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Abstract: The uncertainty on the future treatments demand, recently evidenced by the COVID-19 pandemic, makes it
challenging for hospitals managers to determine the optimal design of new clinics. Flexibility can help in optimally minimizing
the service risks when the benefits of the investments justify the costs, considering the dynamism of treatment demand. In
this work the real options process is used to rigorously determine the best design for the new clinic of nuclear medicine of the
university hospital of Zurich. The results suggest that when some flexibility is embedded in the initial design, the estimated
net benefit over the clinic’s lifetime is 167.18 million. CHF, which is 2.2% and 20% higher than the other two fix designs
considered. Conclusions are then drawn on the advantages and limitations in using the real option process to optimize the
design of a new hospital clinic, and suggestions are outlined for the further development of its use in practice.
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1 INTRODUCTION
Buildings are designed to function as required over a specified period of time. This ability changes over time due to
decreases in their capability to provide a specified level of
service (e.g., due to deterioration) and due to changes in
the level of service required (e.g., demand). If buildings
are not going to provide the level of service expected they
are modified.
The modification interventions to adapt a building to
the changes in the level of service required need resources
to be performed and causes disruptions - or even suspension - of the service, the magnitude of which is strongly
dependent on the initial design (Martani 2015), i.e. the
cost to modify a building depends on its degree of flexibility to required adaptations.
Flexible designs can be very effective as they allow
building managers to not only dimension their buildings
for the current need but leave the option open to easily
modify them in case the need changes. This type of design prevents falling into the mistake of dimensioning a
building for an average future demand, which is almost
never right, i.e. a situation also known as flaw of averages
(Savage and Markowitz 2009).
A flexible design can be particularly beneficial for assets
that provide vital services to the society, such as hospitals,
where the adaptability to suddenly modified needs might
∗ Corresponding

results in the possibility to save several lives. The recent coronavirus disease 2019 (COVID-19) pandemic has
demonstrated that investments in flexibility urges to be
considered when setting the treatment capacity of hospitals, so that these can be expanded if needed (Moghadas
et al. 2020).
However, to maximize the net benefit for all stakeholders of a hospital (i.e. minimize both the risk of a lack of
service for patients and the cost of interventions for the
owner), considering the long-term adequacy of the level
of service, it is necessary that the flexibility embedded
in the initial design is proportioned to the future need of
adaptation. Indeed, as significant increases in the level of
flexibility could require large initial investments, flexibility should only be embedded when the costs are justified
by the benefits (De Neufville and Scholtes 2011).
To prevent both over and under investment in flexibility in the initial design of a hospital, it is necessary to
determine the best building design out of a panel of alternatives considering the possible changes in future need
and how the building managers might modify the building to adjust to these new needs. This requires three
basic steps: (i) definition of design alternatives, some of
which include flexibility; (ii) identification of possible future changes; and (iii) simulation of future scenarios to
determine the best initial design.
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Past research in this area has focused on the development of methods to evaluate design solutions to help determine the amount of extra money that should be spent
during construction to make it easier to modify the building later in its life. The methods used are often referred to
as Real options methods. The common characteristic of
these methods is that the building manager will order the
modification of the building, i.e. trigger the option, only
when the probability of obtaining a benefit becomes relatively certain. The use of the Real options method can
help significantly in optimizing the investment in flexibility of clinics’ treatment capacity, i.e. minimizing both the
risk for patients and the cost for the owner, considering
future uncertainty.
To facilitate the use of the real options method in a
systematic way, in 2015, a general process has been proposed by Esders et al. (2015), to rigorously modelling the
system and key parameters, identifying possible initial designs and future changes, and simulating future scenarios.
In this paper the Real options process presented in Esders et al. (2015) is used for the first time to determine
the best design - out of a panel of alternatives – for a realworld clinic centre: the Positron Emission Tomography
(PET) centre of the university hospital of Zurich. This
is done considering the possible interventions over the in-

vestigated time period to maintain the required service
level, and the substantial uncertainty in the knowledge of
exactly how the building is to be used in the future. The
example highlights both the benefits and complexities of
using such a process in real world situations.
The remainder of the paper is structured as follows: in
section 2, a literature review is reported to present the
state of the art. Section 3 contains the general process
description, and section 4 the description of the example.
Section 4 contains the detailed description divided into
the three main parts of the process, and in section 5 the
results are presented. Section 6 contains the conclusion
and outlook.

2 LITERATURE REVIEW
The potential benefit of building flexible infrastructure in
situations of uncertain future demand has been studied.
Some of the most relevant examples are shown in Table 1
and Table 2 along with the possible future changes considered in each investigation, as well as the simulation
method used.
It can be noticed from Table 1 and Table 2 that a consistent amount of works have been developed in last 15

Table 1. Examples of research on the impact of future changes on infrastructure (1/2)
Infrastructure
Beds capacity in
hospitals and clinics

Source
De Neufville et al. (2008)
Freeman et al. (2020)
Kuntz et al. (2007)

Engineering systems
for on-shore liquefied
natural gas and petrol
plants

Cardin et al. (2015)

Santa-Cruz and
Heredia-Zavoni (2011)

Engineering systems
for waste and energy
Bridges

Ellingham and Fawcett (2007)

Railways

Lethanh and Adey (2016)

Highways
Parking silos

Cardin and Hu (2016)

De Neufville and Scholtes
(2011), De Neufville et al.
(2006), Elvarsson et al. (2020)

Future changes considered
Changes in demographics,
changes in patterns, causes
and effects of health and
disease, changes in medical
technology
Demand of liquefied natural
gas

Economic variables
(hydrocarbon prices and
maintenance costs), and the
engineering variables (the
probability of fatigue
damage)
Required capacity of waste
disposal and energy supply
Weight and spacing of the
axles related to traffic
demand
Condition of rail
infrastructure
Traffic demand
number of parking plots
required
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Simulation method
Monte Carlo

Monte Carlo

Monte Carlo

Monte Carlo
Monte Carlo

Binomial trees
Monte Carlo
Monte Carlo
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Table 2. Examples of research on the impact of future changes on infrastructure (2/2)
Infrastructure

Source

Heating and cooling
systems in office
buildings

Martani et al. (2016)

Office buildings’ façades
General buildings

Esders et al. (2016)
Menassa (2011)

Space sharing in general
buildings space

Fawcett and Chadwick
(2007), Fawcett and Rigby
(2009)
Ellingham and Fawcett
(2007)
Guma and De Neufville
(2008)

Layout of general
buildings’ ground floor
Vertical expansion of
office buildings
Ground floor ceilings in
general buildings
Energy retrofit in
Existing Buildings
Military barracks

Future changes
considered
The prices of gas and
electricity, heating and
cooling loadings and
performances of the
systems
Operating costs
Changes in performance
of materials and
components
Demand of working
space

Simulation method

Commercial rents

Binomial trees
Monte Carlo

Martani et al. (2018)

Future cash flows
(rents), and demand for
office space
Use change rate

Ashuri et al. (2011)

Energy price

Esders et al. (2015)

Space demand

years to use the Real options method for considering future uncertainty in planning new infrastructures. Within
this body of work hospitals represent a rather significant
area of application due to the amount of uncertainty their
functioning is subject to and the magnitude of the consequences when the service of these infrastructure is affected. It is to be noticed though that all works on hospitals have typically been focused on the flexibility required
to ensure sufficient beds capacity in face of sudden variations in demand. The real options method has never being used yet to evaluate the flexibility of clinics’ treatment
capacity, i.e. the possibility to expand specific treatment
capabilities, when needed.
Moreover, several methods are used to simulate future
scenarios. In the majority of examples, researchers have
used the Monte Carlo method to simulate the variable
behaviour (17/24) over time, a smaller portion have used
binomial trees (5/24) and a few have used other simulation methods (2/24). The Monte Carlo method was used
in many cases when the problems had variables whose
values were expected to change relatively slowly and continuously over time, such as the price of oil. Binomial
trees were used when the problems had few variables (i.e.
manageable in developing recombined trees) whose values
were expected to change relatively regularly, such as a
continuous demographic increase, or relatively suddenly,
such as the number of additional patient of a hospital
after a new treatment is introduced.

Monte Carlo and Latin
Hypercube Monte
Carlo

Binomial trees
Binomial trees

Agent-based
simulation model

Monte Carlo
Binomial trees and
Monte Carlo
–

In this work the real options method is used for the first
time to determine the best design for a specific real-world
hospital clinic, considering the uncertainty on its future
use. Since a prominent part of the uncertainty considered
is due to a potential sudden change in the demand, the
binomial trees method is used to simulate the scenarios.

3 REAL OPTIONS PROCESS TO
DETERMINE THE BEST INITIAL
DESIGN, CONSIDERING FUTURE
UNCERTAINTY
To determine the best design for the PET centre of
the university hospital of Zurich, using the real options
method in a systemic way, the real options process first
proposed in Esders et al. (2015) is used in this paper.
Since the original process was developed for the case of
a military barracks, and slight adaptation was required
to adequately consider the specificity of its use on the
case of a hospital clinic, i.e.: the uncertainty modelling in
this paper could not be based on the observation of past
trends only, but needs to also consider experts opinions
on possible effects of envisioned technological evolutions.
The steps 3 and 4 have, then, been newly defined to reflect this need. The slightly adapted process from Esders
et al. (2015) is presented in Table 3 for convenience of
the reader.
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Table 3. Real options process
Part

No.
1

Evaluate the initial
building designs

Identify the initial
building designs and
future changes

Model system and
key parameters

2

Step
Assess service provided
by and expected from
building
Identify key parameters

3

Define the source of
uncertainty over the key
parameters

4

Develop base models

5

Develop static system
model

6

Develop dynamic
system model

7

Identify possible future
changes in building use
or operation

8

Define possible initial
building designs

9

Estimate reference net
benefit with no future
changes

10

Estimate the additional
net benefit of future
changes

11

Evaluate the initial
designs

Description
Obtain an overview of how the building is to function over the investigated time period. Consider how all of elements in the building work
together. Involve relevant stakeholders.
Identify the parameters whose values have a non-negligible probability
of changing in a way that will affect the provision of service. Consider
the processes that might lead to this changing.
Collect information on future trends of the key parameters to gain
insight into which possible future scenarios may occur and with what
likelihood. Analyse their past evolution and changes in trends when
data are available. Solicit expert opinion when necessary.
Develop models to estimate the probability of values of key parameters.
Evaluate their ability to make future predictions, by verifying their
ability to make past predictions.
Develop a static model of the system as a function of the key parameters. This requires an understanding of how the building provides
service, as well as how economic, environmental and social factors affect the system.
Extend the static model to consider the variations in the key parameters, the interactions between them and their influence on the system.
Evaluate the effect of variations in the values of the key parameters on
future benefit. If simplifications are required in the system model, be
sure to keep the parameters with the largest effect on future benefit.
Determine the ranges of the selected key parameters to be used.
Identify possible changes of the building use and operation so that it
can be adapted to provide new services. This requires the definition of
the service to be provided, and explicit consideration of how it could
change. It involves considerable brainstorming, and discussions with
the building stakeholders of the facility and relevant experts.
Define the possible initial building designs. They include designs that
result in 1) a robust building, i.e. one that will likely not require
further changes and is relatively expensive to modify in the future if
necessary, and 2) a flexible building, i.e. one that will likely require
further changes and is relatively inexpensive to modify.
Estimate the net benefit for all initial designs assuming that no further
changes are made. This is done by estimating the expected net benefit
for each design in each time interval and then for the entire time period.
The scenario yielding the highest expected net benefit is the reference
scenario.
Estimate the additional net benefit for all initial designs taking into
consideration that changes might be made in the future, which requires
the evaluation of the initial design assuming that decisions can be made
in the future as to which changes can be executed. This requires the
estimation of the additional net benefits for each time t in which it
is possible to make a change. This can be referred to as using a real
options method.
Once the net benefits are estimated for all designs, the designs can be
evaluated and the best design selected. The evaluation of the designs
is done taking into consideration that modifications can be made at
multiple specific points in time in the future, or at the last possible
time interval and in the intervals before. This is done explicitly taking
into consideration the ability of the manager to make decisions in the
future based on new information, i.e. decision flexibility.
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4 APPLICATION OF THE REAL
OPTIONS PROCESS TO THE
EXAMPLE BUILDING OF THE NEW
PET CENTRE OF THE UNIVERSITY
HOSPITAL OF ZURICH
In this section the process reported in section 3 is used to
rigorously determine the best design for the PET centre
of the university hospital of Zurich. The characteristics of
the building and its use are described in the sub chapter
4.1, while the steps of the process application are given
in the sub-chapter 4.2. For the scope of this work it has
been necessary to model this example situation in order
to combine the real world complexity of infrastructure
management decision-making with the needs for simulating the uncertain environments using real options. The
simplifications assumed have been defined in collaboration with the infrastructure managers in charge of the
intervention on the university hospital of Zurich to satisfactorily mimic the real decisions dynamics.

4.1 Example Building
The floor layout to be investigated is that of the new
PET centre which is to be located on the ground floor
of building E1 (Figure 1) of the university hospital of
Zurich (USZ) that is to be constructed to house the clinic
of nuclear medicine. The new PET centre is to be built
within the next two years as part of a larger hospital
development program to be implemented within 2060, to
replace the current one, keeping in mind that the layout
of the new centre is to allow that all patients be treated
for the least cost in the future. The floor layout selected
affects the possibilities and cost of future changes, and
the number and type of patients to be treated is highly
uncertain.
The current PET centre houses two PET scanners and
enables the treatment of a maximum of 5,000 patients per
year, which is 300 patients more than treated in 2016.
The two PET scanners are used to diagnose two types of
carcinosis. Future models of scanners may, additionally,
be able to screen for Alzheimers. The likelihood of this
depends on the results of ongoing Alzheimer vaccination
research. As both the number of patients in the future for
the two types of carcinosis and the possibility of having
more patients to be treated for Alzheimers are uncertain,
there is uncertainty as to the best layout of the PET centre. The layout of the PET centre affects the number of
patients that can be treated, as the capacity of the centre is exceeded once the capacity of one of the stations,
i.e. rooms, in the patient path is exceeded. This patient path is shown in Figure 2. The patient path (grey
fields) in the PET centre is shown, with necessary side
rooms (white fields), i.e. rooms that are not on the patient path but are necessary for the treatment process and
can affect the patient’s path. The diagnosis room, for example, contains specialised computer terminals necessary

for visualisation of the output of the PET/CT (Combination of Positrone Emission Tomographie and Computertomograph) and PET/MR (Combination of Positrone
Emission Tomographie and Magnetic Resonance imaging)
and the resulting diagnosis. This diagnosis is then discussed with the patient before her discharge in the discharge room. There are four bottleneck rooms, i.e. rooms
with possible exceeded capacity: the application room,
the changing room, the PET/CT or PET/MR room on
the patient path, and one side room, the diagnosis room.

4.2 Application
4.2.1 Part 1: Model system and key parameters
4.2.1.1. Assess service provided by and expected from
building
The PET centre is expected to provide (i) adequate spaces
and bearing capacity to accommodate the facilities for the
treatments, and (ii) a special radiation protection layer to
protect hospital workers and guests during the diagnostic imaging and treatment using radioactive substances
and materials. It is also supposed to provide treatment
capacity that allows the maximization of the net benefit
for the hospital, considering: the incomes from the treatment of patients, the cost of construction/ changes of the
centre and installation of the equipment, and the cost of
operation. In other terms, it is assumed that a building
manager is interested in maximizing net benefits over the
entire investigated time period T (i.e. 40 years) when
deciding on both the initial design and future changes.
The time boundary of 40 years for the analysis has been
defined following a specific indication of the hospital’s infrastructure manager, which aims for this lifetime for the
clinic.

4.2.1.2. Identify key parameters
The required service level defined in the previous step is
mainly influenced by one key variable parameter, namely
the number of patients to be treated. This is the case,
even if the number of patients is not the only parameter that can vary over time, because it is the one which
potential variation can influence the most the net benefit
of the hospital, e.g., also the price of electricity, for instance, is uncertain but any reasonable variation in this
parameter will influence the net-benefit of the hospital in
a massively less significant way than the number of patients to be treated. Two main sources of uncertainty
that affect the patient number and, by consequence, can
lead to changes in the future are: (i) a gradual growth
in the number of patients that need the existing imaging process, and, therefore, existing equipment, named
uncertain parameter 1 (UP1); (ii) the introduction of a
new imaging process, and therefore, new equipment, for
preventing Alzheimer’s outbreak pre-screening that could
suddenly increase the number of patients to be treated in
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Figure 1. Location of building E1 within the hospital (left), and location of the PET centre in the ground floor
plan of the building E1 (right). The blue box around the PET centre, labelled with the letter “A”, marks
the area of interest for the analysis. Left image courtesy of the USZ

Figure 2. Patient path (grey fields) in PET centre with necessary side rooms (white fields)

the PET centre, named uncertain parameter 2 (UP2).
The pre-screening for Alzheimer’s is necessary to identify
persons that are at risk of developing the Alzheimer’s. A
vaccination, which has to be used for 15 years before the
actual outbreak of Alzheimer’s, is considered to prevent
this outbreak. The pre-screening is 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
Swiss health care system, i.e. approved as a treatment
reimbursed by a Swiss health insurance company.
As a consequence of the increase in the values of either
of these parameters the building manager can either: (i)
find ways to avoid buying additional equipment and in-

creasing the capacity of the building, referred to herein
as evasive measures, or (ii) procure additional equipment
(PET/MR) and increase capacity of the building.
The possible evasive measure if there is an increase in
UP1 is to introduce afternoon shifts, as currently, patients are only treated in morning shifts until 2 pm. The
shifts require: an additional tracer production, more staff
expenses if more than 5 additional shifts per year are required (because the existing medical team (currently: 1.5
teams) can only cover so many additional shifts), and additional costs for treatment per patient in the afternoon
shifts.
The possible evasive measure if there is an increase in
UP2 is to not have patients treated in the hospital with
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the new process, but instead to have them treated at a peripheral centre. This would, however, have a lower appeal
for patients and is likely to result in the loss of patients to
other hospitals. Indeed 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. Because the
premises of the external clinic branch are less attractive
and are inconvenient for patients it is assumed that many
of the patients sent there will instead choose to go to one
of the more attractive private PET centres in the Zurich
area for the pre-screening. This would result in a loss of
patients and thus income from their treatment.

Switzerland or Europe. A significant decrease would also
not be expected for the same reasons as for the increase.
Because of these boundaries this uncertain process can
be represented by a mean-reverting process, i.e. a process that does not deviate too far away from a possible
mean. It was assumed that a variation around the mean
of 4,700 would not exceed 2,500 for UP1. Given the available information the UP1 is modelled as a mean-reverting
stochastic process, in this case in a binomial lattice. The
mean-reverting process based on Hahn and Dyer (2008)
is chosen for UP1 because it is particularly adequate for
modelling parameters with a tendency to vary around a
mean value, as in the case here. The necessary input for
4.2.1.3. Define the source of uncertainty over the this lattice is shown in Table 4.

key parameters
Table 4. Input for the binomial lattice for UP 1
Historical data could not be used to model future trends
for the UP1 due to a lack of quality and quantity. It Name
Calculation
Description
√
could not be used for UP2, because it was not available.
+
Pln,t,U
∆tσ
Natural
log of up movement
P
+
ln,t−1
P1
The uncertainty related to each of the parameters was
of patient number
√
therefore defined using discrete models, based on the as−
Pln,t,U
Pln,t−1 − ∆tσ Natural log of down
P1
sumptions described below.
movement of patient number
UP1 - Change in patient numbers for the existing imagpt,U P 1
Probability of up movement
ing process. It is assumed that the existing application for
1
−
p
Probability of down
t,U
P
1
the localisation of cancer cells and tumours will remain
movement
the main treatment in the PET centre with the highest
patient numbers. How the patient numbers will evolve,
however, is uncertain (i.e. gradual change). The existThe assumption is that UP1 changes each year. The
ing process was established 10 years ago, and has been in probability of an up movement of UP1,
use ever since. The number of patients has plateaued at
pt,U P 1 is calculated as in Equation (1).
around 4,700 patients per year.
UP2 - Introduction of new imaging application. It is pt,U P 1 =
(1)


 
assumed that the application for the pre-screening for
2
√
k(P ln − Pln,t ) − 1/2σ
1
Alzheimer’s could be established over the investigated max 0, min 1, 2 + ∆t
2σ
time period and that if this happen an additional 2,000
With the necessary input parameters defined as in Tapatients will need to be treated on top of these of UP1
ble 5.
(i.e. sudden change).
Table 5. Parameters of Equation (1)

4.2.1.4. Develop base models
On the basis of results from steps 1-3, a discrete model
is developed for both uncertain parameters to predict the
likelihood of future scenarios with reference to the number
of patients. This is done by modelling both UP1 and UP2,
first individually and then combining the two.

Input
parameter
σ
∆t
k
P ln

Description

Unit

Value

Variance
Time increment
Reversion factor
Natural log of the
mean of the patient
numbers
Natural log of the
current value of the
patient numbers at an
upward node in t

–
Years
–
Patients

0.1
1
0.3
Ln(4,700)

UP1 - Change in patient numbers for an existing
imaging application. The UP1 is modelled as varying
around 4,700 patients, over the investigated time period,
with upper and lower boundaries. For the patient num- Pln,t
–
–
bers of the existing treatment to increase significantly, a
massive increase has to happen of 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 sigUP2 - Introduction of new imaging application.
nificant increase in life expectancy or the introduction
of a new source for carcinosis, e.g., nuclear radiation or The demand for the pre-screening for Alzheimer’s detoxins in the environment, both not to be expected in pends directly on the research success of the Alzheimer
12020021-7
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Table 6. Input for jump process for UP 2
Name
+
Pt,U
P2
−
Pt,U
P2
pt,U P 2
1 − pt,U P 2
∆t

Values
Description
+ 2,000 Patients Additional number of patients after introduction of application
+0
Additional number of patients before introduction of application
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)
0.2
Probability of no introduction of application in the years t = 2, 4, 6 and 8
(with the probability increasing by 0.1 in each time step)
2
Time increment of change in years

Figure 3. Combined lattice for uncertain parameters 1 and 2

vaccination. The probability of research success for
the vaccination is 80% (Source: the Clinic of Nuclear
Medicine - CNM). The different scenarios for the possible increase are modelled as a jump 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.
This is due to the fact that 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 then no longer be the case, i.e.
the probability of introduction is 0%. Potential patients
for the pre-screening are all 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 is assumed that

12020021-8
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T
X
the patient number reaches a plateau after the initial rise.
R(t
=
0)
=
e−rt Bt
(2)
It is assumed that the number of patients would increase
t=0
to a number of 2,000 additional patients and stay at that
level until the end of the investigated time period. This where the net benefit Bt for each year t is computed achowever, is a simplification, as it is more likely that the cording to Equation (3).
patient number starts at a lower number to increase to
Bt = Pt (Iv,t − Ov,t ) − Of,t
(3)
a plateau, similar to the patient numbers for UP1. UP
2 is modelled with a discrete lattice for a jump process,
and the input parameters are defined in Table 7.
which is a particularly suitable process to model parameters subject to significant sudden changes. For this latTable 7. Parameters of Equation (3)
tice, the input from Table 6 was defined according to the
expert opinion of the clinic head.
Parameter Description
Unit
The uncertainties with respect to the values of both
Pt
Number of patient in year t units
parameters are modelled using a binomial lattice.
Iv,t
Income from patient
CHF/Pat.
treatment
Combination of discrete models of uncertain paOf,t
Fixed operational costs
CHF/year
rameters UP1 and UP2 The two uncertain parameters 1 and 2 need to be combined to form a combined
Ov,t
Variable operational costs
CHF/Pat.
lattice, as they both affect the number of patients for
(per patient)
PET/MR and the patient path. Figure 3 shows that the Note: Of,t and Ov,t are computed according to Equations 15,
combined lattice consists of the pairing of each node in 16, and 17 in the appendix, while Iv,t correspond to 5,000
the single lattice for UP1 with all nodes of the single CHF/patient.
lattice for UP2. In year 1, for example, there are two
possible outcomes for UP1, nodes 1u (UP1 up) and 1d 4.2.1.6. Develop dynamic system model
(UP1 down), while there is only one possible outcome for
The dynamic evaluation model takes into account that
UP2, 2d (UP2 down), as the introduction of the new apthe number of patients in year t, Pt , has not one value
plication will only be possible starting in year 2. This
but follows a probability distribution according to the
leads to two combinational nodes in year 1: (1) 2d1u, (2)
chosen discrete, probabilistic models of UP1 and UP2.
2d1d. In year 2, however, there are three possible outHence the expected net benefits must be calculated under
comes for UP1 (1uu, 1, 1dd) and two possible outcomes
consideration of these probabilities. The expected net
for UP2 (2u and 2d), leading to the following combinabenefits Rnτ at each node n are calculated with the net
tional nodes: 1uu2u, 1uu2d, 12u, 12d, 1dd2u, 1dd2d. All
benefit, Bt , at the considered node (Equation (4)).
other combinational nodes of the lattice can be formed


in this manner. The combined lattice is, following the
Int
Nt X
T
X
X
equivalent properties of the single lattices, recombining,
e−r(t−τ )
R nτ =
(qint · Bint ) (4)
i.e. the majority of nodes (except the nodes in the mart=τ +1
nt =1 int =1
gins of the lattice) are part of several paths in the lattice.
The possible paths, i.e. the connections of each nodes where the parameters are as described in Table 8 and the
with possible successors, in the combined lattice are rep- net benefit Bint for each year t is computed as in Equation
resented by black lines. Node 1u2u in year 3, for example, (5).

has 2 nodes - 1uu2uu and 12u - in year 4 as successors (as
an up move of UP2 cannot be followed by a down move),
whereas node 1u2d has 4 nodes - 1uu2u, 1uu2d, 12u, 12d
- as successors, as a change in UP2 is possible.

4.2.1.5. Develop static system model

Bt = (Pt,U P 1 + Pt,U P 2 · f∆Pt,U P 2 ) · (Iv,t − Ov,t )
− Of,t − ∆Bt

(5)

where the parameters are as described in Table 9.
The calculation of the necessary input is given in the
following. The loss of benefits by exceeding the treatment
capacity of the PET centre, ∆Bt , is defined as Equation (6).

After the possible values for the key parameters were defined, the detailed evaluation model for the benefit, was
determined, i.e. the overall expected net benefits from the
building operation were calculated. The mathematical
∆Bt = ∆P Nt · ∆T C + ∆S · Cz + ∆Team · of,m,y
formulation is described by the following equations. The
(6)
assumption is that all costs and benefits are discounted
with a discount rate r to t = 0. A prudential discount the number of patients above capacity, ∆P Nt , is defined
rate (r) of 3% is considered in this work. R(t = 0) are as in Equation (7).
the expected net benefits of all yearly net benefits that
∆P N t = max(0; (Pt,U P 1 + Pt,U P 2 .f∆Pt,U P 2 )
are estimated for the investigated time period (0, T], and
− ∆Mx )
(7)
can be described as in Equation (2).
12020021-9

Esders et al. / International Journal of Architecture, Engineering and Construction 12020021

Table 8. Parameters of Equation (4)
Name
T
Nt
Int
qint
Bint

Description
Investigated time period
Number of nodes with possible
values at time t
Number of possible paths leading
to node n in at time t
Probability of path int to node n at
t
Yearly net benefit at node n at t

Table 10. Input for Equations (6) to (9)
Unit
Years
N.
N.

CHF

Table 9. Parameters of Equation (5)
Name
Pt,U P 1
Pt,U P 2
∆Bt

f∆Pt,U P 2

Description
Patient number for existing
application (UP1)
Patient number for new
application (UP2)
Additional costs for treatment of
patient over capacity in
afternoon shifts
Possible reduction in patient
numbers if patients have to be
sent to the Wagi-Areal

Unit
Pat./year
Pat./year
CHF/Pat.

Name Description
Cz
Fixed costs for one tracer
production in the radio
pharmacy
of,m,y Fixed costs for medical
team per year
∆T C Additional variable costs
for additional afternoon
shifts
Nd
Number of patients per
shift that lead to the need
for additional shifts
∆Mx Capacity threshold of PET
centre corresponding to
executed changes
bs
Capacity buffer for shifts
that can be covered with
the basic 1.5 teams
without the need for an
additional team

Unit
CHF/shift

CHF/Team*year
CHF/Pat.*shift

Pat./shifts

Pat./year

Shifts/year

–

4.2.2.2. Define possible initial building designs

The three possible layouts for the new PET centre, i.e.
the number of additional necessary shifts per year, ∆S, is the area defined by the blue box and labelled with the
defined as in Equation (8).
letter “A” in Figure 1, are described in Table 11 and
shown in Figure 4, Figure 5 and in Figure 6. The initial
∆S = d∆P Nt /Nd e
(8) construction costs for each of the possible floor layout is
estimated as a difference from the reference layout (basic)
∆Team defines whether an additional team (additional
and computed as from the Table A-9 in the appendix.
to the existing 1.5 teams) is necessary as in Equation (9).
(
∆Team =

1
0

if ∆S > bs
if ∆S < bs

(9)

4.2.3 Part 3: Evaluate the initial building designs

The evaluation of the initial building designs is performed
in two actions: first the reference net benefit is estimated
considering no future changes, and then the additional
4.2.2 Part 2: Identify the initial building designs net benefit is estimated considering the decisional flexiand possible future changes
bility of the infrastructure manager, i.e. accounting for
4.2.2.1. Identify possible future changes in building the possible future changes. The steps to perform the two
actions are briefly reported in Table 13 and then further
use or operation
explained in the following sub-sections.
The changes to be made in the future to ensure that the
PET centre continues to provide the required services are
1) add a PET/MR room, 2) add an application room, 3) 4.2.3.1. Estimate reference net benefit with no future
add a resting room, and 4) add a diagnosis room. These
changes
changes are to be made consecutively, e.g., change 2 is
made after or at the same time as change 1, and that The yearly benefit (Bt ) and the expected net benefit (Rt )
each successive change increases the capacity of the PET were estimated using Equation 3 and Equation 4, at each
centre as in Table A-4: in the appendix. It is assumed node in the decision tree recursively, i.e. starting with the
that each change can only be made once over the inves- latest possible t and repeating this operation backward
tigated time period and that the cost of executing each calculation until time t = 0. The yearly net benefit and
change is estimated as reported in Table A-7 in the ap- the expected net benefit are shown in Table 16. Robust
is the reference design as it has the highest net benefits.
pendix.
and other parameters are defined as in Table 10.
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Table 11. Possible floor layouts
N Label

Figure

1 Basic

Fig. 4

∆ Initial
cost [CHF]
0

2 Robust

Fig. 5

3,030,000

3 Flexible Fig. 6

500,000

Dimensioned Comment
according to
Immediate
Results in a non-expandable PET centre because 1) The exneeds
pansion of the PET centre by a PET/MR is only possible if the
floor has the required load-bearing capacity, as a PET / MR
weighs, with accessories in the equipment room, 15 t, much
more than the maximum 4 t of the existing PET/CTs. 2) The
additional PET/MR requires a large additional area of more
than 90 m2 . This additional area would have to be taken from
the adjacent clinic, as it cannot be expected that valuable space
in E1 will remain unused. Changes 2 to 4 would not remove
the bottleneck of intervention 1 preventing the treatment of
more patients.
Maximum
All rooms are modified at t = 0 to accommodate the maxiexpected
mum number of patients. This leads to an increased demand
needs
of space compared to the Basic floor layout of about 135 m2
for the PET/MR plus adjacent rooms and the area for the
resting room, additional 28 m2 for moving the reception due
to the introduction of an additional application room and the
expansion of the room for the diagnosis stations. It is assumed
that it is possible to plan the PET centre at t = 0 in the required size, always considering the loss of rent for the used
additional area and coordination problems with adjacent clinics. The construction costs are also higher than for the Basic
design, because additional load bearing capacity of the floor
slab and the installations, such as cooling and electrical installation. As no PET/MR at t = 0, i.e. the extra rooms are not
used at t = 0.
Immediate
Designed as the Basic floor layout but with the additional load
needs and
bearing capacity of the floor slab for the PET/MR, and the
easily
additional area necessary for expansion. Here it is assumed
upgradeable that the hospital uses the additional space for “soft” purposes,
such as administration offices, which makes it easy to expand
if desired.
Table 12. Legend for Figures 4, 5 and 6

R-Reception
WR – Waiting room
AP- Application room
RR – Resting room
PT – Patient toilet
CR – Changing room

PET/CT – PET/CT room
PET/MR – PET/MR room
TR – Technic room
DS – Diagnosis stations
SV – Supervision PET

HL – Hot laboratory
ST – Staff toilet
SCR – Staff changing room
P – Pipes
S – Storage room

4.2.3.2. Estimate the additional net benefit of future the second change is only possible after or at the same
changes
time as the first, the third only after or at the same time
In order to estimate the net benefit of a change taking into
consideration that other changes that may be executed
in the future, it is necessary to take into consideration
when they will occur. This is to be done considering
that 4 changes can be executed (Table 14), where each is
possible only when the previous has been executed, i.e.

as the second and so on. All changes are possible only
once over the investigated time period.
The additional net benefits of a change, Rn+t ,Ix are the
differences between the expected benefits before and after a change, where the expected benefits after a change,
Rnt ,Ix , are calculated according to Equation (4), which
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Esders et al. / International Journal of Architecture, Engineering and Construction 12020021

PET/CT

PET/CT
Office
MTRA

Office

SV

DS
CR

Special use by other
clinics – cannot be
used for expansion
of the PET centre

CR

CR

WR

A

R

CR

Controlled zone

RR

S

PT ST

Lock
Klinik
für Nuklearmedizin
HL
AR
S CR

S

P

Corridor
Office

Office
Courtyard

Core

Figure 4. Basic floor layout
PET/CT

Office

Befundung

PET/CT

SV

Office

SV

S

PET/MR

CR

WR

DS
CR

CR

A

CR

Controlled zone

RR

TR PET/
MR S

PT

ST
S

Lock

HL

Klinik für Nuklearmedizin

AR

AR

S CR S

R

P

Corridor
Office

Office
Core

Courtyard

Figure 5. Robust floor layout
PET/CT

PET/CT
Office
«Soft» use by other MTRA

Office

SV

DS

clinics - usable for
CR
expansion of the
CR
CR
CR
PET centre (in
reason of the
Controlled zone
increased load
bearing capacity of
Lock
PT ST
Klinik
für Nuklearmedizin
the ceiling)
RR
HL
S
S

P

AR

Corridor
Office

Office
Courtyard

Core

Figure 6. Flexible floor layout
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Table 13. Steps to evaluate the initial building designs
Action
Estimate reference net benefit
with no future changes
Estimate the additional net
benefit of future changes

Step
1
2
3
4
5
6
7

Description
Calculate Bt at n before and after each change I1 to I4
Calculate Rnt ,I1 to Rnt ,I4
Calculate Rn+t ,I1 to Rn+t ,I4
Calculate Xnt ,I4
Calculate Xnt ,I3 under consideration of Xnt ,I4
Calculate Xnt ,I2 under consideration of Xnt ,I3
Calculate Xnt ,I1 under consideration of Xnt ,I2

Table 14. Possible future changes
Change
1
2
3
4

Table 15. Input for Equations (11) to (14)

Description
Purchase a PET/MR
Expand the application room
Expand the resting room
Purchase more diagnosis stations

Name
CIx
Xnt+1
Int+1 ,Ix

take into consideration the variable operational costs (Ov )
per treated patient; the fixed operational costs (Of ); the
effect of changes on the capacity thresholds; the changes
in fixed costs for each change; the change costs; and the
initial construction costs for different floor layouts when
compared with the Basic floor layout, as described in the
Appendix.
Rn+t ,Ix = Rnt ,Ix+1 − Rnt ,Ix

pnt+1 ,i
Xnt+1 ,Ix ,i

Rn+t ,Ix

(10)

Description
Costs for the interventions I1 to I4
Expected net benefits of best decision
about execution of changes I1 to I4
No. of nodes “following” node n at time
t+1
Probability of one node “following” node
n at time t + 1
Expected net benefits of best decision
about execution of changes at nodes
following node n in t + 1 for not executing
change Ix at node n in t
Additional expected net benefits from the
execution of changes I1 to I4

The net benefit is then estimated as Xnt ,I1 , where the CHF. For the flexible design, the expected net benefit is
net benefit at t = 0 is the net benefit for the initial design. 167.18 million. CHF, when assuming that the building
PI
 manager is allowed to trigger the changes. It is instead
nt+1
+
Xnt ,I1 = max
i=0 (pnt+1 ,i .Xnt+1 ,I1,i ); Rnt ,I1 − Ct,I1 + Xnt ,I2
137.85 million. CHF when no changes can be triggered
(11) on the Flexible design. The expected net benefits (ENB)
PI

nt+1
+
given in Table 16 are discounted back to t = 0. While,
Xnt ,I2 = max
i=0 (pnt+1 ,i .Xnt+1 ,I2,i ); Rnt ,I2 − Ct,I2 + Xnt ,I3
(12) for the basic and the robust design, it is assumed that
PI
 no changes are made, the ENB for the flexible design has
nt+1
+
Xnt ,I3 = max
i=0 (pnt+1 ,i .Xnt+1 ,I3,i ); Rnt ,I3 − Ct,I3 + Xnt ,I4
to consider the subsequent possible decision making of
(13) changes 1 to 4 for every possible future value of the pa
PI
nt+1
+
tient numbers over the investigated time period with the
Xnt ,I4 = max
(p
.X
);
R
−
C
nt+1 ,i
nt+1 ,I4,i
t,I4
i=0
nt ,I4
corresponding probability of occurrence.
(14)
The results show that, in this example, the full expansion of the centre capability is definitely beneficial. Inwhere the inputs are explained in Table 15.
deed, compared to the expected net benefits from choosing Basic design, and executing no changes, Robust de4.3 Results
sign yields additional expected net benefits of 24.1 million
In Table 16 the expected net benefits, discounted back CHF. This corresponds to an increase of the expected net
to today, are shown for the three different initial designs benefits of more than 18%. The Flexible design yields,
which are coupled with the changes executed, the years with no execution of any change, to an expected net benof execution and their corresponding probabilities of ex- efits of 1.51 million. CHF less than Basic design. However, if the possibility of making changes is considered,
ecution.
There are differences between the expected net bene- flexible design yields additional net benefits of 27.82 milfits from each initial design. For the basic design, the lion. CHF on the basic design (+20%), and of 3.7 million.
expected net benefit at t = 0 over the investigated time CHF on the Robust design (+2.2%). In synthesis the
period of about 139.36 million. CHF. For the Robust possibility to trigger any changes on the Flexible design
design, the expected net benefit of about 163.46 million. always lead to a better ENB.
12020021-13
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Table 16. Expected net benefit for all designs
Layouts
Basic
Robust
Flexible
Flexible
Flexible
Flexible
Flexible

Change
No Change
No Changes
No Change
Change 1
Change 2
Change 3
Change 4

Σ Prob. in %
0
100
0
99.5
53.9
15.7
1.6

ENB
139.36
163.46
137.85
167.18

∆ ENB IP1-Basic
–
24.1
−1.51
27.82

∆ ENB IP2-Robust
–
–
–
3.72

Table 17. Probability of execution of all stages in years n - Years 0 to 20
Int.
1
2
3
4

ex
qAO
0 1
99.5 0 37.5
53.9 0 0
15.7 0 0
1.6 0 0

2
0
0
0
0

3
50
1.4
0
0

4
5
6
0.6 8.3 0.2
6.6 0.3 4.9
0.1 1.4 0
0
0
0.1

7
8
2
0
0.1 3.9
1.2 0
0
0.1

9
0.7
0
1.1
0

10 11 12
0
0 0
3.4 0 3
0
1 0
0.1 0 0.1

13
0
0
0.9
0

14 15 16 17 18 19
0
0
0
0
0
0
2.8 0
2.6 0
2.5 0
0
0.8 0
0.8 0
0.8
0.1 0
0.1 0
0.1 0

20
0
2.4
0
0.1

Table 18. Probability of execution of all stages in years n - Years 21 to 40
Int.
1
2
3
4

ex
21
qAO
99.5 0
53.9 0
15.7 0.8
1.6 0

22 23 24 25
0
0
0
0
2.3 0
2.2 0
0
0.8 0
0.8
0.1 0
0.1 0

26 27 28 29 30
0
0
0
0
0
2.2 0
2.1 0
2
0
0.8 0
0.8 0
0.1 0
0.1 0
0.1

As the execution of any of the four changes depends on
the future values for the patient numbers, the total probability of execution at all (opposed to no execution) can
lie between 0 and 100%. Change 1 will be executed over
the investigated time period with a probability of 99.5%,
change 2 with a probability of 53.9%, change 3 with a
probability of 15.7% and change 4 with a probability of
1.6%. These probabilities consider all possible execution
points over the investigated time period and the probabilities of preceding changes (e.g., change 1 has to be
executed before change 2).
The probabilities given for changes 1 to 4 consider all
possible execution points over the investigated time period and the probabilities of preceding interventions (e.g.,
change 1 has to be executed before change2); that means
they are the joint probabilities. Tables 17 and 18 show the
distribution of these probabilities over the investigated
time period.
Tables 17 and 18 show that change 1 can possibly be
executed in years 1, 3, 4, 5, 6, 7, with the probabilities of
execution that vastly concentrate in the first 3 years (i.e.
the probability in year 1 is 37.5%, in year 3 50%, in year
5 8.3%, and only 0.2%, 2% and 0.7% in years 6, 7 and 9).
Change 2 can possibly be executed in years 3, 4, 5, 6, 7, 8
and then every second year until year 40, while change 3
in years 4, 5, 7 and then every second year until year 39.
Finally change 4 can possibly be executed every second
year from year 6 until year 40 with a constant probability
of execution of 0.1% for each possible execution year.

31
0
0
0.7
0

32
0
2
0
0.1

33 34 35 36 37 38 39 40
0
0
0
0
0
0
0
0
0
1.8 0
1.8 0
1.7 0
1.7
0.8 0
0.8 0
0.8 0
0.8 0
0
0.1 0
0.1 0
0.1 0
0.1

As a support for the building manager, another output
of the evaluation method is conditional probabilities of
execution of each change following another, e.g., change 2
following change 1. For example, assuming that change 1
is executed at a given time, the time intervals where there
is a non-zero probability of executing change 2 are given
in Table 19. These probabilities depend on the time when
change 1 has been executed and what the actual number
of patients to be treated is at that time. If, for example,
change 1 has been executed in year 1 the time intervals
with non-zero probabilities for replacing the windows are
years 3, 4, 6, 8, 10, and then every second year until year
40, with probabilities of 4, 11, 6, 4, 3, 3, and then 2%
every second year until year 39 and then 1% at year 40
(Table 19).
The overall probability of executing change 1 over the
investigated time period is almost 100%. The earliest
possible year of execution for change 2, according to the
simulations is in year 3, with an overall probability of
execution of 63.4%, while changes 3 and 4 in years 3 and
4 and with overall probabilities of 24 and 3.5%.

4.4 Discussion
The application of the real options process on the realworld example of the clinic of nuclear medicine of the University Hospital of Zurich has demonstrated its value in
strategic decision-making. It has, however, also revealed
some limitations.
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Table 19. Probability of execution of change 2 conditional on execution of change 1 in year 1
Year of ex.
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

P(I1) in %
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37

UP1
5,194
5,194
5,194
5,194
5,194
5,194
5,194
5,194
5,194
5,194
5,194
5,194
5,194
5,194
5,194
5,194
5,194
5,194
5,194
5,194
5,194
5,194
5,194

UP2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

The main advantage of having used the real options
process in evaluating alternative designs for the clinic of
nuclear medicine is a higher degree of confidence on the
results than it would have been without. This is due to
the fact that:
(1) The future evolution of patients demand has been
modelled considering the estimated probability distribution over the wide spectrum of possibility that
this can take over time, and not simply an expected
trajectory.
(2) Some of the design alternatives have been thought to
possibly accommodate future changes in the patients
demand, i.e. the robust and the flexible layout are
conceived to already take into account the possible
variations in patients demand.
(3) The expected net benefit with alternative designs
have been estimated in each scenario: (i) over the
patients demand simulated consistently with the uncertainty modelled, and – in the case of the flexible
design - (ii) considering the trigger condition, i.e. the
model that has been built to realistically mimic the
decision making process of the hospital infrastructure mangers in deciding whether or not to use the
option created in design.
The disadvantages are due to the fact that the definition of the inputs for some steps of the application have
been defined relying on stakeholder knowledge and judgment about: the processes and parameters that might

Year of ex.
3
4
5
6
7
8
9
10
12
14
16
18
20
22
24
26
28
30
32
34
36
38
40

P(I2|I1) in %
4
11
0
6
0
4
0
3
3
3
2
2
2
2
2
2
2
2
2
2
2
2
1

UP1
6,344
5,741
6,344
5,741
6,344
5,741
6,344
5,741
5,741
5,741
5,741
5,741
5,741
5,741
5,741
5,741
5,741
5,741
5,741
5,741
5,741
5,741
5,741

UP2
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000
2,000

affect the required service in the present and in the future, how the use and operation of the building can be
modified, and how the building can be modified to adapt
the building to the new service level. This is particularly
true with reference to four aspects:
(1) Modelling uncertainty. The determination of the
ranges of the key parameters and their probabilities
of occurrence was a delicate step that has required
trustee on the estimates of experts, i.e. the uncertainty about the future evolution of patients demand
was not straightforward, e.g., because external influence factors, such as success of research and development, are hard to predict, and the consequences on
the service level to be provided are not clear.
(2) Deciding on simplifications. Substantial simplifications were required to make the analysis tractable
and to conduct the analysis in a reasonable time
frame. Although these simplifications are unavoidable, they need to be made with care so as not to
exclude important key parameters and their consequences. The simplifications require frequent consultations with the building stakeholders. Nonetheless, if those simplifications are made carefully and
checked, taking into consideration the inaccuracy in
the assumptions made for the simplifications, the
general recommendations from the results of the process are likely correct.
(3) Deciding on the triggering. The definition of the trig-
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gering, i.e. the condition under which the building
manager decides to make a change in the building,
is an extremely delicate element in the process and
has to be defined in a realistic way, i.e. reflecting the
behaviour of infrastructure management in the real
world. If this is not true, and the investments for
the changes will not be triggered in reality under the
circumstances defined in the model, the outcome of
the estimate will not reflect the reality.
(4) The black swans. In the real options process, only
the foreseeable changes in conditions are considered,
not the improbable events (that might still occur),
i.e. black swans. This simplification is required as
no one can predict the “unforeseeable” events, but
it recalls on the fact that the uncertainty considered
defines the boundaries of the evaluation, which does
not ensure the ultimate best design, but the best
design considering the uncertainty modelled.
Despite the limitations, the design choices made using
the real options process are more solid in face of future
uncertainty than the ones without.

5 CONCLUSIONS
In this paper, a real options process is used to determine
the best building design out of a panel of alternatives
for the PET centre of the university hospital of Zurich,
in the face of substantial uncertainty in the knowledge
of exactly how the building is to be used in the future.
The example shows, that although complex, the process
is suitable for the identification and evaluation of initial
building designs and future changes with consideration
of flexibility, and that it can be used in the real world.
It has, however, also shown that the results are strongly
dependent on stakeholder knowledge about:
(1) the processes and parameters that might affect the
required levels of service in the future,
(2) how the use and operation of the building can be
modified,
(3) how the building can be modified to counteract those
changes, and
(4) how the building itself might change over the investigated time period.
Though estimating the net benefit for the Flexible design has required more modelling effort than the others,
as it has implied modelling the triggering, i.e. the decision process of building managers on under which circumstances a change is made, it has enabled the full evaluation of the potential of the design.
According to the results of the example application,
the Flexible design is associated to a higher expected net
benefit than any other more rigid design, i.e. Basic and
Robust designs. Indeed, when the possibility of making
changes is considered, Flexible design yields to an expected net benefit of 167.18 million. CHF, which excides
the net benefits of the Basic design of 27.82 million. CHF

(+20%), and that of the Robust design of 3.7 million.
CHF (+2.2%).
This occurs because the Flexible design allows taking
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. Indeed, in the example
application the changes where only made when cost effective, and therefore not all the times, i.e. change 1 has
been triggered in 99.5% of cases, change 2 in 53.9% of
cases, change 3 in 15.7% of cases, and change 4 in 1.6%
of cases.
The situation changes when assuming that the building
manager is not allowed to trigger any changes. In that
case the Basic Design is preferable to the Flexible design
(+1.51% of the expected net benefit). This is not surprising because, in a situation when no future decisions can
be made, any initial investment in flexibility is redundant.
In conclusion the application suggests that the best solution for the new PET centre of the university hospital
of Zurich is to implement the Flexible initial design and
to give the infrastructure managers the decision flexibility
to decide if and when to trigger the 4 changes prepared.
It has, though, to be considered that these are the results obtained when only the uncertainty on demand is
modelled. As a further step, following up with this work,
it would be interesting to expand the evaluation by: (i)
refining the triggering conditions by reducing the simplifications on the hospital functioning, (ii) considering other
initial designs in light of the results obtained (e.g., a partially robust design that already embeds change 1 only),
and (iii) modelling the uncertainty on other parameters
that here have been assumed to be fix and might have
an impact on results, such as for instance: the operation
costs, the discount factor, the cost of a new PET scan
over time. Finally, in light of the alarm recently raised
by the COVID-19 pandemic, it would also be of prominent interest to use of the real options process to improve
other types of hospital centres subject to potential sudden changes in demand with dramatic consequences, such
as the intensive cares.
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APPENDIX

And

In this section full details are reported on the inputs and
computation of: variable operational costs (Ov ), fixed operational costs (Of ), Effect of interventions on the capacity thresholds, changes in fixed costs for each intervention,
intervention costs, and initial construction costs for different design projects compared to Basic design project.

Of,F lexInit = Of,c + Of,a + Of,mtra + Of,rp + Of,el
+ Of,cool + Of,repl,CT + Of,rent,F lexInit
(17)
With the input are as given in Table A-2 and Table A-3

Effect of interventions on the capacity threshVariable Operational Costs (Ov ) per Treated olds
Patient
The effect of each intervention on the treatment capacity
and on fixed costs of the PET centre fare described in
The variable costs are the operating costs per patient,
Table A-4.
and, therefore, always taken into account in connection
with the revenue, Iv,t , per patient.

Changes in fixed costs for each intervention

Ov = Ov,a + Ov,m + Ov,el + Ov,cool

(15)

Table A-1. Calculation of all variable costs (per treated
patient)
Name
Ov,m
Ov,el
Ov,cool
Ov,a

Variable operational costs Unit
Value
Other material
CHF/Pat. 1,000
Electricity
CHF/Pat. 500
Cooling
CHF/Pat. 500
Administration
CHF/Pat. 500

Fixed operational costs (Of )

The fixed operational costs Of do not change with the
number of patients, but after the execution of an intervention, i.e. Of increases by ∆Of , if an intervention has
been executed. The Changes in fixed costs for each intervention are reported in Table A-5 and the necessary
input parameters for their calculations are reported in
Table A-6.

Intervention costs
The intervention costs are calculated as in Table A-7.
Where the inputs for the computation of the intervention costs are given in Table A-8.

The fixed operational costs are defined for the Basic and Initial construction costs for different design
Flexible design project as in Equations 16 and 17 respec- projects compared to Basic design project
tively.
In the calculation of the initial construction costs for the
three different design projects, only the differences are
Of,N oInit = Of,c + Of,a + Of,mtra + Of,rp + Of,el
considered, with the assumption that all other construc+ Of,cool + Of,repl,CT /M R + Of,rent,N oInit
tions costs are the same for each design project (Table A(16) 9).
Table A-2. Inputs for Equations (17) and (18) (1/2)
Name
Of,c
Of,a
Of,rp
Of,mtra
Of,el
Of,cool
Of,repl,CT
Of,rent,N oInit
Of,rent,F lexInit

Description
Fixed costs for cleaning
Fixed costs for administration of the clinic
Fixed costs for the tracer production in the
radiopharmacy
Fixed costs of the medical team
Fixed costs for electricity
Fixed costs for cooling
Fixed costs for replacement and maintenance
of existing PET/CTs
Fixed costs for rent of used area, not
including the expansion area for PET/MR
Fixed costs for rent of used area, including
the expansion area for PET/MR

12020021-18

Calculation
= +of,c · m2 aM0
= +of,a
= +of,rp · N oS

Value
400
150,000
2,500,000

Unit
CHF/year
CHF/year
CHF/year

= +of,mtra · N oT eam
= +of,el · m2 aM0
= +of,cool · m2 aM0
= + NoPET · CPETCTd ·
(freplMRCT + fmaintMRCT )
= +of,rent,sof t,as · m2 aM0

2,100,000
1,600
6,000
1,000,000

CHF/year
CHF/year
CHF/year
CHF/year

160,000

CHF/year

= +of,rent,sof t,as · m2 aM 0,F lex 225,000

CHF/year
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Table A-3. Inputs for Equations (17) and (18) (2/2)
Name
of,c
of,a
CP ET CT d
N oP ET
freplMRCT
fmaintMRCT
of,mtra·year
of,mtra·shif t
of,el
of,cool
of,heat
of,rent
of,rent,sof t,as
aM0
aM 0,F lex
N oS
N oT eam
N oP ET

Description
Fixed costs for cleaning
Fixed costs for administration
Retail price for one PET/CTs installed from the beginning
Number of existing PET/CTs installed from the beginning
Yearly ratio of rental price for PET/MR or PET/CT over time
span of 10 years, thus considering the replacement every 10 years
Yearly maintenance costs fro PER/MR and PET/CT in percent
of retail price
Fixed costs for medical team per year
Fixed costs for medical medical team for additional afternoon
shift
Fixed costs for electricity
Fixed costs for cooling
Fixed costs for heating
Fixed costs for rent for “hard” use of any area in the clinic
Fixed costs for rent for “soft” use of expansion area for IM1
Initial area of PET centre before any intervention
Area of PET centre at t = 0
Number of regular shifts in the morning per year
Number of necessary teams for the regular morning shift
Number of existing PET/CTs in the PET centre

Unit
CHF/m2 · year
CHF/year
CHF/year
PET/CT
–

Value
1
150,000
2,350,000
2
0.1

–

0.1

CHF/team · year 1,400,000
CHF/team · shift 5,600
CHF/m2 · year
CHF/m2 · year
CHF/m2 · year
CHF/m2
CHF/m2
m2
m2
Shift/year
Team/year
PET/CT

4
15
15
800
400
400
562
250
1.5
2

Table A-4. Effect of interventions on the capacity thresholds
Current
Increase in patient
PC
Other impact changes (except additional income I)
capacity
capacity PC
No intervention
5,000
PC0 +0
–
∆Of.c.M 1 + ∆Of.el.M 1 + ∆Of.cool.M 1 + ∆Of.repl.M R
Additional PET/MR
7,500
PC1 +2,500
+∆Of.rent.M 1
Additional application room 8,000
PC2 +1,500
∆Of.c.M 2 + ∆Of.el.M 2 + ∆Of.heat.M 2 + ∆Of.rent.M 2
Additional resting room
8,500
PC3 +1,500
∆Of.c.M 3 + ∆Of.el.M 3 + ∆Of.heat.M 3 + ∆Of.rent.M 3
Additional diagnosis room 9,000
PC4 +500
∆Of.c.M 4 + ∆Of.el.M 4 + ∆Of.heat.M 4 + ∆Of.rent.M 4

Int. Description
I0
I1
I2
I3
I4

Table A-5. Changes in fixed costs for each intervention
Int.
I1
I1
I1

Name
∆Of,c,M 1
∆Of,el,M 1
∆Of,cool,M 1

I1

∆Of,repl,M R

I1
I2
I2
I2
I2
I3
I3
I3
I3
I4
I4

∆Of,rent,M 1
∆Of,c,M 2
∆Of,el,M 2
∆Of,cool,M 2
∆Of,rent,M 2
∆Of,c,M 3
∆Of,el,M 3
∆Of,cool,M 3
∆Of,rent,M 3
∆Of,c,M 4
∆Of,el,M 4

Additional costs
Cleaning
Electricity
Cooling
Retail (every 10 years) and
maintenance of PET/MR
Rent
Cleaning
Electricity
Cooling
Rent
Cleaning
Electricity
Cooling
Rent
Cleaning
Electricity

Calculation
= of,c · m2 aM1
= of,el · m2 aM1
= of,cool · m2 aM1

Value
115
465
1,743

= C P ET,M R,d · (freplMRCT + fmaintMRCT )

600,000

= of,rent · m2 aM1
= of,c · m2 aM2
= of,el · m2 aM2
= of,cool · m2 aM2
= of,rent · m2 aM2
= of,c · m2 aM3
= of,el · m2 aM3
= of,cool · m2 aM3
= of,rent · m2 aM3
= of,c · m2 aM4
= of,el · m2 aM4

46,468
14
57
215
5,720
30
120
450
12,000
12
47
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Table A-5. (continued)
Int.
I4
I4

Name
∆Of,cool,M 4
∆Of,rent,M 4

Additional costs for . . .
Cooling
Rent

Calculation
= Of,cool · m2 aM4
= Of,rent · m2 aM4

Value
178
4,736

Table A-6. Necessary input parameters for calculations in Table A-5
Int.
I1
I1
I2
I3
I4

Name
aM1
NM R
aM2
aM3
aM4

Additional
Additional
Number of
Additional
Additional
Additional

costs
area for the PET centre
additional PET/MRs
area for the PET centre
area for the PET centre
area for the PET centre

after intervention 1
after intervention 2
after intervention 3
after intervention 4

Calculation
= m2 aM1
–
= m2 aM2
= m2 aM3
= m2 aM4

Value
116
1
14
30
12

Table A-7. Intervention costs
Int.
I1
I2
I3
I4

Description
Additional PET/MR
Additional application room
Additional resting room
Additional diagnosis station

Calculation
CPET = CPET, cool + CPET, r +C PET, rad + CPET, el
CAR = CAR, r + CAR, el
CRR = CRR, el + C RR, c + CRR, w
CDS = CDS, el + C DS, ds + CDS, r

Table A-8. Input for the computation of the Intervention costs
Int.
I1
I1
I1
I1
I1
I2
I2
I3
I3
I3
I3
I4
I4
I4
I4

Name
CPET, MR, d
CPET, cool
CPET, r
CPET, rad
CPET, el
CAR, r
CAR, el
CRR, c
CRR, el
CRR, w
addRRw
CDS, el
CDS, ds
CDS, r
addnDS

Additional costs
Additional PET/MR (considered in yearly operational costs)
Increase of cooling and additional rooms
Additional room
Radiation protection in room
Expansion electrical installations
Additional space for application room
Additional electricity for application room
Additional space for resting room
Additional electricity for resting room
Costs per additional separation walls for resting rooms
Number of additional separation walls for resting rooms
Additional electricity for diagnosis stations
Additional diagnosis station
Additional space of one station
Number of additional diagnosis stations

Calculation
CHF
CHF
CHF
CHF
CHF
CHF
CHF
CHF
CHF
CHF/Separation
Separationwall
CHF
CHF/Station
2
CHF/m .Station
Station

Value
3,000,000
10,000
100,000
500,000
10,000
500,000
10,000
500,000
10,000
30,000
6
10,000
100,000
100,000
6

Table A-9. Initial construction costs for different design projects compared to Basic design project
Design project
Basic
Basic
Robust
Robust
Robust

Name
II t = 0
C
II t = 0
C
Of,AllIn

Flexible
Flexible

II t = 0
Of,F lexIn

Description
Initial construction costs
Intervention costs
Initial construction costs
Intervention costs
Additional fixed operational cost for
Robust design project
Initial construction costs
Additional fixed operational cost for
Flexible design project
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Calculation/value
Basic value
No intervention possible
= +CPET, lbc + CPET + CAR + CRR + CDS
Not necessary
= ∆Of,M 1 + ∆Of,M 2 + ∆Of,M 3 + ∆Of,M 4
= +CPET, lbc
= +Of,rent,sof t,as.m2 aM1
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In reality, intervention costs are more expensive if
executed after construction is finalised, because the
operation in a building has to be interrupted for the execution of the interventions, already built parts have to be
torn down and the execution of any building works is less

efficient. These additional intervention costs are not in
cluded in the evaluation. The assumption is that the
difference is not so high that it is relevant. The costs
for the additional load bearing capacity, CPET, lbc , are
assumed to be 500,000 CHF.
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