention I1, first, and then as the joint probabilities ¢’(I1,12),
before summing the joint probabilities up to calculate q7; , ¢7; and ¢y (as was explained in

TEO’
sections and 4.6.4)).
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Chapter 5

Simple example with fictive office
building

The Real Options Method for the evaluation of intervention programs with consideration of
decision ﬂexibilityﬂ presented in the preceding chapter, was used on a simple example of an office
building with the goals (1) to determine the optimal work program for this fictive building, (2)
to test the applicability and (3) investigate possible results. An additional goal of this example
was to show that a case exists where management’s flexibility and its consideration with the
ROM result in higher expected net benefits and different IPs than the IPs determined using the
selected traditional method.

The effect of using a ROM to determine an optimal intervention program (OIP) is demon-
strated in this example by comparing the optimal intervention programs determined using a
traditional method and the ROM shown in the previous chapter. The application of the ROM
on a simple example allows for better checking and comprehension of the process, results, and
implications. This complete chapter was published in (Esders et al. 2016]).

5.1 Description

In this example, the building manager wants to determine if the expected net benefits from the
operation of a fictive office building can be improved by renovating it. The manager receives rent
from the tenants of the building and has costs for heating it. The heating costs depend on the
price of heating fuel, with which there is substantial uncertainty, and the total amount of heating
required, which can be changed by improving the facade system. Based on the past volatility in
the price of heating fuel it is expected that they could either increase or decrease significantly
over the next 50 years. The facade can be improved by replacing the facade cladding, and thus
the insulation, or by replacing the current insulation with improved ones. Improvement is here
defined by the improvement of the heat transfer coefficient of both insulation and windows, so
that less heat is lost. The manager wants to determine what should be done at t = 0 and if no
intervention is executed then, when it will most likely be that she should execute an intervention
and what type of intervention that would be, i.e. the OIP.

5.1.1 Building

The fictive office building has 20 levels of about 3.5 m floor level and a rectangular footprint
with a usable floor space of 600m? per level (30 m x 20 m). This results in total usable floor
space of 12’000 m? and a facade area of 7°000 m?. The facade system consists of facade cladding
with the insulation, in the following referred to as insulation, and windows. The ratio of area of
facade cladding to total facade area is 70% and the corresponding ratio of windows is 30%. The
building characteristics are summarised in table

'The method for the evaluation of intervention programs with consideration of decision flexibility will be called
ROM in the following text
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5.1. DESCRIPTION

Table 5.1: Building characteristics

Parameter Description Units Value

Ay Heated area m? 12’000

Arp Facade system surface area m? 7°000

fa Fuel demand of heating system l/kWh 0.1

Cr Yearly rental income €/a- m?Ag 300

do Initial heating demand per area of building with old EWh/a-m?*Ag 75
facade

cy Intervention costs for facade replacement per facade €/a-m*Ap 40
area

The information required to enable the estimation of the expected net benefits are given in
table The volatility of the fuel price was derived from the historical data of heating fuel
prices in Switzerland (as given by the Swiss Federal Statistical Institute) for the years 2002 to
2012.

Table 5.2: Costs, benefits and time parameters for operation of office building

Parameter Description Units Value

B, Yearly net benefits = I, — OFt - S, €/a -
I, Yearly rental income =c¢, - Ag €/a -

oF Yearly heating demand =d¥* - Ay - fa €/a -
So Initial fuel price at t = 0 €/a 1
o Volatility of fuel price - 0.3
ir Risk-free interest rate per year - 0.02
f Inflation rate per year - 0.02
dt Time steps of binomial tree model Years 5
T Investigated time period for generation of yearly net Years 50

benefits
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5.1.2 Decision situations

There are three possible decision situations, i.e. the possible times to decide about the execution
of an intervention over the investigated time period.

Table 5.3: Decision situations

No. Description Decision times
(years)

1 In this situation the building manager can decide to execute an intervention at 0, 5, 10, 15, 20, 25,
the end of any 5-year time interval between now and one time step before the 30, 35, 40, 45
end of the 50-year time period (a decision in year 50 would lead to not
executing the decision as no yearly benefits can be generated afterwards). this
situation is one without constraints

2 Here, the building manager can decide to execute an intervention at any time 0, 5, 10, 15
during the first 15 years of the 50-year time period but not afterwards. It is
one where due to planned interventions on other nearby buildings nothing can
be done beyond a specific point in time

3 Here, the building manager can decide to execute an intervention now or in 0, 15

15 years but at no other time. It is one where effort is being made to combine

interventions on the building to reduce the impact on the users of the building

5.1.3 Interventions and intervention programs

The four possible interventions are (1) replace the insulation, (2) replace the windows, (3) replace
the facade system, i.e. replace the wall insulation and the windows together and (0) do nothing.
These are summarised in table [5.4

Table 5.4: Interventions

Heating Yearly Intervention
demand heating costs per
per area demand area facade
dr Ok it
Int. Description (kWh/a - (i/a) (€/m*Ar)
m?Ag)
0 Do nothing 75 90’000 0
Stage 1: Replace insulation only 35 42’000 200
2 Stage 2: Replace windows only 17 20’400 200
additional to insulation
3 Replace complete facade system 17 20’400 400

The investigated IPs are constructed from these interventions and the three possible IP types
are explained in table

The interventions are assumed to take effect immediately; costs are incurred immediately,
benefits from operation are generated in the time interval following the decision, in this case
over 5 years. The multi-stage optimal intervention program using ROM EO was estimated
by first determining the most beneficial time interval to have the ability to decide to replace
the insulation (e.g. time interval 15), and then assuming that the insulation was replaced,
determining the most beneficial subsequent time interval in which to have the ability to decide
to replace the windows. This was done for all possible combinations (i.e. IPs) of execution of
both stages. The IP with the highest expected net benefits was chosen as the optimal one. The
multi-stage optimal intervention program using ROM AO was estimated by first determining
the optimal intervention programs and their expected additional net benefits of replacing the
windows (stage 2) for each possible time interval when the insulation (stage 1) could have be
executed and any possible outcome of the uncertain key parameter (e.g. if the insulation is
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Table 5.5: Intervention program types

Number
pos-
sible
IPs
Situation
No. Name Short Long description 1 2 3
description
1 Do nothing Do nothing No physical interventions are executed over the 1
investigated time period
2 Single - Replace All IPs that have only one intervention (additional to 10 4 2
stage complete the do nothing intervention) with that intervention
facade being the replacement of the facade system (they
system include the do nothing IP). this intervention is possible
only once over the investigated time period
3 Multi - Replace All IPs that have two interventions (additional to the 66 15 6
stage facade in do nothing intervention), where the first intervention is
stages the replacement of the insulation and the second is the
(insulation replacement of the windows (they include the IP with
and doing nothing at all and the IPs with only replacing the
windows) insulation). the second intervention is only possible

after or at the same time as the first. Both interventions

are possible only once over the investigated time period

replaced in time interval 5 at a fuel price of 1.96 €/1, then the recommended IP would suggest to
replace the windows in time intervals 20, 30 and 40). Then, the beneficial time intervals to have
the ability to decide to replace the insulation (stage 1) were determined under consideration
of the subsequent beneficial time intervals to be able to decide about the replacement of the
windows determined before.

5.2 Uncertainty modelling

In the construction of a static model of the system, it is necessary to make clear the entire range
of possible scenarios to be analysed. This is done by identifying the range of possible values of
the key parameters at each t in the investigated time period, and determining how to divide
these into a tractable number of scenarios. This usually means discretising the range of values
within one unit of time. One possible way to do this is to use a binomial tree, i.e. the values of
the key parameters at each instant in time can be modelled as being located on one of a finite
number of values at each point of time, and the number of possible values increases with the
number of time units. The evolution of the value of a key parameter is then given by:

dS/S = psdt + osdz (5.1)

where S is the value of the key parameter at the beginning of the investigated time period,
s is the drift of the value of the key parameter, o, is the volatility or standard deviation of the
value of the key parameter, dt is an increment in time and dz is an increment of the standard
Wiener process in dt that deviates around a mean of 0. In a binomial tree, each value S in time
interval t branches to two possible values in time interval t + 1, namely S; - u and S; - d,
where u and d represent the amount that the key parameter can increase or decrease in each
unit of time, respectively. If the values of the upward and downward movements are equal over
time, the binomial tree forms a recombining binomial lattice, as shown in Figure 1(a). For each
time interval, the value of the key parameter goes up with the probability p and down with the
probability (1 — p). (a) Uncertain key parameter S, (b) yearly benefits B and (c) expected net
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benefits R in binomial tree (R is the sum of yearly benefits in the hatched cone, R, is the sum
of yearly benefits in the grey cone). The evolution over time of the values of the key parameters
can often be modelled as geometric Brownian processes where it can be assumed that the values
at t + 1 depend only on the values at t and that this can be modelled as random. In this case,
the values of a key parameter going up and down can be determined by the following equations
(Cox et al., [1979):

u=eoVit
= oo (5.2)

where o is the volatility or standard deviation of the key parameter and dt is the size of the
time interval. The risk-free probability of the value of S going up and down is determined by the
following equation (derivation e.g. in (Dixit and Pindyck, 1993} Trigeorgis and Mason, |1987))):
exp(ir - dt) —d
p= T ou—d (5.3)
where ir is the risk-free interest rate. Using the risk-neutral probability instead of the real
probability accounts for the underlying assumption that the building manager could also rent
a different similar building and use this building for the same purposes as her own building
(compare assumption in similar cases e.g. (Greden and Glicksman| [2004; Menassa, 2011))).
Using the risk-neutral probability ensures that the results of the evaluation of the IPs have
the same expected benefits as the renting opportunity; otherwise the building manager should
simply rent a building from someone else.

5.3 Results

5.3.1 Results

The optimal intervention program of each type was found for each decision situation using each
method. The results are shown in table For each decision situation and IP type, the
expected net benefits are given along with the relevant times of the recommended IPs:

7ryr for the TM, the optimal planned time of execution at t = 0.
Tgo for the ROM EOQO, the best time to decide about the execution.
Ta0 for the ROM AOQ, the earliest time where the probability of execution is non-zero.

Table shows the expected net benefits and probabilities of execution of the optimal inter-
vention programs according to the mathematical formulations of sections [4.3.1] and [4.4.1] for
all situations, IP types and methods. The optimal intervention programs for each method and
situation are the ones that yield the highest expected net benefits at t = 0.
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5.3. RESULTS
Table 5.6: Results of simple example
Recommended IP as probabilities of execution in
interval q77  /q75
Expected
net
Intervals in years
benefits
in 10° €
by
IP (Prob) Diff.
Sit. Method T 0 5 10 15 20 25 30 35 40 45 50 - Total to
type Freo IP 0
940
Do
0 noth- All No Execution 0 109.70 -
ing
Sinel ™ Trm 1 1 110.36 0.66
ingle-
) T ROMEO  rp0 0.37 0.37  111.00 1.30
stage
& ROM AO TAO 0.17 0.08 0.09 0.09 0.43 111.22 1.52
T™
insulation "M 1 1 110.69 0.99
™
ind TTM No Execution 1 - _
windows
1
ROM EO
Multic insulation ° 0.65 0.65 111.06 1.36
stage ROM EO
windows TEo 0-19 0-19 B )
ROM AO
nsulati TAO 0.41 0.10 0.10 0.05 0.66 111.30 1.60
insulation
ROM AO
ind TAO See table 5.7 0.18 - -
windows
ginelo. TM rrar 1 o 1 110.36 0.66
mgele-
" & ROM EO  7g0 0.37 0.37 111.00 1.30
stage
8 ROM A0 740 0.17 0.20 0.37  111.13 1.43
™
insulation T 1 1 110.69 0.99
T™ )
ind v No Execution 1 - -
windows
2 ROM EO
Multi- jpeulation  F© 0.65 0.65 111.03 1.33
stage  ROM EO
windows TEOo 0.17 0.17 B )
ROM AO
. lation 740 0.41 0.10 0.51 111.20 1.50
insula
ROM AO
ind Tao  See table|5.7] 0.07 - -
windows
Single- TM " o 1 110.36 0.66
stage ROM EO TEO 0.37 0.37 111.00 1.30
™
insulation T 1 1 110.69 0.99
™ )
3 Multi- windows mram No Execution 1 - -
stage  ROM EO
insulati TEO 0.37 0.37 111.00 1.30
insulation
ROM EO
windows TEO 0.37 0.37 - -
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Table shows the probabilities of execution for the multi-stage IP type for the evaluation
with the ROM AO.

Table 5.7: Probabilities of execution for staged IP of ROM AO — situation 1 and 2.

10 of stage 1 Ene.zrgy g7, of stage 1 10 of stage 2 Eru?rgy q7aof stage 2
price price
€/1 (%) €/1 (%)
Decision situation 1
5 1.96 41.11 15 7.48 6.9
5 1.96 41.11 30 14.63 1.4
5 1.96 41.11 40 14.63 1.8
15 1.96 9.95 25 7.48 1.7
15 1.96 9.95 35 7.48 0.8
15 1.96 9.95 45 7.48 0.9
25 1.96 9.64 35 7.48 1.6
25 1.96 9.64 45 7.48 0.8
40 3.83 5.04 45 7.48 2.1
Decision situation 2
5 1.96 41.11 15 7.48 6.9
15 1.96 9.95 - - -

In figure for TM and ROM EO, the different expected net benefits at t = 0 are shown for
each possible decision interval t for decision situation 1. For the ROM AO, the decision can be
made at each node of the binomial tree in each t so that the representation in separate decision
intervals t is not possible; thus, only the maximum expected net benefits at t = 0 is shown for
both IP types.

—lgem i e e —em e oy i —m —l —l s eomemam .
1110 o . T B
4 T - - it
~8 ~==z
—_ /I -.-.__‘_
e , -
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W 1105 4 x
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2 Moo H. TEs
~ | T n e
£ -H.. Sl
£ 110.0 - R
a CH..
g 3¢ 3¢ 3¢ 3¢ 3¢ 3¢ : 3¢ 5 3¢
- TH..
< 1095 )
g ---m--TM single-stage "
& TM multi-stage em
— - -ROM EO - single-stage
109.0 ROM EO - multi-stage

-~ 4 --ROM AO - single-stage
ROM AO - multi-stage
——Do nothing
T T T [
0 5 10 15

108.5 —

Time intervals (Years)

Figure 5.1: Expected net benefits for different 77y; , 7o and 740 for situation 1 (decision in t
= [0, 45)).

Table shows the recommendation of the different methods for IPs that the building
manager should adopt if she wants to maximise her expected net benefits. The expected net
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benefits of the do nothing optimal intervention program, 109.70 Mil. €, are the same determined
with the TM and the ROM types, as no interventions are executed and the building manager has
no flexibility to make decision in the future for this type of IP. Following the do nothing optimal
intervention program yields the lowest expected net benefits at t = 0 of all optimal intervention
programs. If the building manager has the possibility to execute an intervention in the future,
i.e. OIPs of all other types, it can be seen that the use of different methods to determine optimal
intervention programs results in different optimal intervention programs (table [5.8)).

Table 5.8: Differences in expected net benefits for different methods, IP types and situations.

Difference of expected net benefits (in 10° €) at t=0 between

Sit. IP Method ROM ROM AO Single- Sit.2 & 3 Sit. 3
type and TM and stage and and Sit. and Sit.
ROM EO multi-stage 1 2
type of IP
0 Do All -
noth-
ing
Single- M
stage ROM EO 0.63
ROM AO 0.86 0.22
1 TM - insulation 0.32
TM - windows
Multi- ROM EO - insulation 0.37 0.06
stage ROM EO - windows
ROM AO - insulation 0.61 0.24 0.08
ROM AO - windows
Single- ™ 0.00
stage ROM EO 0.63 0.00
ROM AO 0.76 0.13 -0.10
2 TM - insulation 0.32 0.00
TM - windows
Multi- ROM EO - insulation 0.34 0.04 -0.03
stage ROM EO - windows
ROM AO - insulation 0.51 0.16 0.07 -0.10
ROM AO - windows
Single- M
stage ROM EO 0.63 0.00 0.00
ROM AO 0.00 0.00
3 TM - insulation 0.32 0.00 0.00
Multi- TM - windows
stage ~ROM EO - insulation 0.31 0.00 -0.06 -0.04

ROM EO - windows
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For example, with decision situation 1, if the building manager

1. investigates the single-stage IP type and uses

(a)

(b)

the TM to evaluate her possibilities she will replace the complete facade at t = 0 and
will expect net benefits of 110.36 Mil. €, i.e. additional expected net benefits of 0.66
Mil. € compared to the do nothing IP.

the ROM EO to evaluate her possibilities, she will do nothing at t = 0 and wait to
obtain more information in the future to determine whether or not she should execute
the intervention. The expected net benefits are 111.00 Mil. €, i.e. additional expected
net benefits of 1.30 Mil. € compared to the do nothing IP. The additional expected
net benefits at t = 0, compared to the results from the TM, are 0.63 Mil. €. In this
case, the best time to decide about the replacement of the system is year 15, and
therefore the best time to have the ability to decide to execute an intervention is in
year 15 where the probability is 0.37. The default intervention is to do nothing, i.e.
with a probability of execution of 0.63, the facade would never be replaced.

the ROM AO to evaluate her possibilities she will do nothing at t = 0 and wait
to obtain more information in the future to determine whether or not she should
execute the intervention. The expected net benefits are 111.22 Mil. €, i.e. additional
net benefits of 1.52 Mil. € compared to the do nothing IP. The additional expected
net benefits at t = 0, compared to the results from the TM, are 0.86 Mil. €, compared
to the ROM EO they are 0.22 Mil. €. The time intervals in which there is a non-zero
probability of executing the window intervention, if given the chance, are year 10, 20,
30 and 40, with probabilities of 0.17, 0.08, 0.09 and 0.09, respectively. The default
intervention is to do nothing, i.e. with a probability of 0.57, the facade would never
be replaced.

2. investigates the multi-stage IP type and uses

(a)

(b)

the TM, she will decide to replace the insulation at t = 0 but then to not replace the
windows at all. This yields an expected net benefits of 110.69 Mil. €, i.e. additional
net benefits of 0.99 Mil. € compared to the do nothing IP.

the ROM EOQ, she will do nothing at t = 0 and wait to obtain more information future
to determine whether or not she should execute the intervention. The expected net
benefits are 111.06 Mil. €, i.e. additional net benefits of 1.36 Mil. € compared to
the do nothing IP. The additional expected net benefits at t = 0, compared to the
results from the TM, are 0.37 Mil. €. The best time to be able to decide to replace
the insulation is in year 10, when the probability of doing so is 0.65. Assuming the
insulation is replaced in year 10 the best time to decide to replace the windows is in
year 20 when the probability of doing so is 0.19. The default intervention is to do
nothing, i.e. with a probability of 0.35, the insulation would never be replaced, and
with a probability of 0.81, the windows would never be replaced, even if the insulation
were replaced.

The ROM AOQ, she will do nothing at t = 0 and wait to obtain more information in the
future to determine whether or not she should execute the intervention. The expected
net benefits are 111.30 Mil. €, i.e. additional net benefits of 1.60 Mil. € compared to
the do nothing IP. The additional expected net benefits at t = 0, compared to the
results from the TM, are 0.61 Mil. €, compared to the ROM EO they are 0.13 Mil. €.
The time intervals in which there is a non-zero probability of executing the insulation
intervention if given the chance are years 5, 15, 25 and 40 with probabilities of 0.41,
0.10, 0.10 and 0.05, respectively. Assuming that they are executed at these times,
the time intervals where there is a non-zero probability of executing the windows
intervention if given the chance are shown in Table 8. They depend on the time when
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the insulation has been replaced and the energy price at that time. If, for example,
the insulation has been replaced in year 5 at an energy price of 1.96 €/1 fuel, the time
intervals with non-zero probabilities for replacing the windows are years 15, 30 and
40, with probabilities of 0.069, 0.014 and 0.018, respectively.

The default intervention is to do nothing, i.e. with a probability of 0.34, the insulation
would never be replaced, and with a probability of 0.81 (compare Table , the
windows would not be replaced, even if the insulation were.

Table 9 shows that there are thresholds for the energy price above which the prob-
ability of execution is non-zero. For the first stage of the multi-stage IP type, these
thresholds are 1.96 and 3.83 €/1, for the second stage, 7.48 and 14.63 €/1.

With decision situation 2, the results read the same as for decision situation 1, with the difference
that the time period where decisions are possible is 15 years and not 45 years.

With decision situation 3, the building manager can only decide about interventions in year
t = 0 or t = 15. The evaluation with the ROM AO is not applicable here, as with one decision
interval (except t = 0), the results are identical to those from the ROM EO. If she investigates
the single-stage IP type, and uses the TM, she will replace the complete facade at t = 0 and
will expect net benefits of 110.36 Mil. €, i.e. additional net benefits of 0.66 Mil. € compared to
the do nothing IP. If she uses the ROM EOQO, she will do nothing at t = 0 and wait to obtain
more information in the future to determine whether or not she should execute the intervention.
The expected net benefits are 111.00 Mil. €, i.e. additional net benefits of 1.30 Mil. € compared
to the do nothing IP. The additional expected net benefits at t = 0, compared to the results
from the TM, are 0.63 Mil. €. The best time to decide to replace the facade is in year 15,
where there is a probability of 0.37 that it will be replaced if given the chance. The comparison
between the expected net benefits at t = 0 of the single-stage IP types and the multi-stage IP
types in Table 10 shows that the multi-stage IP types yield higher expected net benefits than
the single-stage IP types for all three situations, e.g. for situation 1, 0.32 Mil. € if comparing
expected net benefits between the two types with the TM, 0.06 Mil. € if comparing expected
net benefits between the two types with the ROM EO, and 0.08 Mil. € if comparing expected
net benefits between the two types with the ROM AO.

Finally, comparing the expected net benefits at t = 0 for the different decision situations,
the results for the situations 2 and 3 are lower than for situation 1. Comparing the expected
net benefits at t = 0 for the situations 2 and 3, situation 3 shows lower or equal expected net
benefits.

This means, in this example, that using the ROM types results in different decisions of
whether or not an intervention should be executed now and results in higher net benefits for a
building manager.

5.3.2 Sensitivity analysis

Although it was found in the example that using the ROM types lead to different decisions at
t = 0 and to different estimations of net benefits, it is not certain, based only on this information,
to what extent their use makes a difference. This was investigated by varying the intervention
costs (in ranges that can realistically be expected (Curschellas et al. 2011)) and volatility of
the energy price (in a range from almost 0 (for the assumption of no uncertainty) to 0.5 (an
increase if about 50% from 0.3)) to see the extent with which the use of the ROM results in
different decisions and different expected net benefits. The ranges over which the values were
varied are summarised in table The values were varied one at a time, e.g. the volatility was
held constant at 0.3 and the expected net benefits were estimated for varying intervention costs
and each decision situation using each method, as described above.
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Table 5.9: Values used in the sensitivity analysis

Varied Minimum Maximum Increments Figure
Intervention costs 100 700 50 Figure 5.2
Intervention costs 100 700 50 Figure E

Volatility 0 0.5 0.05 Figure [5.4

5.3.2.1 Intervention costs

The extent that varying intervention costs change the expected net benefits, using each of the
methods, can be seen in figure [5.2
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Figure 5.2: Decision situation 1: Expected net benefits at t = 0 as a function of intervention
costs from 100 to 700 €/m?

When the intervention costs are 0, the expected net benefits from ever executing an inter-
vention are at their maximum, and the difference between the expected net benefits of executing
an intervention at some point and doing nothing is high. The difference, however, with regard to
the expected net benefits, between the methods is very small to almost 0 when the intervention
costs are 0, i.e. all methods would recommend the same IP, in this case, to replace the complete
facade at t = 0 (also compare figure [5.3)).

It can be seen in figure that for both the ROM AO and the TM, for intervention costs
from 100 to 150 €/m? , the recommended IP would be to execute the intervention in year t = 0,
thus leading no difference between the expected net benefits from the different methods. With
intervention costs between 150 and 450 €/m? , the TM would recommend a IP with an execution
in year t = 0 whereas the ROM AO would recommend a IP with waiting with the execution,
first, to year t = 5, then even to year t = 10. Above intervention costs of 450 €/m? , even the
TM would give the recommendation of the IP with waiting with the execution.
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Figure 5.3: 740 for ROM AO and 77, for single-stage IP type in range of intervention costs
from 100 to 700 €/m?.

5.3.2.2 Volatility

With increasing volatility of the uncertain key parameter around the average scenario, the ROM
types yield increasing expected net benefits for the preferred IPs while the expected net benefits
with the TM remain the same (figure [5.4)).
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Figure 5.4: Expected net benefits at t = 0 applying the different methods of evaluation
increasing volatility of energy prices.
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When the volatility is low, i.e. the key parameter can vary only close to the average scenario,
the expected net benefits of all methods tend to the same value (while there remains a difference
between the results of the single-stage and multi-stage IP type).

5.4 Discussion

The results of the chosen example of the facade replacement show that the application of the
two ROM types result in different optimal intervention programs with different expected net
benefits than the application of a TM in specific cases such as this one. The differences between
the expected net benefits are with about 1% very small and potentially lie in the margin of error
of the input parameters; however, the goals to show how the proposed ROM types could be
applied on a realistic example, and which results can be expected, were reached. The following
points can be discussed for this particular example.

ROM results in different estimates of expected net benefits than the TM

All three methods estimated that IPs that include an intervention are better than doing nothing
over T, i.e. the optimal intervention program with interventions have higher expected net
benefits than the doing nothing IP.

The IPs determined with the two types of ROM yield higher expected net benefits at t = 0
than the ones determined with TM; the reason for this is that the ROM types consider decision
flexibility in executing interventions in the future.

The IPs determined with the ROM AO yield higher expected net benefits than the ones
determined with the ROM EO, because ROM AO considers a higher degree of decision flexibility,
i.e. more opportunities to exploit positive risk than ROM EQO. The same argument applies to
the fact that the multi-stage IP type yields a higher expected net benefits at t = 0 than the
single-stage IPs. Situation 1 yields a higher expected net benefits at t = 0 than situation 2,
and situation 2 a higher one than situation 3, because the manager has the least flexibility with
decision situation 3, the most flexibility in decision situation 1.

The variation in the volatility of the key parameter (figure shows that as the volatility
approaches 0, the expected net benefits determined with all three methods approach the same
value when t = 0. The reason is that, with low volatility of the key parameter, i.e. low
uncertainty of the key parameter around the average value, there are fewer situations where it
is beneficial to wait and decide about the execution of an intervention in the future. In other
words, the benefit of using a ROM over a TM is lower with decreased uncertainty.

As volatility increases, the expected net benefits determined with the TM and the optimal
intervention program remain the same, whereas with the ROM types, the expected net benefits
increase. This is due to the fact that the higher the assumed volatility, the bigger the expected
range of values for the uncertain key parameter, in this case the energy price, with higher and
lower benefits in case of replacement. In the determination of the expected net benefits with
the TM, the high and low benefits cancel each other out whereas with the ROM types, there
are increasingly better opportunities to exploit positive risk.

ROM is better or at least as good as the TM

The results from the sensitivity analysis for the intervention costs suggest that the use of the
ROM would always be better, or at least as good as, the TM, i.e. a building manager would
always increase their expected net benefit at t = 0. The reason is that if there is one scen-
ario where there is a possibility that a manager may change her mind about the execution of
an intervention based on new information than there is information that cannot be captured
appropriately in the TM.

Even if intervention costs are increased above a certain threshold, the expected net benefits
for the ROM is always higher than the ones for the TM. They are never lower. Also, as
intervention costs increase, the expected net benefits from the TM decrease, whereas the latter
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can even fall below the expected net benefits of the do nothing IP, while the expected net benefits
of the ROM types approach those of the do nothing IP.

That way, the ROM consider IPs that exploit even the smallest chance of additional benefits
compared to do nothing IP, thus approaching the expected net benefit of the do nothing IP but
never going below. Even for high intervention costs, there might be situations where the key
parameter has a value that results in benefits high enough to justify an intervention at a time
t > 0.

ROM results in different IPs than TM

As the expected net benefits from the methods are different so are the IPs. This means that if
a building manager uses different methods to estimate net benefits she will arrive at different
recommended IPs. As the use of the ROM in most cases is a better reflection of reality, i.e. a
building manager normally has substantial flexibility, then the use of the TM will result in not
only different IPs but less net benefits!

The variation in the key parameter’s volatility (figure shows that above a certain volat-
ility, the ROM make better recommendations for the IP, as the recommendation of the TM
‘destroys’ the possibility of higher expected net benefits by executing the intervention today
instead of waiting for better information.

If the intervention costs exceed a certain value, the TM gives the same recommendation as
the ROM, i.e. to do nothing, which leaves the possibility open to reconsider the situation later.
The ROM types, however, state clearly that the situation should be reconsidered later and even
gives hints on when an optimal time might be to reconsider, whereas the results from the TM
indicate that it is best to abandon the whole project.

5.5 Conclusions

It has been shown that, when applying the ROM to this simple example, it can result in higher
expected net benefits, and different IPs, than if a TM is used. This occurs because the ROM
types take into consideration the fact that a building manager will evaluate in the future whether
or not it is beneficial to execute an intervention and will make a decision to intervene only if it is
beneficial. As the flexibility of a manager increases so does the improvement of the estimate with
ROM, even if the optimal intervention program does not always change. In any case, the optimal
intervention program determined using ROM is never worse than the one determined using the
TM. The TM, which requires less modelling effort for the decision making and its consequences,
no effort for the calculation of execution probabilities and no active reconsideration of IPs during
the investigated time period and thus less management effort, is applicable in cases where

e it is clear that decision can only be made today,

e costs are low compared to benefit,

the uncertainty of key parameters is low, or
e decision flexibility is low.

The two types of ROM require more modelling effort for the decision making and its con-
sequences, more effort for the calculation of execution probabilities, and active reconsideration
of IPs, and thus more management effort over the investigated time period. The expected net
benefits and optimal intervention programs determined with the ROM types, however, are closer
to reality, and thus enable better budget planning. They should be used in cases where

 decision flexibility is a possibility,

e the uncertainty of key parameters is high, or
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e the costs are high compared to the benefits, always taking into consideration that if the
costs are so high that the TM would recommend to do nothing, technically, all methods
would recommend the same thing at t = 0, i.e. to do nothing. The ROM types, however,
will show that there are possible times in the future where is might be beneficial to ex-
ecute an intervention. This can be seen as that the ROM types recommend to reconsider
in the future, whereas the traditional method recommends simply to never execute an
intervention.

The European option ROM should be used if there is only one decision interval (either t = 0 or
t > 0), e.g. through time constraints; such constraints can occur through contractual arrange-
ments or through the interaction with interventions in connected buildings or building elements,
if, for example a group of buildings is refurbished successively where one of the buildings must al-
ways serve as a spare area to accommodate the people or equipment displaced from the building
being renovated. The American option ROM should be used if there is more than one possible
decision time, i.e. as soon as there are two time intervals of which one is t > 0, and it is possible
to make the decision at either of these. It applies to single properties, on which interventions
can be planned independently.

The use of ROM to determine the time to intervene on buildings allows appropriate con-
sideration of decision flexibility and, therefore, will lead to an increased benefit for building
managers. In addition, its use may even lead to the creation of more decision flexibility and,
therefore, further increased benefits. Examples of increased decision flexibility are the allocation
of additional budget today which might or might not be used for interventions in the future or
even by changing the building physically to facilitate interventions in the future which might
not be possible otherwise.
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Chapter 6

Real World Example - Clinic of
nuclear medicine - University
Hospital Zurich

In this chapter, the methodology for the identification and evaluation of intervention projects
with consideration of decision and design flexibility (MIP), presented in chapter |3}, and the Real
Options Method for the determination and evaluation of intervention programs with considera-
tion of decision flexibility (ROM), presented in chapter 4l were applied to a real world example
of a clinic of the University Hospital Zurich (USZ). The main goal of this example was to invest-
igate the applicability of the MIP and the ROM on a more elaborate, realistic - in parts fictive -
example, as close as possible to an example in the real world. Several simplifications were made
in the definition of the example to assist the demonstration of the method and the methodology
in this thesis. The main simplifications are (a) the selection of the discrete probabilistic models
for the uncertain key parameters and (b) the choice of the layout of the considered clinic of
nuclear medicine. For the application of both method and methodology in the use of a real
business case, these assumptions will have to be replaced by a deeper analysis.

The main goal of this example can be subdivided in more detailed goals, namely to show
that

1. the ROM produces useful results, i.e. that the consideration of decision flexibility generates

(a) other intervention programs and

(b) higher expected net benefits

than with the evaluation with a traditional method, i.e. without the consideration of
decision flexibility, and

2. there are problems in the real world with

(a) uncertain changes of the service level in the future (for example, operating costs and
expenses)

(b) the possibility to model the uncertain changes probabilistically in a discrete multino-
mial lattice,

(c) the possibility to counteract these changes with expensive modification interventions
that need to be avoided under certain circumstances,

(d) the possibility to be flexible in the decision making about the time of these interven-
tions,

(e) the possibility to increase the flexibility of the current design of the premises through
additional investments today with regard to the modifications in the future.
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For this real world example, only the American Option type of the ROM was applied in addition
to the Traditional Method, because it represented the actual decision making more precisely than
the European option type: Decisions about the execution of the interventions were possible in
every year over the investigated time period, and the decisions in each t depended on possible
future decisions, i.e. the possibility to postpone the execution to a later t existed in reality.
Section [6.1] of this chapter discusses steps 1 and 2 of the MIP for the analysis of the situation and
the identification of relevant key parameters. Section [6.2]shows in steps 3 to 5 the determination
of dynamic, stochastic models of these key parameters. In section the static and dynamic
evaluation models for the intervention programs are defined in steps 6 and 7. Section [6.4]
describes possible modification interventions in the future and design variants for the building
today in steps 8 and 9. In section [6.5 possible intervention programs are evaluated following
steps 10 and 11 with the Traditional Method from chapter 4] (TM) and the method for the
evaluation of intervention programs with consideration of decision flexibility (ROM), which was
presented in chapter [4l In section [6.6] the results and the sensitivity analysis are presented and
discussed, followed by the overall conclusions.

6.1 Description

The university hospital has to be refurbished and rebuilt respectively between today and 2060.
The functionality of the hospital, i.e. the continuity of operation during this construction period
is of high importance. The focus of this work lay on the analysis of the clinic of nuclear medicine
(CNM) that is currently situated, together with the clinic of radiology, in the NUK building
on the campus of the university hospital. The NUK building is one of the first buildings to be
demolished in the hospital’s refurbishment program, because it is contaminated with asbestos
fibers, a fact that render any modification impossible. Thus, the CNM has to move at the next
opportunity to a new building. The overall reconstruction of the hospital is roughly divided in
Stage 1 (S1) and Stage 2 (S2). The CNM will move into a building of S1, E1 in figure[6.2] The
assumption for this real world example is that the CNM will move to the new space in E1 in
the next 2 years and that it is necessary now to define the required layout of the new rooms and
the structural facilities of the new space.

S
N

,l L)

Figure 6.1: NUK building in the campus of Figure 6.2: Master plan refurbishment and

the University Hospital Zurich (By courtesy new construction of the university hospital

of the USZ) campus with building E1 in orange (By
courtesy of the USZ)

The focus of this example lies on the determination of intervention programs for modification
interventions of the clinic, even though building designs with different levels of flexibility were
investigated. Different designs were considered to show that, in this context, it could be helpful
to improve the design to facilitate interventions and decision flexibility.
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Table 6.1: Special devices used in clinic of nuclear medicine
Abbreviation Special devices used in CNM

CT Computertomograph

SPECT Single-photon emission computed tomography
SPECT/CT Combination of SPECT and CT

PET/CT Combination of Positrone Emission Tomography and CT
PET/MR Combination of PET and Magnetic Resonance imaging
Cyclotron Particle accelerator (part of the radiopharmacy)

6.1.1 Step 1: Assess service level provided by and expected from building

With the help of the project manager and the head of the clinic and the head of the technical-
medical staff, the process flows in the clinic for the different treatments and other processes and
the resulting requirements on the existing building today were identified in several interviews and
clinic inspections during operation. More information about the as-is state of the clinic’s building
was obtained through technical plans and information from the construction project manager.
The CNM requires the space and facilities under special consideration of radiation protection in
the building E1. The focus of the clinic of nuclear medicine lies on the diagnostic imaging and
treatment using radioactive substances and materials. These imaging and treatment services
require heavy technical equipment and “hot” rooms, i.e. rooms where radiation is released,
either by the technical equipment or the substances that the patients are injected with (List of
special devices in table .

Another important aspect is the radiopharmacy in the level U and V of the NUK building
below the other rooms of the CNM. This radiopharmacy houses a particle accelerator producing
radioactive substances, and laboratory rooms and equipment for the processing and handling
of these radioactive substances for medical application. These substances are used both in the
CNM and delivered to other clinics in Switzerland and Europe. Regarding the future rooms
of the CNM, consideration has to be put to the length the substances have to be transported;
the activity of the substances, i.e. their ability to emit sufficient radiation for the imaging,
diminishes with time, sometimes after a few minutes. Thus, the radiopharmacy needs to be
located close to the application and diagnosis rooms, where the patients are treated, ideally
in the same building. The radiopharmacy should be located in basement rooms. The clinic is
divided in seven departments: The PET center, cardiac imaging, the thyroid center, therapy,
the conventional nuclear imaging, neuro-imaging, and the center for radiopharmacy. The PET
center treats 90% of the patients of the clinic, with two up-to-date PET/CTs. The PET center
has an external branch in the periphery of Zurich, i.e. a complete second PET center, situated
in an industrial area, inconvenient to reach from the Zurich city center. This external PET
center has two more PET/CTs and one PET /MR, while the latter is mainly used for research
purposes and used far below capacity.

6.1.2 Step 2: Identify key parameters
6.1.2.1 Decision making, level of service and net benefits

To determine the relevance of the key parameters, a definition is necessary with respect to which
criteria will be used to decide about modifications of the clinic rooms. The assumption is that
decisions about modifications are made by the CNM. Together with the head of the clinic, the
main goal of the clinic’s operation was identified, namely to treat as many patients as possible,
on the one hand to fulfill the hospitals aim of treatment and on the other side to generate income
for the clinic. Also, the rejection of patients can lead to the founding of private clinics in the
city of Zurich, which will be in competition to the CNM in the future and will lead to decreasing
patient numbers for the CNM in the long term. Summarised, these are the two main criteria
pertaining to the decision about modification:
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1. Avoid loss of patients and ensure treatment of all patients

2. Operate the clinic economically

Level of service The required level of service is the capacity to treat patients, i.e. the number
of patients that can be treated per year. The competitional advantage in this area of treatment is
also to be considered, i.e. the goal is to lead the market in this treatment method in Switzerland
and Europe respectively.

Net benefits The unit used to measure the benefit of a decision are the yearly cash-flows,
here called the yearly benefit, and simplified assumed as B = I — O, where I describes the yearly
income, and O the yearly operational costs of the clinic.

6.1.2.2 Relevant uncertain parameters

The identification of the relevant uncertain parameters for the future operation of the clinic
required the expertise of the head of the clinic. From the different parts of the clinic, the PET
center, and the treatments taking place in it, were chosen as the subject of further investigation.
This choice was based on the fact that this part of the clinic treats 90% of the clinic’s patient,
thus generating the main part of the clinics income and revenue. Based on the expected net
benefits and the service level, two relevant main scenarios concerning uncertain parameters were
identified that could lead to significant changes in future net benefits and thus, to modification
on the building in the future of the clinic:

1. Change in patient numbers for an existing imaging application which requires
special equipment (PET/CT) and capacity on other stations of the patient path.

2. Introduction of new imaging application that requires new special equipment (PET/MR)
and thus building modifications.

6.1.2.3 Structural objects in and adjacent to the PET center

Table[6.2] shows a complete list of building components that could be modified in case of changes
in patient numbers in the clinic of nuclear medicine to increase the treatment capacity. The
existing scanners (PET/CT) are assumed to be state of the art. The radiopharmacy, where
the required substance, FDGE]7 is produced, is assumed to have sufficient production capacity to
accommodate even the highest increases in patient numbers encountered in this example.

la modified and radioactive labeled sugar
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Table 6.2: Structural objects - Rooms, Infrastructure and devices - in the PET center

Name Ind. Room/ Name Ind. Infra- Name Ind. Device
Function structure
Room 1 R1 Hot laboratory  Infra- IF1 Ventilation Device la Gla PET
structure 1
Room 2 R2 Room for PET Infra- IF2 Electrical Device 1b  Glb PET/CT
structure 2 installation
Room 3 R3  Application Infra- IF3 Load Device I¢  Glec PET/MR
room structure 3 bearing
capacity
Room 4 R4 Changing room Infra- IF4 Cooling Device 2 G2 Particle
patients (hot) structure 4 pond acceler-
ator
Room 5 R5  Sanitary Infra- IF5 Cooling
facilities structure 5 room
patients
Room 6 R6 Resting room Infra- IF6 Pipes to
structure 6 cooling
pond
Room 7 R7 Diagnosis room
Room 8 R8 Changing room
staff
Room 9 R9 Lounge staff
Room 10 R10 Sanitary
facilities staff
Room 11  R11 Administration
rooms
Room 12 R12 Radiopharmacy
Room 13 R13 Technic room

6.1.2.4 Problem summary and the value of flexibility

Based on the preceding chapters and the analysis presented in the appendix, the problem was
formulated as follows: The PET center, which is part of the clinic of nuclear medicine, generates
the majority of benefits for the clinic and is thus the most relevant part of the clinic. Further,
the most likely scenario for the introduction of a new imaging application, the pre-screening for
Alzheimer’s, has a direct impact on the patient numbers in the PET center: This pre-screening
requires the injection an FDG tracer and a scan on a PET/MR, very similar to the existing
application for the localisation of cancer cells and tumors, which provides the biggest part of
the patients currently treated in the clinic, and which requires the injection of FDG but a scan
either on a PET/CT or PET/MR. This leads to the more detailed definition of the following
two uncertain key parameters most relevant for the service provided by the CNM:

1. Number of patients for existing application for cancer localisation with PET/CT or PET /MR
(UP 1)

2. Number of patients for new application for pre-screening for Alzheimer’s with PET/MR
(UP 2)

The development of both parameters over the investigated time period of 40 years is subject

to uncertainty and can lead to significant modifications and thus costs, when certain thresholds
of the treatment capacity are exceeded. Both parameters have the same effect, namely the
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regular or irregulaxﬂ treatment of patients in the PET center with the FDG substance, with the
difference that UP1 varies constantly while UP2 can lead to sudden jump in patient numbers
when the research concerning the pre-screening is successfully finished and the treatment is
approved by the Swiss health care system, i.e. covered by the standard Swiss health insurance.
If the modifications for the expansion of the treatment capacity are not executed, it is possible
that the PET center loses patients in the long-term and its position as an institution of cutting-
edge treatment in this area.

6.2 Stochastic models and input parameters

The change in parameters UP1 and UP2, their steps and probabilities of change are modelled in
discrete lattices. This allows for the analysis of future decision situations at different times and
their evaluation using the method for the evaluation of intervention programs with consideration
of decision flexibility.

6.2.1 Step 3: Analyse past evolution of values of possible key parameters
UP1 and UP2

6.2.1.1 UP1: Number of patients for existing application for cancer localisation
with PET/CT or PET/MR

As the actual historical data for UP1 from the clinic are not useful in their quality and quantity,
the discrete model for UP1 was selected according to assumptions, which will be described in
more detail in the next steps. The alternative to this would have been to create a model for the
patient numbers based on external parameters, e.g. cancer rates or growth and demographic
development of the Swiss population, with an approach similar e.g. to publications by [Forro
et al| (2012) and Fievet et al.| (2015)). This was, however, not done in this example, as the
connection with the expected patient numbers for the PET center is very complex and would
have required disproportionate additional effort to deliver meaningful results. Considering the
goal of this example to show that the method presented in this thesis produces useful results,
i.e. other intervention programs and higher expected net benefits than the Traditional Method,
the decision was to continue with a probabilistic model based on adequate assumptions.

6.2.1.2 UP2: Number of patients for new application for pre-screening for Alzheimer’s
with PET/MR

A pre-screening for Alzheimer’s is necessary to identify persons that are at risk of getting
Alzheimer’s. A vaccination, which has to be applied 15 years before the actual outbreak of
Alzheimer’s, can prevent this outbreak. The pre-screening is actually already possible with an
existing tracer, the FDG, and requires a PET /MR, a device that is already available; however,
the vaccination is still under development and has to be approved by the Swiss health care
system, i.e. approved as a treatment reimbursed by a Swiss health insurance. At the same time,
the pre-screening has to be approved as part of the treatment to be equally billable. Only when
the Swiss health care system agrees to pay for the pre-screening, a significant jump in patient
numbers for it can be expected for the clinic’s PET center.

The high costs for the vaccination make the pre-screening necessary, as the health insurance
will only pay for it for persons with a significant risk to fall ill with Alzheimer’s. If the pre-
screening is positive, patients at risk will then take a blood test that is far more expensive than
the pre-screening to finally confirm the significance of the risk for Alzheimer’s. Potential patients
for the pre-screening are all persons between 40 and 50 years of age. 1’000 patients can at least
be expected in the beginning with a significant increase when the application is established
(according to the CNM). It can be assumed that the patient number reaches a plateau after the

2Trregular treatment of patients requires costly evasive measures, which will increase the overall operational
costs for the PET center significantly. They will be defined in detail in later sections.
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initial rise, based on developments of patient numbers for other newly introduced applications
in the clinic in the past. Obviously, there is no historical data concerning patient numbers for
this particular application. Similar to UP1, a probabilistic model based on external parameters,
such as demographic data for age relevant groups in Switzerland and Zurich could have been
established. However, for the same reasons as for UP1, the probabilistic model for UP2 was
built based on assumptions, which will equally be explained in later steps.

6.2.2 Step 4: Analyse changes in trends

6.2.2.1 UP1l: Number of patients for existing application for cancer localisation
with PET/CT or PET/MR

A change of the existing application for the localisation of cancer cells is not expected over
the investigated time period (see appendix for discussion), i.e. the assumption is that
the existing application for the localisation of cancer cells and tumors will remain the main
treatment in the PET center with the highest patient numbers. However, the development of
the actual patient numbers is uncertain. According to the management of the PET center, the
existing application has been established at the clinic for 10 years and the patient numbers have
reached today a plateau around the actual number of 4’700 patients per year. The existing
application as such has been established for more than 30 years (Som et al., 1980).

6.2.2.2 UP2: Number of patients for new application for pre-screening for Alzheimer’s
with PET/MR

This scenario is a trend breaker itself, thus, no further trend breakers are considered. Similar to
the existing application, it is assumed that the application for the pre-screening for Alzheimer’s
will be equally established as the existing treatment, over more than the investigated time period
of 40 years.

6.2.3 Step 5: Select models to predict likelihood of future scenarios

As discussed in sections sections [6.2.1.1] to [6.2.1.2] sufficient historical data was not available for
the patient numbers and the of other, external information would have added little additional
value for significant additional effort. Thus, the models for the prediction of likelihood of future
scenarios for both parameters and their parameters were selected based on assumptions.

6.2.3.1 UP1: Number of patients for existing application for cancer localisation
with PET/CT or PET/MR

Currently about 4’700 patients a year receive the existing application on the PET/CTs today.
The assumption is that the patient number will vary around this number of 4’700 over the
investigated time period, but will not increase or decrease above or below a certain level. A
significant increase in patient numbers for the existing treatment would require a massive increase
in cases of carcinosis in the relevant demographic groups. This is assumed to be very unlikely
over the investigated time period, as these significant increases would have to be caused by
a significant increase in life expectancy or the introduction of a new source for carcinosis, e.g.
nuclear radiation or toxins in the environment, both not to be expected in Switzerland or Europe.
A significant decrease would also not be expected for the same reasons as for the increase. The
head of the clinic recommended to assume a variation around the mean of 4’700 patients/year of
not more than 2’000 to 2’500 for UP1. One possible way to represent this situation is to use the
mean-reverting process, i.e. a process that does not deviate too far away from a possible mean
(compare section . This mean reverting probabilistic model allows sufficient accuracy for
this example and easy application in the representation as a binomial lattice. Figure shows
a selection of possible continuous scenarios of UP1 over the investigated time period (top) and
the representation of these scenarios in a binomial lattice (bottom).
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Figure 6.3: Representation of a continuous (top) vs. a discrete model (bottom) of the uncertain
parameter Pypp (Continuous model: Mean value, upper and lower boundaries of confidence
interval as dashed lines, possible paths of the uncertain parameter as solid lines)

The necessary input for this lattice is shown in table

Table 6.3: Input for mean-reverting process (Ornstein-Uhlenbeck-Prozess) for stochastic model
of UP1 (Hahn and Dyer} 2008))
Name Calculation Description

P)l—gg,uU p1 Plogi-1+ VAto Natural log of up movement of patient number
Pl;g cup1  Plogt—1 — VAto  Natural log of down movement of patient number

Dt,UP1 Probability of up movement
1 —prupt Probability of down movement

The assumption is that UP1 changes each year. The probability of an up movement of UP1,
pe,uP1, can be calculated as follows (according to Hahn and Dyer| (2008)):

<Plog - -Plog,t) - %U

20

1 k

prupt = max [ 0,min | 1, 3 + VAt (6.1)

with the necessary input parameters in table [6.4] The variance o and the reversion factor

k were selected to guarantee that variation of about 500 patients per year and the upper and

lower boundary of about 2400 patients more or less per year (as recommended by the head of
the clinic) were not exceeded.
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Table 6.4: Input parameter for calculation of input for mean-reverting process

Input Description Unit Value
Para-
meter
o Variance - 0.1
At Time increment Years 1
k Reversion factor - 0.3
Piog Natural log of the mean of the patient Patients log(4’700)
numbers
Piogt Natural log of the current value of the - -

patient numbers at an upward node in t

6.2.3.2 UP2: Number of patients for new application for pre-screening for Alzheimer’s
with PET/MR

According to the head of the clinic, the demand for the pre-screening for Alzheimer’s depends
directly on the research success of the Alzheimer vaccination. The probability of research success
for the vaccination is 80% (Source: CNM). The different scenarios for the possible increase can
be represented by a jump process (Poisson process), with possible jumps in years 2, 4, 6 and 8
to account for the uncertainty in the timing of the research success for the vaccination. Even
if the research is not successful in 2 years, there is still the possibility of a later success in case
more time for the development is needed. Should the research in 8 years still not be successful,
it can be assumed that it will not be afterwards, i.e. the probability of introduction is 0%.

The simplification here is that the number of patients will increase to a number of 2’000
additional patients and stay at that level until the end of the investigated time period (figure
6.4). This is a simplification, as it is more likely that the patient number starts at a lower
number to increase to a plateau, similar to the patient numbers for UP1 (see discussion in
appendix [F.1.2).

The selected model of the Poisson process for UP2 can be represented in a binomial lattice,
as shown in figure [6.4}

# patients A
2000 —— | :_
(I
[
[
[
I
I
I
I
e
6 8 40 years
=0 2 4 y
I
J e 2, 2 - 2
e . d I
-~ ~ — ,/ I
2 2d — 24 2d 24 24 24 Zd Zd 7: :* 2d
[
[
[
.
0 1 2 3 4 5 6 7 8 40 years

Figure 6.4: Representation of a continuous (top) vs. a discrete model (bottom) of the uncertain
parameter Pypy (Continuous model: Possible paths of the uncertain parameter as solid line,
possible jumps in the values as dashed lines)

For this lattice, the following input was defined according to the information from the head
of the clinic presented above:
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Table 6.5: Input for Poisson process for stochastic model for UP2

Name Values Description

PtTU py 12000 Patients Additional number of patients after introduction of
application

P po +0 Additional number of patients before introduction

of application
PrUuP2 0.8 Probability of introduction of application in the
years t=2, 4, 6 and 8 (with the probability
decreasing by 0.1 in each time step)
1-— 0.2 Probability of no introduction of application in the
br.upP2 years t=2, 4, 6 and 8 (with the probability
increasing by 0.1 in each time step)
At 2 Time increment of change in years

6.2.3.3 Combination of discrete models of uncertain parameters UP1 and UP2

These two uncertain parameters 1 and 2 need to to form a combined lattice, as they both affect
the number of patients for PET /MR and the patient path. Figure shows that the combined
lattice consists of the pairing of each node in the single lattice for UP1 (figure with all nodes
of the single lattice for UP2 (figure [6.4)).

In year 1 for example, there are two possible outcomes for UP1, nodes 1u (UP1 up) and
1d (UP1 down), while there is only one possible outcome for UP2, 2d (UP2 down), as the
introduction of the new application will only be possible starting in year 2. This leads to
two combinational nodes in year 1: (1) 2dlu, (2) 2d1d. In year 2, however, there are three
possible outcomes for UP1 (luu, 1, 1dd) and two possible outcomes for UP2 (2u and 2d),
leading to the following combinational nodes: luu2u, 1uu2d, lud2du, 12d, 1dd2u, 1dd2d. All
other combinational nodes of the lattice can be formed in this manner. The combined lattice is,
following the equivalent properties of the single lattices, recombining, i.e. the majority of nodes
(except the nodes in the margins of the lattice) are part of several paths in the lattice.

The possible paths, i.e. the connections of each nodes with possible successors, in the com-
bined lattice are represented by black lines. Node 1u2d in year 1, for example, has 2 nodes -
luu2uu and lud2uu - in year 2 as successors (as an up move of UP2 cannot be followed by a
down move), whereas node 1u2d has 4 nodes - luu2u, luu2d, 12u, 12d - as successors, as a
change in UP2 is possible.
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Figure 6.5: Discrete models of the uncertain parameters UP1 and UP2 and their

in one lattice
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6.2. STOCHASTIC MODELS AND INPUT PARAMETERS

6.2.3.4 Summary of extreme expected scenarios for the patient numbers to be
treated in the PET center

Based on the chosen stochastic models in the previous chapters, a finite number of main scenarios
can be identified, which can serve as the basis for the static and dynamic evaluation models in

the next sections.

For this purpose, it is useful to list possible extreme scenarios for both

uncertain parameters (table to determine possible scenarios for costs and benefits and
possibly necessary interventions and consequences that need to be considered.

Table 6.6: Possible main scenarios for UP1 and UP2

No. Main scenarios UP1 No. Main scenarios UP2
1 Patient numbers remain on current level a Pre-screening is not introduced
Patient numbers increase to maximum b Pre-screening is introduced in 2 years
3 Patient numbers decrease to minimum c Pre-screening is introduced in 8 years

The combination of possibles scenarios of these two parameters can be seen in table and

figure
Table 6.7: Combinations of main scenarios of UP1 and UP2
a la 2a 3a
c lc 2c¢ 3c
# patients in . . # patients in . # patients in .
A PET center Scenario 1a: A PET center Scenario 2a: A PET center Scenario 3a:
7000 ‘ 7000 Total 7000
4700 Total 4700 4700
2300 Total
» > >
40 years 40 years 40 years
# patients in . . # patients in . . # patients in . .
4 PET center Scenario 1b: A PET center Scenario 2b: ADET center Scenario 3b:
9000 I Total
6700 [ Total 7000 UP1
4700 UP1 4300 I Total
2000 2000 3(;88 o’
| > > - >
2 40 years - 40 years 2 40 years
Success R&D Success R&D Success R&D
Alzheimer’s Alzheimer’s Alzheimer’s
vaccination vaccination vaccination
# patients in . . # patients in . . # patients in . .
PET center  SceMAario 1c: A PET center SceNario 2c: A PET center SteMArio 3c:
9000 I__ Total
6700 l_ Total 7000 UPI
4700 ‘ UP1 4300 Total
N P
2000 2000 391 Pl
‘ | » » >
8
8 40 years 8 40 years 40 years
Success R&D Success R&D Success R&D
Alzheimer’s Alzheimer’s Alzheimer’s
vaccination vaccination vaccination

Figure 6.6: Combinations of possible main scenarios for UP1 and UP2
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6.3 Evaluation models

6.3.1 Step 6: Establish static model

After the possible scenarios for the key parameters were defined in the previous steps, the
detailed evaluation model for the benefit, according to which the optimal intervention program
is chosen, is determined, i.e. the overall expected net benefits from the building operation have
to be calculated.

The mathematical formulation is described by the following equations. The assumption is
that all costs and benefits are discounted with a discount rate r to t=0. R(t = 0) are the expected
net benefits of all yearly net benefits that are estimated for the investigated time period (0,T],
and can be described as follows :

T
R(t=0)=> e "B (6.2)
t=0
where
By =Py - (I — Oyy) — Oypy (6.3)

and the input parameters are defined in table

Table 6.8: Description and calculation of all impacts

Para- Description Calculation
meter
P, Number of treated patients at time t -
It Variable income from patient treatment 5’000 CHF /patient
Oyt Variable operational costs (per patient) S. equation |6.15
Oy Fixed operational costs S. equation [6.17]

6.3.2 Step 7: Establish dynamic model

In this step, the probabilistic models from steps 3 to 5 are integrated in the static model, so
that the development of the benefits and costs can be dynamically displayed by time.

6.3.2.1 Dynamic evaluation model

The dynamic evaluation model takes into account now that the number of patients in year t,
P, has not one value but follows a probability distribution according to the chosen discrete,
probabilistic models of UP1 and UP2 (compare section for details). Hence the expected
net benefits must be calculated under consideration of these probabilities. The expected net
benefits R,, at each node n in the combined lattice of UP1 and UP2 (represented in figure
are calculated (similar to chapter |4]) and are the sum of the expected yearly net benefits, By,
i.e. considering their probability of occurrence, relative to the considered node for a particular
value of the uncertain key parameter in 7g:

T Ny Iny
Rn-,—R — Z (e—’r‘(t—TR) Z Z (‘Iznt . Bint)> (64)

t=Tp+1 ny=1 int=1

where
The expected net benefits at time ¢t = 0 are calculated as follows (also considering interven-
tions), and correspond to equation [4.8| in section from the traditional evaluation method:

N"TM
X(rrm) =Ro+e ™| > RE—Copyy (6.5)
Ny =1
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Table 6.9: Parameters for equation
Name  Description

T Investigated time period
Ny Number of nodes with possible values at time t
I, Number of possible paths leading to node n in time t
i, Probability of path i,, to node n at t
B;,, Yearly net benefit at node n at t

where

Table 6.10: Parameters for equation

Name Description

Ry Expected net benefits without any intervention at t=0
Noros Number of nodes with possible values at time 77y
R,J{TTM Additional expected net benefits at node n at time 7y after execution of an intervention

S Intervention costs at time 7ras

6.4 Identify renewal projects

6.4.1 Step 8: Identify possible ways to change the buildings use or operation
in t>0

The changes in use and operation can be defined as the change in number of patients that have
to be treated in the PET center, for all possible main scenarios (and intermediate scenarios)
that were described in the previous section (figure . Two significant changes in operation
occur

1. if the total number of patients exceeds the current capacity of the clinic (5’000 patients)

2. if patients require the new application, the pre-screening for Alzheimer’s, in the PET
center

6.4.1.1 Change of operation 1 (CO 1): Total number of patients exceeds the cur-
rent capacity of the clinic (5000 patients)

The capacity of the PET center is exceeded as soon as the capacity of one of the patient stations
(see figure is exceeded. For both applications, the patients have to follow linearly through
all stations, i.e. if the capacity of one station is met, this station is a bottleneck for the complete
process. The patient path for both applications, the existing application for the localisation of
cancer cells and tumors and the new application, the pre-screening for Alzheimer’s, can be seen
in figure Necessary side rooms are also depicted.

If the total number of patients exceeds the capacity of the PET center, an evasive measure
(EM1) has to be taken to ensure treatment: Afternoon shifts can be introduced, as currently,
patients are only treated in morning shifts until 2 pm. However, these afternoon shifts cause
significant additional costs for an additional medical team and for a second production of tracers
in the radiopharmacy.

6.4.1.2 Change of operation 2 (CO 2): Patients require the new application, the
pre-screening for Alzheimer’s, in the PET center

Currently, the scanners in the PET center are PET/CTs. The new application for the pre-
screening for Alzheimer’s, however, requires a PET/MR. The clinic of nuclear medicine has a
branch in the periphery of Zurich, where a PET /MR is currently used for research in Alzheimer’s.
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Figure 6.7: Patient path (grey fields) in PET center with adjacent rooms

This external branch of the clinic has also two more PET/CT and treats patients similarly to the
considered PET center in university hospital in the city center. The currently available capacity
of this PET /MR in the external branch is high. In case that demand for the new application for
the pre-screening for Alzheimer’s arises, before the main PET center on the university hospital
campus in the city center has a PET/MR, an evasive measure (EM 2) is to send patients to the
external branch for the pre-screening for Alzheimer’s. However, the way to the premises of the
external clinic branch is inconvenient for patients. Thus, it can be assumed that a ratio of the
patients sent there will instead chose to go to one of the more attractive private PET centers
in the Zurich area for the pre-screening. This leads to a loss of patients and thus income from
their treatment.

6.4.2 Step 9: Identify possible renewal projects at t=0

To accommodate the considered changes in operation in the last section, possible modification
interventions have to be identified. Together with possible changes to the current design of the
clinic premises at t=0, the combination of these modification interventions and design changes
will be referred to as a intervention and design project.

Possible modification interventions in t > 0 Interventions in t > 0 are necessary due to
the two changes in operations described in the previous section. There are two main ways to
accommodate these changes:

1. Install a PET/MR for the PET center in E1 in the clinic for nuclear medicine
2. Expand the treatment capacity of the bottleneck stations in the patient path

The rooms in table [6.11] were identified as bottlenecks in the patient paths and are a selection

of the rooms in table in step 2 of the methodology (section [6.1.2.3)). Possible interventions
to increase the capacity of patient care are listed in table

The scans for the existing treatment, the cancer localisation, can be executed on both
PET/CTs and PET/MRs, i.e. the additional PET/MR counteracts all changes in use. In-
terventions 1 to 4 need to be executed consecutively, i.e. intervention 2 is executed after or at
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Table 6.11: Bottlenecks in patient path Table 6.12: Description of possible inter-

Interv. Structural object ventions to increase capacity
1 PET/MR + room Name Description
2 Room 3 (Application room) 10 No intervention
3 Room 6 (Resting room) I Additional PET/MR
4 Room 7 (Diagnosis station) 12 Additional application room
I3 Additional resting room

14 Additional Diagnosis station

the same time as intervention 1. Also, due to the high costs of any intervention, it is assumed
that each intervention can only be executed once over the investigated time period.

Possible layout variants in t = 0 The assumption is that the clinic of nuclear medicine
will move to the new premises in building E1 of the new construction project of the university
hospital. The assumption is that the building is planned today, with the possibility to change
the design or layout to account for the chosen interventions 1 to 4. The actual plans for E1 do
not exist yet. Thus, the following assumptions for the position of the clinic of nuclear medicine
and the PET center in E1 were made, together with the clinic of nuclear medicine and the
construction department of the university hospital:

1. The PET center should be located in the ground floor of E1, directly above the radiophar-
macy in the level below, directly adjacent to the remaining departments of the clinic for
nuclear medicine.

2. The layout of the ground floor is based on the master plan for the new construction of the
university hospital buildings. The layout of the ground floor includes an inner courtyard

(figure .
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Figure 6.8: Floor plan ground floor - E1

Three possible designs at t=0 were chosen for the PET center. Because the differences affect
mainly the floor layout, i.e. size and position of rooms, t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>