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Summary

Introduction and research questions
Hospitals are part of the vital and vulnerable infrastructure in the Netherlands. Failure
of such infrastructure may have severe consequences on a national scale. The Dutch flood
risk management approach aims to prepare hospitals for floods through spatial adaptation.
However, the current policy does not prescribe concrete guidelines for consistent decision-
making and implementation of flood strategies to increase flood preparedness of hospitals.
The engagement of stakeholders in this process is also arbitrary. Hospitals are required to
have disaster preparedness plans, but the contents are not prescribed. In practice, hospitals
are often unaware of flood risk and, if considered, hospitals do not have the knowledge or
tools to make substantiated decisions on flood strategies.

The stated problems resulted in the main research question: How can flood preparedness
of hospitals in the Netherlands be assessed and improved? The main aim of this research is
to quantitatively assess the flood preparedness of hospitals to enable comparison between
flood strategies and to make recommendations on which stakeholders should be engaged
for the implementation of flood strategies and how this can be achieved.

Methodology
First, a literature study was conducted. In the literature, flood preparedness of hospitals
is defined as the anticipation and mitigation of flood disasters to reduce the loss of human
life. The literature study also identified four flood strategies that hospitals can implement
to improve their flood preparedness: ”shelter in place with additional measures”, ”shelter
in place without additional measures”, ”accept” and ”preventive evacuation”. Additional
measures may consist of spatial adaptation of the hospital, increasing stocks and staffing,
making emergency plans or discharging patients. Two hospitals were selected as cases: the
Reinier de Graaf Gasthuis (RdGG) and Erasmus Medical Centre (EMC). Flood scenarios that
threaten these hospitals were retrieved from the National Water and Floods Information
System (LIWO). A first round of interviews (called phase 1 interviews) was held with em-
ployees of these hospitals and a flood expert. In a second round of interviews (called phase
2 interviews), (former) doctors of the VieCuri Medical Centre (VCMC) with flood experience
were interviewed.

The phase 1 interviews, combined with the literature and a tour at the selected hospitals,
were used to identify flood preparedness indicators. Each indicator represents a set of hos-
pitals facilities and processes that are critical to the continuity on healthcare. The selected
indicators were evaluated through the phase 2 interviews. The flood preparedness indica-
tors, flood scenarios and phase 1 interviews were used to assess the flood preparedness of
the RdGG. Critical flood levels were assigned per hospital facility and for the suppliers. The
flood impact per scenario was subsequently derived by verifying whether the critical flood
levels were exceeded, which would result in failure. The hospital facilities were grouped per
flood preparedness indicator. It was assumed that if any of the hospital facilities belonging
to a flood preparedness indicator fails, that specific indicator fails. If any of the indicators
fail, it is assumed that the continuity of healthcare has failed (see Figure 1). This series
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system was used to quantify the flood impact of each flood scenario in terms of fatalities
among patients and types of costs to a hospital. These two factors depend on the flood
strategy implemented by a hospital. The result is an overview of the availability of each
flood preparedness indicator per flood scenario and the number of fatalities and types of
costs per flood strategy. The phase 2 interviews were used to evaluate mortality rates and
the classification of patients.

Electricity 
fails

Sewerage 
fails

Water supply 
fails

Flood 
preparedness 

indicator 
"Utilities" fails

Flood 
preparedness 

indicator 
"Stocks" fails

Flood 
preparedness 

indicator "Critical 
equipment" fails

Failure of 
hospital's 

continuity of 
healthcare

Increase of 
the number 
of fatalities

OR

OR

Hospital facilities Flood preparedness indicators Continuity of healthcare

Figure 1: Scheme of the proposed series system for continuity of healthcare at hospitals
containing examples of hospital facilities and flood preparedness indicators.

Based on the literature and phase 1 interviews, stakeholders that could be engaged for
the implementation of flood strategies were identified and organised per flood strategy.
The stakeholders’ power, influence and attitude regarding the implementation of each flood
strategy was determined to obtain recommended actions for stakeholder engagement. Sub-
sequently, the current and desired level of stakeholder engagement was mapped. These
steps resulted in an overview of which stakeholder should be engaged per flood strategy.
The phase 2 interviews were used to obtain recommendations on how these stakeholders
can be engaged.

Results
Six different flood preparedness indicators were selected that together describe flood pre-
paredness of hospitals. The characteristics of the flood strategy ”preventive evacuation”
significantly differ from the other flood strategies. Therefore, a different set of flood pre-
paredness indicators is selected for this and the other flood strategies. For preventive evac-
uation, the following flood preparedness indicators are selected:

• Availability of modes of transport for patients
• Having prepared emergency management plans
• Availability of sufficient and qualified personnel

For the flood strategies ”shelter in place with additional measures”, ”shelter in place without
additional measures” and ”accept”, the flood preparedness indicators below are selected:
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• Availability of critical equipment
• Having sufficient supplies in stock
• Availability of utilities
• Having prepared emergency management plans
• Availability of sufficient and qualified personnel

The methodology for quantitatively assessing hospitals’ flood preparedness was applied to
the RdGG and EMC. Four flood scenarios threaten RdGG. Two scenarios threaten the EMC
For all scenarios it was found that the continuity of healthcare is disrupted. Figures 2 and 3
provide an overview of the costs and fatalities per flood strategy for the RdGG and EMC
respectively. Comparing these figures, it becomes apparent that the number of fatalities for
the EMC is much higher than for the RdGG for every flood strategy. For the RdGG, more
expensive flood strategies result in less fatalities. For the EMC, this is only true if the flood
strategies ”shelter in place with additional measures”, ”shelter in place without additional
measures” and ”accept” are regarded. ”Preventive evacuation” is more costly than ”accept”,
but results in more fatalities.

Figure 2: Number of fatalities at the RdGG caused by the flood
scenario ”Precipitation 1000”, ”Precipitation 100”, ”Precipita-
tion 10” or ”Regional 100” and costs per flood strategy.
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Figure 3: Number of fatalities at the EMC caused by the flood sce-
nario ”Parksluizen 1” or ”Parksluizen 2” and costs per flood
strategy.

Table 1 contains the overview of which stakeholders should be engaged for the implemen-
tation of each flood strategy. During the phase 2 interviews two medical expert with flood
experience at hospitals shared their view on how relevant stakeholders could be engaged.
No consensus was found on a single ”best” method. Instead, two methods were proposed:
enforcing engagement through legislation and creating awareness. These two methods for
stakeholder engagement contain aspects that are also mentioned in the literature (Olejniczak
et al., 2020): using the law, an incentive or providing information to steer decisions. Accord-
ing to the experts, the advantage of enforcing engagement through legislation is that, in
theory, success is guaranteed once the legislation comes into force. However, the experts
also mentioned that the costs of enforcement, the duration of implementing new laws and
the experience that hospitals already have to meet many obligations are downsides. The
stated advantage of creating awareness is that broad support is created, resulting in willing-
ness to be engaged. However, this method is said to be unpredictable and requires a lot of
time to succeed.
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Table 1: Overview of which stakeholders should be engaged per flood strategy.

Stakeholder Shelter in place
with additional

measures

Shelter in place
without additional

measures

Accept Preventive
evacuation

Hospital Executive
Board

• • ◦ •

Hospital personnel • • ◦ •
Hospitals
receiving patients

◦ ◦ ◦ •

Patients ◦ ◦ ◦ ◦
Ambulance
services

◦ ◦ ◦ •

Suppliers • • ◦ ◦
Utility companies • • ◦ ◦
Water boards • • ◦ •
Municipalities • • ◦ •
Safety regions • • ◦ •

Engaged: •
Not engaged: ◦

Discussion
The flood preparedness of the RdGG and EMC have been assessed and recommendations on
which stakeholder should be engaged and how this could be achieved were made. The
most important remarks regarding the applicability and limitations of this research are dis-
cussed.

Two different equations were proposed to calculate the number of fatalities. One equation
was proposed for the flood strategies ”shelter in place with additional measures”, ”shelter
in place without additional measures” and ”accept”. The outcomes of this equation are
influenced most by the assumed duration of the flood and the mortality rate. A different
equation was proposed for ”preventive evacuation”. This equation is most sensitive to the
mortality rate for successful and unsuccessful preventive evacuation.

The two selected hospitals have varying characteristics. Because the methods from this
research could be applied to these hospitals, they are expected to be applicable to other
hospitals too. However, by studying only two hospitals, the applicability of the method that
was developed could only be verified to a limited extent.

This research has made a number of scientific contributions. First, this studies proposed
six flood preparedness indicators that also take into account the dependency of hospitals
on services that are externally supplied. Furthermore, this research provides a detailed
overview of fatalities and cost estimations per flood strategy to facilitate decision-making of
flood strategies. This research also makes recommendations on which stakeholders should
be involved per flood strategy. In addition, medical experts who have experience hospital
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floods were asked for their view on how stakeholders could be engaged. These expert
opinions are a first step towards creating a policy where relevant stakeholders are actively
engaged for the implementation of flood strategies at Dutch hospitals.

Conclusion
Essential hospital functions can be categorised based on the flood preparedness indicators.
The availability of these indicators during floods can be used to quantitatively assess flood
preparedness in terms of fatalities and types of costs. The results of the assessment can be
used to compare flood strategies that can be implemented to contribute to flood prepared-
ness. For the RdGG and EMC, ”shelter in place with additional measures” yield the least
amount of fatalities and is therefore the ”best” flood strategy. Stakeholders were identi-
fied per flood strategy, which showed that for every flood strategy, except for ”accept”, at
least the Executive Board of a hospital, hospital personnel, water boards, municipalities and
safety regions should be engaged to realise the implementation of flood strategies. Experts
with lived experience recommended to engage stakeholders through legislation or creating
awareness. In conclusion, flood preparedness has been assessed, enabling decision-making
regarding flood strategies. By engaging the right stakeholders for the implementation of
these flood strategies, the flood preparedness of hospitals in the Netherlands can be im-
proved.

For future research, it is recommended to add more cases to verify whether the proposed
methods are generally applicable to Dutch hospitals. To estimate the number of fatalities per
flood strategy more accurately, it is recommended to calibrate the fatality equations based on
historical flood events at hospitals. Lastly, it is recommended to analyse the vulnerability of
the regional healthcare system to supplier failure during floods. It is suggested to consider
all scenarios that can flood suppliers and to prioritise suppliers that distribute supplies to
multiple hospitals.
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LIWO National Water and Floods Information System
LNAZ Landelijk Netwerk Acute Zorgketens
MV medium voltage
PDPC Pandemic & Disaster Preparedness Center
PIA matrix power-interest-attitude matrix
RdGG Reinier de Graaf Gasthuis
RWS Rijkswaterstaat
SQ sub-question
VCMC VieCuri Medical Centre
WTS Wet tegemoetkoming schade bij rampen

xi



1. Introduction

1.1 Context

Functions such as electricity, drinking water, telecommunications, transport and healthcare
are part of the vital and vulnerable functions in the Netherlands. Failure of these functions
may result in severe consequences on a national scale (Kennisportaal Klimaatadaptatie, n.d.).
One of the causes for failure of these functions that has to be anticipated in the Netherlands is
floods. There are several types of floods in the Netherlands, illustrated in Figure 1.1. For this
research, breaches of primary and regional flood defences (type 6 and 5), high water at the
outer dyke area (type 7) and extreme precipitation (type 1) are considered. Approximately
47% of the Netherlands is protected against floods by primary flood defences. 62% of the
Dutch population (in 2022), or 10,9 million people, lives in this threatened area. If the
regional flood defences fail, approximately 20% of the Netherlands could be flooded. An
additional 4% of the Netherlands is outer dyke area that can be flooded, housing 75.000
people. Extreme precipitation can occur throughout the Netherlands. Floods of this type
usually occur due to high-intensity rainfall or large-scale and long-lasting rain events (Mens
et al., 2024).

Figure 1.1: Types of floods in the Netherlands. 1: Precipitation directly on the object. 2:
High groundwater level. 3: Overloaded sewage systems. 4: Overflowing of regional
surface water. 5: Breach of regional flood defences. 6: Breach of primary flood defences.
7: Flooding of an outer dyke area (Klopstra & Kok, 2009).

Climate change leads to more extreme weather, which poses a risk to the water safety of
the Netherlands (Ministry of Infrastructure and Water Management, 2023a). To reduce the
risk of flooding, the multi-layer safety approach is used in the Netherlands (Figure 1.2). The
original approach contained three layers: prevention, mitigating consequences and spatial
planning. Recovery and water awareness were later added, bringing the total to five layers
(Harbers, 2022):
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1 Introduction

1. Prevention. By building flood defences, floods can be prevented.

2. Consequence mitigation or spatial planning. When a flood occurs, spatial planning
can mitigate the impact.

3. Crisis management. Through organisational preparation, further impact mitigation
can be achieved.

4. Recovery. Damage cannot always be prevented, which is why recovery is an important
aspect to consider.

5. Water awareness. Citizens should be aware of the flood risks that they are exposed to
and should know what they can do themselves to prevent problems with excess water.

Figure 1.2: The five layers of multi-layer safety as proposed
by the Pluvial and River Flooding Policy Platform (Harbers,
2022).

The Delta Programme for Spatial Adaptation (DPRA) is part of the multi-layer safety vision.
This programme aims to make the Netherlands resilient to heat, water shortages, excess wa-
ter and the effects of flooding by 2050 through spatial adaptation (Ministry of Infrastructure
and Water Management, 2023a). Regional stress tests are conducted in the context of the
DPRA to identify vital and vulnerable functions. After the stress tests, risk dialogues are
held to arrive at an implementation agenda for that region.

In 2021, extreme precipitation in Belgium, Germany and the southern part of the Nether-
lands caused high water levels in the river Meuse. This event lead to floods throughout
Limburg and to the evacuation of the VCMC in Venlo. This hospital is located adjacent to the
Meuse and is protected by a dyke. Before the construction of the dyke, the VCMC had been
flooded before in 1993 and 1995. In 2021 it was feared the dyke would overflow. Ultimately,
no flooding occurred, but the hospital was out of use for five days. It took two days to
reopen the hospital because all installations had to be restarted and their correct function-
ing had to be verified (VieCurie Medisch Centrum, 2021; Wijkhuis & Van Duin, 2023). In
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1 Introduction

the aftermath, the Pluvial and River Flooding Policy Platform (in Dutch: Beleidstafel wa-
teroverlast en hoogwater) was established. This platform recommended adding recovery
and water awareness to the multi-layer flood risk approach. The platform also urged to start
performing supra-regional stress tests (in Dutch: bovenregionale stresstesten) in addition
to the existing regional stress tests to identify the consequences of an extreme precipitation
event at the scale of the water system and possible cascade effects. Lastly, the platform pro-
posed to have ”Water and Soil as Leading Factors” (in Dutch: ”water en bodem sturend”).
This policy means that spatial planning is adjusted to (ground)water, instead of vice versa
(Harbers, 2022).

1.2 Problem definition

The Dutch flood risk management approach (see Section 2.2) aims to achieve flood prepared-
ness for vital and vulnerable functions, such as hospitals, through spatial adaptation. How-
ever, the risk dialogues used for this purpose are unstructured (Kennisportaal Klimaatadap-
tatie, 2021). There are no prescriptions for the involvement of certain stakeholders, such
as hospitals (see Section 2.2). No method exists to systematically decide on which flood
strategies (see Section 2.3) should be implemented to guarantee the flood preparedness of
hospitals. The same applies to the decision of which stakeholders should be involved in the
implementation of these flood strategies (see Section 2.4.3).

Hospitals are required by law to have disaster preparedness plans, but the required con-
tents are not specified. The quality of hospitals’ disaster preparedness is qualitatively
assessed through self-evaluation and intercollegiate assessment (Landelijk Netwerk Acute
Zorg, 2024). As a result, Dutch hospitals are not adequately prepared for disasters (Blanchette
et al., 2023). Flood risk, for example, is often neglected by hospitals. Because hospitals
do not have qualitative tools to compare flood strategies, they cannot make substantiated
choices about flood coping strategies (Kolen, 2013; Van Eijk, 2022; World Health Organi-
zation, 2017). Hence, in practice, investments for flood risk management are rarely made
(Kolen et al., 2017).

If a hospital is expected to be unable to maintain the continuity of healthcare, risking patient
safety, the decision is made to evacuate (McGinty et al., 2017). In the Netherlands, this flood
strategy has been proven to be possible for one threatened hospital. However, up to eleven
hospitals can be simultaneously flooded in the Netherlands. In that scenario, hospitals,
along with the local population, are unlikely to be able to leave the threatened area in time
(Kolen, 2023). Other researches also indicate that evacuation is not always the preferred
strategy, but deciding which strategy is ”best” in specific situations is an ongoing matter
(Kolen, 2013; McGinty et al., 2017; Zane et al., 2010).

In summary, hospitals in the Netherlands are not adequately prepared for floods. There
are no guidelines on how to determine which flood strategies should be implemented at
hospitals and how stakeholders should be involved in the implementation.

1.3 Research objectives and scope

The goal of this research is to overcome the problems stated in the previous section by
developing a quantitative method to assess hospital flood preparedness, with the aim of
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1 Introduction

enabling hospitals to decide on flood strategies. Furthermore, this research aims to obtain
information on which stakeholders should be engaged for the implementation of each flood
strategy considered and to make recommendations on how stakeholder engagement can be
achieved.

This research is limited to the policy for improving the flood preparedness of hospitals in
the Netherlands. More specifically, it makes recommendations on methods that could be
used to decide between flood strategies and on methods to engage stakeholders. However,
it does not prescribe the content of the results. In this line of thought, the execution phase
is excluded.

It should be acknowledged that causes for floods may be different for certain regions of
the Netherlands (e.g. caused by storm surges, extreme river discharges, etc.). For this
research, floods caused by precipitation events and breaches in primary or regional dykes are
considered. These different types of causes of floods may result in varying recommendations
with regards to flood strategies for hospitals, depending on the region.

The methods of this research are intended to be applicable to Dutch hospitals. Other types of
vital and vulnerable infrastructure are not considered in this research. Causes of disasters,
different from floods, that can disturb healthcare continuity are beyond the scope of this
study.

1.4 Research questions

The main research question is:

How can flood preparedness of hospitals in the Netherlands be assessed and improved?

To answer this question, several sub-questions (SQs) are formulated.

SQ1 Which flood preparedness indicators are relevant for contributing to the choice of flood
strategies implemented by Dutch hospitals?

SQ2 What is the flood impact on Dutch hospitals given their level of flood preparedness?

SQ3 Which stakeholders should be involved per flood strategy in the process of implement-
ing flood strategies for Dutch hospitals?

SQ4 How can relevant stakeholders be engaged for the implementation of flood strategies
according to experts with lived experience?

To address the research gaps corresponding to the problems stated in Section 1.2, first,
flood preparedness indicators will be identified that together indicate the level of flood
preparedness of a hospital. Based on the level of flood preparedness, the flood impact
can be assessed per flood strategy, allowing comparison of flood strategies. Then, it is
researched which stakeholders should be engaged to implement flood strategies at hospitals.
Finally, medical experts who have experience with hospital floods are asked about their
view on how stakeholders could be engaged. These experts work on the interface between
healthcare and flood risk management. Therefore, their interdisciplinary perspective is a
valuable contribution to this research.
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1 Introduction

1.5 Report structure

Chapter 2 contains the literature review. Concepts fundamental to this research are intro-
duced in this chapter. Chapter 3 describes the methodology for this research. The cases,
flood scenarios and interviews are introduced. In Chapter 4 the flood preparedness indica-
tors for hospitals are selected. In Chapter 5, the impact of floods on hospitals is quantified
with the help of the flood preparedness indicators. In Chapter 6, stakeholders are selected
per flood strategy for the implementation of these flood strategies. The applicability of the
proposed methods is discussed in Chapter 7. In Chapter 8, the final conclusions are drawn
and recommendations for further research are given.
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2. Literature review

This chapter elaborates on the research problems and gaps introduced in Section 1.2. First,
flood preparedness of hospitals is defined in Section 2.1. Section 2.2 discusses policies of
the Dutch government that are aimed at flood protection of the Netherlands and hospitals
in specific. In Section 2.3, the four flood strategies that are used throughout this thesis are
introduced. Previous studies and their findings and limitations are discussed in Section 2.4.
Research gaps are identified and the concept of flood preparedness indicators is introduced.
Finally, Section 2.5 summarises the research gaps.

2.1 Defining flood preparedness of hospitals

Preparedness for disasters in the context of healthcare is the knowledge and capacity to
”anticipate effectively, respond to and recover from the impacts of likely, imminent or cur-
rent hazard events or conditions” (World Health Organization, 2015, p. 132). This definition
of preparedness is similar to the definition of resilient healthcare systems by Rentschler et al.
(2021), who also state that such a system should be able to maintain its core functions and
protect human life during a disaster. According to Van Beek et al. (2015), flood prepared-
ness of hospitals is defined as being prepared for floods or extreme precipitation events that
may threaten patient safety or the operations of the hospital. World Health Organization
(2015, p. 7) elaborates on the safety aspect of hospitals during crises: the services of a hospi-
tal should ”remain accessible and functioning at maximum capacity” throughout disasters.
The recurring aspects of these definitions are combined and yield a definition of flood pre-
paredness of hospitals that will be used in this research. Flood preparedness of hospitals is
defined as the anticipation and mitigation of flood disasters to reduce the impact on the core
functions of hospitals during and directly after the flood event with the goal of protecting
human life.

2.2 Flood risk management approach in the Netherlands

To ensure that the Netherlands remains safe for decades to come, new safety standards for
flood defences were added to the Water Act in 2017. As of 1 January 2024, the Water Act
has been merged with other acts into the Environment and Planning Act (Dutch: Omgev-
ingswet). This act contains almost all laws regarding water. It specifies the responsibilities of
government agencies with a water management function. These agencies are Rijksoverheid1,
provinces, water boards2 and municipalities. The Environment and Planning Act also stip-
ulates that the Delta Programme Commissioner, the head of the National Delta Programme,

1The Rijksoverheid, or central government, is the part of the government that works on national level. Ministries
are part of the Rijksoverheid.

2The Netherlands has 21 water boards. They are responsible for water management in their region.
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must publish a Delta Programme every year. The Delta Programme has three main themes:
water safety, fresh water and spatial adaptation. Parts of the Delta Programme are high-
lighted to provide context of the Dutch flood risk management approach in the Netherlands
and to address the policy gap related to determining and implementing flood mitigating
measures at hospitals in the Netherlands.

2.2.1 Flood Protection Programme

The Flood Protection Programme (HWBP) is part of the Delta Programme for Water Safety.
The water boards and Rijkswaterstaat (RWS) collaborate to execute the dyke reinforcements
for the HWBP. The predecessor, named HWBP-2, is nearly finished. The current HWBP started
in 2014. By 2050 all flood defences should meet the safety standards. Once the reinforcement
is completed, for people living behind dykes, the chance of death caused by a flood is
1/100.000 per year or lower, depending on the consequences of a flood. It is the largest dyke
reinforcement programme since the Delta Works, comprising 1500 km of dykes and more
than 400 structures (Ministry of Infrastructure and Water Management, 2023b).

2.2.2 Delta Programme for Spatial Adaptation

Not only is there a focus on flood prevention in the Delta Programme, the DPRA focusses on
spatial adaptation to minimise the impact of floods when they occur. Also heat stress and
droughts are considered. The goal is to realise a climate-resilient and water-robust spatial
planning. The yearly updated DPRA contains the progress and plans for the Delta Decision
for Spatial Adaptation, Preferential Strategies and Delta Plan for Spatial Adaptation.

2.2.3 Delta Decision for Spatial Adaptation

The Delta Decision for Spatial Adaptation is a national framework that contains ambitions
regarding spatial adaptation that apply to the whole of the Netherlands. Every six years,
the framework is reassessed and updated accordingly. The ambitions are translated into
regional specific Preferential Strategies. These give direction to the measures that are to be
developed as part of the Delta Plan for Spatial Adaptation.

2.2.4 Delta Plan for Spatial Adaptation

The Delta Plan for Spatial Adaptation describes what measures will be implemented and the
corresponding planning. The Netherlands has been divided into 45 working regions where
the Rijksoverheid, provinces, water boards and municipalities cooperate to accelerate the im-
plementation of spatial adaptation. The region have to conduct stress tests every six years to
identify vulnerabilities of objects and functions regarding the themes water nuisance, heat
stress, droughts and floods. Information is collected on the effects of climate change and
predicted problems with regard to vulnerable objects and functions. Special attention is
paid to the identification of vital and vulnerable functions. On a national level, 13 vital and
vulnerable functions are distinguished. Access to healthcare is one of them. Then, risk dia-
logues are held among government agencies and other local stakeholders. The aim of these
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dialogues is to raise awareness, to determine which risks are acceptable and to develop mea-
sures. Subsequently, these measures are then put on the implementation agenda (Ministry
of Infrastructure and Water Management, 2023a). It is not prescribed how the stress tests
and risk dialogues should be conducted. The available time and work capacity determine
how extensive and thorough this process will be (Kennisportaal Klimaatadaptatie, 2021).
Therefore, consistency in the involvement of objects and stakeholders across different work-
ing regions cannot be guaranteed. Therefore, there is no consistent process for determining
and implementing flood mitigating measures for hospitals.

2.3 Flood strategies used by hospitals

When there is a flood threat, the available information is based on weather forecasts and
predicted water levels. Due to uncertainty in the prediction models, it is uncertain whether
a flood will occur and where it would take place. As a result, the threatened area is likely to
be larger than the flooded area. Consequently, only a part of the threatened hospitals will be
flooded. The time available between the detection of the threat and the onset of the flood is
used to initiate flood strategies to reduce the impact of a possible flood. Therefore, hospitals
use flood strategies more often than they are flooded. These flood strategies may also have a
negative impact. However, this impact is accepted because flood strategies reduce the impact
of floods, which may possibly be greater than the impact of flood strategies (Kolen, 2023).
Flood strategies that are typically used by hospitals are ”preventive evacuation”, ”shelter in
place with additional measures” and ”shelter in place without additional measures” (Balsari
et al., 2016; Kolen, 2023; McGinty et al., 2017). These flood strategies are described in detail
in this section. As mentioned in Section 1.2, deciding which flood strategy is ”best” can be
different per hospital and is an ongoing matter. Section 2.4 addresses what is known in the
literature about deciding between these flood strategies.

Preventive evacuation
This flood strategy is initiated when there is a flood threat, before the flood occurs. All
patients and staff leave the threatened hospital and are relocated to other hospitals that are
not threatened. Two factors determine the success of preventive evacuation: the size of
the threatened area and the available time for evacuation. The size of the threatened area
determines how many hospitals are simultaneously threatened. In the Netherlands, up to
eleven hospitals may be simultaneously flooded, assuming that only one breach can occur
simultaneously (Kolen, 2023). The number of simultaneously threatened hospitals may be
much higher, because it is uncertain where the breach will occur. Due to this uncertainty,
many of these threatened hospitals are expected to evacuate preventively, although not all of
these hospitals are flooded. Hospital patients are vulnerable and often need special vehicles
(such as ambulances) to be safely evacuated. If multiple hospitals are simultaneously evac-
uating, these resources have to be divided, resulting in a slower evacuation process. Besides
hospitals, other people will also want to leave the threatened area at the same time, using
the same infrastructure. This may lead to congestion and may further slow the evacuation.
The accessibility of the non-threatened area also influences the evacuation progress. The
amount of available time depends on when flood warnings are given. The evacuation frac-
tion indicates what fraction of the evacuees is able to get to a safe area before the onset of
the flood. Depending on these factors, preventive evacuation is not always viable. Especially
for densely populated areas with a large number of hospitals the evacuation fraction is rel-
atively low (Kolen, 2013). It should be noted that evacuation, even if successful, remains a
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risky undertaking for patients and can cause death (McGinty et al., 2017).

Shelter in place with(out) additional measures
Another flood strategy is to shelter in place. The hospital is prepared for the flood by
moving people and equipment to higher floors of the hospital where the flood cannot reach.
However, this flood strategy can still lead to harsh conditions within the hospital, posing
a threat to vulnerable patients. Therefore, it may be decided to take additional measures.
Such flood mitigating measures may consist of (Kolen, 2023; Van Beek et al., 2015):

• Spatial adaptation of the hospital to reduce damage. This can consist of permanently
relocating equipment to higher locations, waterproofing the hospital, constructing
(temporary) flood barriers or adding redundant equipment. For example, after re-
peated flooding from the river Meuse, a dyke was constructed to protect the VCMC
(Van Beek et al., 2015). At the hospital in Tampa (Florida), temporary flood barriers
were installed outside the hospital to protect the hospital against Hurricane Milton
(Toussaint, 2024). Alternatively, flood barriers can also be installed in doorways. The
Slingeland Hospital in the Netherlands used sandbags and pumps to combat flooding
caused by a heavy precipitation event (NOS, 2024). At the EMC, doorsteps are elevated
to prevent water from easily flowing into or through the hospital (HKV lijn in water,
2017). Lastly, the Meander Medical Centre in the Netherlands has placed all critical
equipment above the expected flood level (Van Beek et al., 2015). Each of these spatial
adaptation measures has the goal to reduce the recovery time after the flood.

• Increasing stocks and staffing to be able to continue functioning independently for a
longer period of time.

• Making emergency plans for the rescue or resupply of the hospital, reducing the time
that patients are exposed to harsh conditions.

• Discharging patients who are healthy enough to be independent of acute medical care,
reducing the number of patients in the hospital that is affected by the flood.

Accept
Another flood strategy may be to accept hospital flooding. No efforts are made to prepare
the hospital or its patients for the flood. Although it is not realistic to expect hospitals to
have no emergency plans at all, it can be argued that hospitals without emergency plans
regarding floods have adopted this flood strategy. This flood strategy can be seen as a
benchmark to compare other flood strategies.

Four flood strategies that are typically used by hospitals are considered for this research:
”preventive evacuation”, ”shelter in place without additional measures”, ”shelter in place
with additional measures”, and ”accept”. These flood strategies are used to increase the
flood preparedness of hospitals. In the next section, it is discussed how previous studies
assess flood preparedness and decide on flood strategies.

2.4 Previous studies

2.4.1 Assessment of hospitals’ flood preparedness

To find literature on assessment of hospitals’ flood preparedness, the following search query
was used in Scopus:
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TITLE-ABS ( flood* AND hospital* AND ( ”flood impact” OR index OR preparedness ) )

This query lead to the identification of 143 documents, of which 4 documents were selected
based on title and abstract. Additional documents were provided by experts. The sources
used by the researches that were found were used to identify additional documents.

In the area of flood risk management, several previous studies used indicators to assess
flood risk and impact for an area or building. In these studies, a set of indicators is defined
that together can model a flood-related concept, such as urban flood resilience (Batica &
Gourbesville, 2014), flood susceptibility (Miranda et al., 2023), flood risk (Phongsapan et al.,
2019) and hospital disaster preparedness (World Health Organization, 2015). These indica-
tors are assessed separately and are subsequently aggregated, resulting in a single overall
score. For instance, to quantify preparedness of hospitals for serval types of disasters, the
Hospital Safety Index (HSI) was developed (World Health Organization, 2015). The HSI con-
sists of 151 indicators that are assessed by experts. As a result, scores per indicator and an
aggregated safety score are obtained. Therefore, the HSI yields a comprehensive overview of
hospital disaster preparedness (including flood preparedness). In general, using indicators
to assess flood risk and impact enables making specific recommendations on improvement
and effective resource allocation (Phongsapan et al., 2019; World Health Organization, 2015).
However, regarding the HSI, the assessment of the extensive set of indicators has to be car-
ried out by a well-trained multidisciplinary team that requires full access to a hospital. This
makes the application of the HSI impractical (Lamine et al., 2023). In addition, the tool con-
siders a wide range of disasters making the tool less suitable for specifically assessing flood
preparedness of Dutch hospitals.

Another study investigated the flood preparedness of hospitals in the Netherlands (Van
Beek et al., 2015). A case study and questionnaires were conducted to identify critical hos-
pital facilities and their location within the hospital building. By comparing the elevation of
the hospital facilities and expected flood depths it was determined which facilities can get
flooded. Recommendations were made for spatial adaptation of hospitals, but the recom-
mendations do not take into account which measure best suits a particular flood strategy.
Furthermore, it is not taken into account which stakeholders would be needed to imple-
ment these spatial adaptation measures. The research underlined that the availability of
access roads and externally provided facilities (such as supplies, personnel and utilities) is
a prerequisite for critical hospital functions to remain available. However, these externally
provided facilities were not further considered.

That the flood impact as a direct consequence of flooding at the hospital is already quite
well-researched is confirmed by another research (Kolen et al., 2017). The probability of
occurrence of water depths at a certain location is, for example, summarised in flood risk
profiles (see Section 3.3). It should be emphasised that hospitals function in a network
(Kolen et al., 2017). So in addition to direct consequences, hospitals can experience indirect
consequences from floods even though the hospital itself is not flooded. Certain supplies
are delivered multiple times a day to a hospital. In addition, hospitals often buy medical
supplies in bulk to save money. Many hospitals are simultaneously affected if such a supplier
is flooded. The flooding of suppliers can disrupt the delivery of food or medicines, for
instance, jeopardising the continuity of healthcare at hospitals. The cascade effects due to
the failure of other parties in this network, such as suppliers, have not been mapped by
previous studies.

Flood preparedness of hospitals has been analysed in previous studies. The applicability
of indicator-based assessment in the area of flood risk management has been proven and
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has already been applied to hospitals. What is lacking is a set of indicators that is relevant
for assessing flood preparedness of hospitals in the Netherlands. In this research, this set of
indicators is referred to as flood preparedness indicators. Through considerate selection of these
flood preparedness indicators, this research regards both direct and indirect flood impact.

2.4.2 Flood strategy decision-making

To find literature on flood strategy decision-making, the following search query was used in
Scopus:

TITLE-ABS ( flood* AND hospital* AND ( strategy OR measure* ) AND ( decide OR decision* OR
compar* ) )

In total, 71 documents were identified through this query. Based on title and abstract, 1
source was selected. Additional documents were suggested by experts to increase the num-
ber of useful sources. The bibliography of the identified documents led to the identification
of more sources.

Besides assessing flood preparedness of Dutch hospitals with flood preparedness indicators,
it is desirable to compare flood strategies (see Section 2.3) and decide which is preferable for
a specific hospital. In the literature, there is a decision guide for hospital evacuation (Zane
et al., 2010). This guide suggests self-assessment of hospitals to decide between evacuation
and shelter in place. The self-assessment is supported with a list of questions pertaining
to the vulnerability of critical hospital facilities. The decision process is summarised in a
flow chart. However, this guide is not specific to flood disasters and only considers evac-
uation and sheltering in place. In addition, the guide does not allow for comparison of
flood strategies. Research looking at the flood strategy decision process in hospitals dur-
ing Hurricane Sandy suggested that data on morbidity and mortality associated with the
stay or go decision would allow decision makers to better assess risks, aiding hospitals in
the decision-making process (McGinty et al., 2017). Previous studies looked at quantitative
comparison of flood strategies for hospitals in the Netherlands (Kolen, 2013, 2023). The
number of expected fatalities was calculated per flood strategy with optimistic and pes-
simistic assumptions about the number of affected people and the mortality rate. Although
the calculation allowed for comparison of flood strategies, it remains conceptual and is not
applied to an existing hospital.

Deciding on flood strategies has previously been researched. Quantification of flood impact
per flood strategy enables hospitals to compare flood strategies and decide on the most
preferable option. Although calculations have been made in previous reports for illustrative
purposes, quantitative comparison of flood strategies has not yet been applied to specific
hospitals.

2.4.3 Stakeholder engagement and hospitals’ flood preparedness

To find literature on stakeholder engagement to improve flood preparedness, the following
search query was used in Scopus:

TITLE-ABS( ( flood* AND ( stakeholder* OR collaborative* OR engagement* ) AND hospital* ) )

This search query resulted in 36 sources from which, based on title and abstract, one source
was selected. Various search queries with similar terms were used, which yielded no new
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useful results. Experts provided additional sources. Furthermore, the bibliography of rele-
vant sources was used to further expand the number of papers.

In the collected literature, it was found that a knowledge gap exists at hospitals in terms
of knowledge about the local impact of floods. Therefore, hospital employees cannot make
informed decisions about flood preparation (Van Eijk, 2022; World Health Organization,
2017). In many hospitals, the knowledge of spatial and organisational factors, such as the
vulnerability of hospital buildings and the redundancy of hospital resources, must be ex-
panded. Many authors state that flood preparedness is necessary for hospitals to mitigate
the effects of flood disasters and that flood preparedness must be achieved through the
engagement of external experts, among others, from the field of flood risk management
and spatial planning (Adelaine et al., 2016; Krause et al., 2023; Ministry of Infrastructure
and Water Management, 2023a; Rattanakanlaya et al., 2021; Van Eijk, 2022; World Health
Organization, 2017). However, other studies found that when the number of disciplines
involved increases, social complexity arises (Bergman & Beehner, 2015; Den Heijer et al.,
2023). People from different disciplines will have different roles, views and responsibilities
in a framework. Furthermore, dependence on specific individuals (e.g. flood experts) during
disasters makes disaster response unreliable (Adelaine et al., 2016). Nevertheless, despite its
complexities, an integrated approach can overcome separated policy approaches, providing
better solutions and facilitating their implementation (Cumiskey et al., 2019).

To combat the impact of floods on hospitals, the literature suggests that flood preparedness
is necessary. To achieve flood preparedness, it is recommended that stakeholders from dif-
ferent disciplines are involved, in addition to hospitals. However, in the literature it is not
discussed which stakeholders should be engaged to improve flood preparedness of hospi-
tals, indicating a research gap. The small number of articles identified with the search query
supports this finding. This research focusses on which stakeholders should be engaged to
achieve flood preparedness of hospitals in the Netherlands. In addition, medical experts
who have experience with hospital floods are asked for their view on how stakeholders
could be engaged for the implementation of flood strategies, providing an interdisciplinary
perspective.

2.5 Summary of research gaps

Several research gaps have been identified in this chapter. Firstly, the Dutch flood risk man-
agement approach does not contain clear guidelines on how to determine which flood strate-
gies should be implemented at hospitals to improve their flood preparedness and which
stakeholders should be engaged for implementation. The literature was used to identify to
what extent these gaps have been addressed. Indicators have previously been applied to
assess disaster preparedness of hospitals. However, there is no set of indicators to assess
flood preparedness of hospitals. In addition, most studies have mainly considered the direct
impact of floods when analysing flood preparedness, disregarding the indirect impact. The
literature suggested that quantification of flood impact enables comparison of flood strate-
gies. However, such calculations have not been applied to specific hospitals, considering
four different flood strategies. Furthermore, many sources recommend engaging stakehold-
ers from different disciplines to improve flood preparedness, but which stakeholders should
be engaged per flood strategy has not been addressed. Moreover, how these stakeholders
could be involved for the implementation of flood strategies at Dutch hospitals has not been
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explored. This research addresses these gaps by answering the research questions from
Section 1.4.
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3. Methodology

This chapter explains the methodology used for this research. First, the research setup is
presented (Section 3.1). Then, cases for the case study are selected and introduced (Sec-
tion 3.2). The corresponding flood scenarios and its source are discussed (Section 3.3). Next,
the phase 1 and phase 2 interview methods are explained (Section 3.4). The methodology
for the stakeholder analysis is explained (Section 3.5). Then, the selection process for flood
preparedness indicators is explained (Section 3.6). Subsequently, it is described how the
flood preparedness of hospitals can be quantitatively assessed (Section 3.7).

3.1 Research setup

In this section, the expected outcomes from the research questions are listed and the corre-
sponding research setup is described. The type of research determines for a large part the
research setup that is followed. This research’s type is briefly analysed.

This section describes how each sub-question is answered. An overview of the expected re-
sults per study and for each sub-question is listed in Table 3.1. Figure 3.1 shows a schematic
overview of the research setup. It indicates the order of the research, what processes are ex-
ecuted in parallel, which processes depend on each other and shows how the sub-questions
are answered. This scheme will be described below.

Table 3.1: Expected research outcomes.

Expected outcome

Main
research
question

A method for quantitatively assessing the flood preparedness of hospitals in
the Netherlands along with recommendations on the engagement of stake-
holders for the implementation of flood strategies.

SQ1 A selection of flood preparedness indicators that are critical to the continuity
of healthcare at hospitals.

SQ2 A method for assessing the flood impact on hospitals in the Netherlands.

SQ3 A description of relevant stakeholders per flood strategy for the implementa-
tion process of flood strategies chosen by hospitals, structured by their power,
interest and attitude.

SQ4 Experts’ views on stakeholder engagement methods and their pros and cons.
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Figure 3.1: Scheme of the research setup. The steps in this figure are described in this section.

Cases: Two hospitals are selected as cases for the case study. As part of the case study,
phase 1 interviews and tours of hospitals are held. The information obtained from this is
used throughout the chapters. The case study serves as a tool for obtaining an overview
of flood preparedness indicators (Chapter 4, SQ1). It is also used to develop an assessment
method for flood preparedness of hospitals (Chapter 5, SQ2). Additionally, it yields an
overview of stakeholder groups (Section 3.5, SQ3). The cases are introduced in Section 3.2
and the phase 1 interviews and tours are introduced in Section 3.4.1.

Select flood preparedness indicators: Several sources are used to identify flood prepared-
ness indicators of hospitals. Flood scenarios are accessed via the LIWO (in Dutch: Landelijk
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Informatiesysteem Water en Overstromingen) to obtain information about factors such as
flood depth, the evacuation fraction and accessibility. The data from the LIWO can be ac-
cessed through the following url: https://basisinformatie-overstromingen.nl/#/maps. Lit-
erature on the continuity of healthcare in the context of floods, flood strategies, redundancy
and critical services in hospitals are consulted. The phase 1 interviews are conducted with
emergency management and logistics employees from hospitals and with a flood risk expert
to complement the information found in the literature on flood preparedness indicators. The
selected flood preparedness indicators were evaluated through the phase 2 interviews. This
part of the research answers SQ1 and is elaborated in Chapter 4.

Assessing hospitals’ flood preparedness: The assessment of hospitals’ flood preparedness
is applied to the cases. The illustrative power of the cases make the assessment insightful.
The flood preparedness indicators obtained from SQ1 and the flood strategies are pivotal
inputs to this process. The assessment is able to show how (in)direct impact of floods
is influenced by the flood preparedness indicators, how flood impact can be quantified
and which flood strategies are consequently at hand for hospitals to maintain continuity of
healthcare. This answers SQ2 and makes up Chapter 5. The assessment and underlying
assumptions are evaluated. Historical case data could also be used for validation, but then
it can only be validated whether the recorded flood impact, given the implemented flood
strategies, corresponds with the predicted impact. The flood impact given other variations
of flood strategies is unknown and therefore cannot be validated. Thus, limited validation
can be achieved through this method. Therefore, expert interviews are used.

Stakeholder analysis and engagement: For SQ3 stakeholder groups are identified through
the cases, the literature and government websites and documents. These stakeholder groups
are described and organised in a power-interest-attitude matrix (PIA matrix). The current and
desired degree participation are analysed. The stakeholders are then selected if they have
high power and interest and if they are relevant for the implementation of flood strategies.
Selected stakeholders are organised per flood flood strategy. This part of the research an-
swers SQ3 and this content can be found in Chapter 6. It can be executed in parallel with the
parts belonging to SQ1 and SQ2. Subsequently, the phase 2 interviews are used to identify
the view of experts with lived experience regarding stakeholder engagement methods. This
answers SQ4 and is described in Chapter 6.

3.2 Selecting cases

3.2.1 Selection criteria

Cases are used to understand the current response to flood risk at hospitals and to explore
hospitals’ vulnerabilities, methods for selecting flood strategies and the network of stake-
holders. For this research, two cases are selected, which allows for variation in a number
of hospital characteristics. The variation enables comparison and should be regarded as a
first step towards providing solutions that can benefit all Dutch hospitals. Given the time
frame available for this research, it was decided to look into only two hospitals more in
depth, rather than analysing many hospitals, but superficially. The hospitals to be analysed
are therefore of great influence to this research. The selection criteria for this ”purposeful
sampling” are discussed below.

• Country: Only Dutch hospitals are considered.

16

https://basisinformatie-overstromingen.nl/#/maps


3 Methodology

• The type and severity of the flood threat: Both of these factors may vary, based on a
hospital’s location within the Netherlands. For instance, there may be different causes
of floods. As stated in the scope (Section 1.3), floods caused by precipitation events
and breaches in primary or regional dykes are considered. The origin of the flood has
implications for the predictability of a flood. In the Netherlands, riverine floods are more
predictable than coastal floods. River discharges can be predicted by forecasting rainfall
in the catchment area of a river and later on by measuring upstream discharges (Strijker
et al., 2023). Coastal floods have a higher probability of being unforeseen (Kolen, 2013).
The predictability determines the amount of time available for evacuation, which has
a significant influence on the evacuation fraction of an area (Kolen, 2013). To enable
comparison, it was decided to select hospitals that have a similar cause of flooding.

• The number of simultaneously threatened hospitals: This aspect is determined by area
in which a hospital is situated. If many hospitals are threatened simultaneously, it is
more difficult for an individual evacuating hospital to find hospitals in the vicinity that
are able to take up patients. In addition, resources for evacuation, such as ambulances,
have to be divided over multiple hospitals. This slows down the evacuation process and
may affect the viability of the flood strategy ”preventive evacuation”. Therefore, one of
the selected hospitals must be flooded on its own, while the other must have at least one
other simultaneously flooded hospital.

• The location within a flooded area: This aspect affects the accessibility of a hospital.
A hospital that is located in the middle of a large flooded area is less accessible than a
hospital that is situated near the edge of a flooded area. This characteristic must be similar
for both cases.

• The size of the hospital (in terms of patient capacity, number of employees and floor
area) and whether it is a university hospital: Characteristics of university hospitals are
that they conduct research and have a larger number of specialised departments compared
to a regular hospital. In addition, they obtain grants for their research, meaning they
have increased funds compared to other hospitals. For these reasons, university hospitals
are also expected to have a more complex internal organisational structure and a more
extensive network of stakeholders when compared to non-university hospitals. To be able
to compare how these characteristics influence the implementation of flood strategies, one
university and one non-university hospital is selected.

• Previous flood experience: Previous experience with floods may result in investments in
flood preparedness, because of lessons learnt during the flood. Only few hospitals in the
Netherlands have flood experience. Therefore, it is not a prerequisite for selection.

• Practical considerations: Data availability from previous studies and reports, experience
with floods and accessibility through the personal network are pros when selecting cases.

3.2.2 Case introduction: Reinier de Graaf Gasthuis

The fist hospital that was selected is the RdGG. The RdGG is a non-university hospital that
located in Delft, in the province of South Holland. This is part of the central coastal area
of the Netherlands (see Figure 3.2). What makes this hospital special is that it was built
entirely new in 2015 and that flood scenarios were taken into account during the design.
It has a total capacity of 481 beds, of which 12 are intensive care (IC) beds. The hospital
has approximately 2600 employees and a floor area of 56.500m2 (MultiBel, 2022; Nationale
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Intensive Care Evaluatie, 2023; Stevens Van Dijck, n.d.). The RdGG can be flooded due to a
breach in the regional dyke system or by precipitation events. For both types of floods result
in a confined flooded area with flood depths of less than 1 metre at the hospital location.
The flood scenarios are discussed more extensively in Section 3.3. The hospital cannot be
flooded as a result of a breach in a primary dyke. No other hospitals are simultaneously
threatened by floods and no densely populated area is flooded. The hospital is located close
to the edge of the flooded area. The hospital has no significant flood experience.

3.2.3 Case introduction: Erasmus Medical Centre

The second hospital that was selected it the EMC. The EMC is a large university hospital
in Rotterdam, also located in the province of South Holland. After the completion of the
most recent expansion in 2017, the hospital has approximately 1200 beds (of which 56 are
IC beds), 14.000 workers and 400.000m2 of floor space (HKV lijn in water, 2017). The hos-
pital is located close to the river Meuse. Floods originate from storms at sea and extreme
river discharges. A flood is caused by a breach at the Parksluizen, a lock in the (primary)
dyke. Assuming one flood scenario will occur at the same time, up to 3 other hospitals will
be simultaneously flooded: the Erasmus Medical Centre Cancer Institute, Erasmus Med-
ical Centre Sophia Hospital and Franciscus Gasthuis Internal Medicine Outpatient Clinic.
However, multiple breaches along the coastal area are expected to occur before a breach
occurs at Parksluizen. The primary flood defence protecting the EMC was built before the
Maeslant barrier was constructed and is therefore designed for higher water levels than it is
currently exposed to (HKV lijn in water, 2017). Because an extreme storm at sea could also
cause breaches in different places along the coast, 33 hospitals are simultaneously threat-
ened (Kolen, 2023). Flood scenarios are discussed in more detail in Section 3.3. The EMC
has not experienced significant floods. However, its flood risk has previously been analysed.
And through contacts from the Pandemic & Disaster Preparedness Center (PDPC) additional
information can be acquired from the Frontrunner Project ”Pandemic lessons for flood disaster
preparedness”.
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Figure 3.2: Location of the RdGG and EMC.

Table 3.2: Characteristics of the RdGG and EMC.

Characteristic RdGG EMC

City Delft Rotterdam

Flood origin Regional dyke breach &
precipitation

Primary dyke breach

# simultaneously
threatened hospitals

0 33

University hospital No Yes

Beds (IC) 481 (12) 1200 (56)

Employees 2600 14.000

Floor area [m2] 56.500 400.000

Previous flood
experience

None None
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The RdGG case will be elaborated in this research. The EMC case is analysed to a lesser extent.
The cases are used to see to what extent recommendations regarding flood strategies may
vary based on certain hospital characteristics. Neither hospital has experience with floods.
However, as described, it is reasonable to think that there is enough information available
to be valuable cases to this research. In addition, the hospitals are located in the vicinity of
Delft, allowing visits to the hospitals and conversations with hospital staff in person. To add
a broader view, phase 2 interviews (Section 3.4.2) will be held with (former) staff from the
VCMC, a hospital with repeated and recent flood experience.

3.3 Flood scenarios and risk profiles

3.3.1 Data from the LIWO

The data used comes from the LIWO, from 2023. It is presented in maps of flood scenarios
and flood risk profiles. The flood scenarios describe the water levels that result from extreme
precipitation, high water levels and breaches of primary or regional dykes. The flood risk
profiles show the frequency of occurrence of the flood depth at the chosen location in the
Netherlands. It is a collection of all flood scenarios that can occur at that location. The flood
probabilities are given as the yearly chance of experiencing a flood.

A conservative calculation method is used for the flood risk profiles. The safety standards
for flood defences use the probability of exceeding a certain governing water level as the
failure probability. However, it is recognised that the actual failure probability is smaller
because of factors that are unaccounted for. Additionally, system behaviour and emergency
measures are disregarded. An example of system behaviour is that the flood caused by
failure of one dyke leads to the failure of a second dyke. Governing water levels and flood
processes are not adjusted for breaches elsewhere. However, for flood scenarios of regional
dykes, full interdependency has been assumed. If a breach occurs, the boezem1 will drain,
resulting in lower water levels, thus reducing the chance that another breach occurs. To
account for this, the LIWO uses a failure probability that is five times smaller than the norm
(HKV lijn in water, 2020).

3.3.2 Reinier de Graaf Gasthuis flood scenarios

There are four flood scenarios that threaten the RdGG. Table 3.3 and Figure 3.3 show the
flood risk profile at the location of the RdGG. The scenario names, predicted water levels and
their probability of occurrence are stated. The flood impact is discussed in Chapter 5.

Table 3.3: Flood scenarios for the current situation at the RdGG.

Scenario name Flood depth [m] Water level probability

Precipitation 10 0,15 1/9,8
Precipitation 100 0,30 1/83
Precipitation 1000 0,50 1/330
Regional 100 0,76 1/500

1A boezem stores water from a polder before it is discharged.
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Figure 3.3: Flood risk profile of the RdGG.

Breach in regional dyke
The “Regional 100” flood scenario results from a breach in a regional dyke. Figure 3.4 shows
how the region around the hospital is affected. Because a regional dyke system is breached,
the extent of the flood and the flood depth are limited. Therefore, the hospital remains rela-
tively easily accessible once flooded. The RdGG is the only hospital threatened and flooded
by this scenario. Therefore, rescue efforts can all be focused on the RdGG. Usually, such
breaches occur suddenly. In such cases, there is no time available for preventive evacua-
tion. If the flood can be predicted, based on the stated flood conditions, it is expected that
the entire hospital can be evacuated. The exact breach location cannot be identified from
the LIWO data. However, this is not strictly necessary, since the impact is relevant for this
research. According to the LIWO, the probability of exceedance of the dyke’s water level
norm is 1/100. As previously discussed, this results in a failure probability that is five times
smaller: 1/500.
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(a) Overview (b) Zoomed in

Figure 3.4: Flood depth map resulting from a breach in the regional dyke system with clas-
sified chance of failure of 1/100, retrieved from LIWO (scenario 20931). The probability of
the shown water level is assumed to be 1/500. The location of the RdGG has been indi-
cated.

Precipitation scenario with a 1000 year return period
The “Precipitation 1000” scenario results from a short and intense precipitation event with
a probability of occurrence of 1/1000 (see Figure 3.5). The precipitation event was modelled
as a rain event of 140mm in 2 hours’ time. Heavy precipitation events occur locally and
can be predicted. However, uncertainty remains regarding their exact location, duration and
intensity.
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(a) Overview (b) Zoomed in

Figure 3.5: Flood depth map resulting from a heavy precipitation event. The probability of
the shown water level is 1/1000. The location of the RdGG has been indicated.

Precipitation scenario with a 100 year return period
The “Precipitation 100” scenario results from a short and intense precipitation event with a
probability of occurrence of 1/100 (see Figure 3.6). The precipitation event was modelled as
a rain event of 70mm in 2 hours’ time.

(a) Overview (b) Zoomed in

Figure 3.6: Flood depth map resulting from a heavy precipitation event. The probability of
the shown water level is 1/100. The location of the RdGG has been indicated.
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Precipitation scenario with a 10 year return period
The “Precipitation 10” scenario results from a short and intense precipitation event with a
probability of occurrence of 1/10 (see Figure 3.7). The precipitation event was modelled as
a rain event of 35mm in 2 hours’ time.

(a) Overview (b) Zoomed in

Figure 3.7: Flood depth map resulting from a heavy precipitation event. The probability of
the shown water level is 1/10. The location of the RdGG has been indicated.

3.3.3 Erasmus Medical Centre flood scenarios

There are two flood scenarios that threaten the EMC. Table 3.4 and Figure 3.8 show the flood
risk profile at the location of the EMC. The scenario names, predicted water levels and their
probability of occurrence are stated. The flood impact is discussed in Chapter 5.

Table 3.4: Flood scenarios for the current situation at the EMC.

Scenario name Flood depth [m] Water level probability

Parksluizen 1 1,60 1/600.000
Parksluizen 2 1,84 1/690.000
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Figure 3.8: Flood risk profile of the EMC.

Breach in primary flood defence 1
The ”Parksluizen 1” scenario results from a breach in a primary flood defence, at a lock in
the dyke (see Figure 3.9). Given the location, such a breach can be the result of a storm
surge, extreme river discharges or a combination of both. Storms and river discharges can
be predicted, which results in a warning time of multiple days. However, a large part of the
Netherlands is simultaneously threatened under such circumstances. This flood scenario
simultaneously floods three other hospitals. In addition, this part of the Netherlands is very
densely populated. These factors pose an obstacle for the evacuation process. It should be
noted that Rotterdam is protected by storm surge barriers. Should these barriers fail to close,
the water levels will rapidly rise. In such cases, little time is available for the execution of
flood strategies because failure only becomes apparent during the storm (Kolen, 2023).
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(a) Overview (b) Zoomed in

Figure 3.9: Flood depth map resulting from a breach at Parksluizen. The probability of the
shown water level is 1/600.000. The locations of the EMC and breach location have been
indicated.

Breach in primary flood defence 2
For the flood scenario ”Parksluizen 2”, the causes are similar to the ”Parksluizen 1” scenario.
However, the event has a smaller probability of occurrence and causes higher flood levels
(see Figure 3.10).

(a) Overview (b) Zoomed in

Figure 3.10: Flood depth map resulting from a breach at Parksluizen. The probability of the
shown water level is 1/690.000. The locations of the EMC and breach location have been
indicated.
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3.3.4 Considerations regarding the flood depth

Figures 3.11 and 3.12 show the “Regional 100” flood scenario at the hospital in the years
2004 and 2021 respectively. In Figure 3.12, it stands out that the most water accumulation
(0,76m flood depth) seems to occur at the exact location of the hospital building, whereas the
parking lots seems to remain dry. Figure 3.11 reveals the reason behind this. The “Regional
100” flood scenario is based on AHN2 data, which is an elevation map of the Netherlands.
This part of the Netherlands was measured in 2008. The current RdGG was built in 2017.
Hence, the flood scenario is representative for the old situation (Figure 3.11), where there
used to be a parking lot at the location of the current hospital building. The old hospital
buildings were located East and West of this location, explaining why these places seem to
remain dry. Naturally, this is not fully representative of the current situation (Figure 3.12).
Unfortunately, this flood scenario is the most recent available.

From interviews with employees of the RdGG, it became clear that the surface below the new
hospital has been elevated compared to the old situation. When the hospital was designed,
a governing value for the flood depth of 0,30m was used. Additionally, it was observed that
the hospital is slightly elevated relative to its surroundings. Therefore, it may be questioned
whether a flood depth of 0,76m is realistic. The elevations of AHN2 have been compared
to the most recent elevation map from 2023: AHN5. Also the corresponding predicted
flood depths of the “Regional 100” scenario have been regarded. It can be deduced that
the predicted water level reaches approximately −0,30m NAP. The elevation of the direct
surroundings of the hospital ranges between −0,45m NAP and −0,10m NAP. This suggests
that the design value of 0,30m as maximum flood depth at the hospital could be more
realistic than the 0,76m suggested by the LIWO.

Nevertheless, one should still be aware of measurement errors in the elevation maps. The
maximum systematic error is 5cm. The standard deviation is also 5cm. 99,7% of the data has
a maximum error of 20cm (Actueel Hoogtebestand Nederland, n.d.). The flood models may
also contain errors. In addition, it is observed that the flood depth can vary significantly
across a large hospital terrain because of spatial variation. Using a strict flood depth of
0,30m for the design may result in unanticipated failures and a false sense of safety. So, on
the one hand, it may be argued that the flood depths from the flood scenarios are too large
at this location, hence too pessimistic. On the other hand, for the purpose of analysing the
vulnerability of the RdGG to floods, it makes sense to consider a range of water levels. All
reported water levels from Table 3.3 lie within a reasonable margin of what may be expected.
Additionally, the data from the LIWO contains the most recent scenarios. And within the
given time frame of this research, it is impracticable to update each flood scenario before use.
An elevation map is a snapshot in time, which inherently means that the data is “outdated”
right after data collection. However, this does not mean that the data immediately becomes
useless. This knowledge should be taken into account and the results critically reviewed. In
conclusion, the flood depths from the most recent flood scenarios are used, without prior
correction.
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Figure 3.11: Flood depth map resulting from a breach in the regional dyke system with
classified chance of failure of 1/100, projected over the RdGG in 2004, retrieved from the
LIWO (scenario 20931). The probability of the shown water level is 1/500.

Figure 3.12: Flood depth map resulting from a breach in the regional dyke system with
classified chance of failure of 1/100, projected over the RdGG in 2021, retrieved from the
LIWO (scenario 20931). The probability of the shown water level is 1/500.
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3.4 Interviews

3.4.1 Phase 1 interviews

As discussed in Section 3.1, this research is mainly qualitative in nature. Key informant
interviews were used to collect information on hospitals’ flood preparedness. This type
of interview is especially useful for obtaining in-depth information from a person with
specific and expert knowledge. Questions about experience with floods, logistics, spatial
adaptation and emergency plans at the hospital were formulated to guide the interview.
The questions are listed in Appendix B. Key informant interviews are also flexible. They
allow interviewees to raise topics that are important in their view, adding to the exploratory
part of the interviews. The prepared questions are focused on obtaining factual information
(in contrast to opinions). Nevertheless, with key informant interviews, one cannot omit
personal perspectives or experiences, which may yield biased information (Jones Taylor &
Blake, 2015).

Contact persons at the RdGG and the EMC were approached through the personal network.
They recommended contacting employees of the emergency management and logistics de-
partment to obtain answers to all questions. Specific employees were recommended and
have thus been invited to participate in the interview. At both hospitals, interviews were
conducted with employees from the departments of emergency management and logistics.
Additionally, a flood risk expert from RWS was interviewed. This expert was also approached
through the personal network. The interview was scheduled to obtain an additional perspec-
tive on the flood preparedness of hospitals. The flood expert can provide an outside view
on the hospitals, with knowledge from the water sector and the context of the water safety
policies in the Netherlands. This knowledge was deemed valuable to add to the research.

The phase 1 interviews were conducted in May 2024. The interviews were held by the
researcher and lasted between 44 and 55 minutes. In total, four phase 1 interviews took
place with five participants. Two employees per hospital participated: one from the logistics
department and one from the emergency management department. One participant was a
flood risk expert from RWS. Most interviews were held individually, but the interviews with
the employees from the RdGG were held together because this was more convenient in terms
of planning. All interviews were held in person, except for the one with the emergency
management employee from the EMC. This interview was held online, via Microsoft Teams,
for convenience. The interviews were held in Dutch, because all participants are from the
Netherlands. After receiving consent, the recording was started. For the interviews that
were held in person, only the audio was recorded. One interview was held online. Audio
and video were recorded for this meeting. The recording and automatic transcription were
done using Microsoft Teams. For each interview, the recordings and transcript were used
to create a summary, which was shared afterwards with the participant for approval. An
overview of characteristics of the interview participants is shown in Table 3.5. The results
of the phase 1 interviews and tours are used throughout the next chapters to elaborate the
cases.
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Table 3.5: Overview of characteristics of phase 1 interview participants.

Participant Country Professional background Employer Interview type

1 The Netherlands Logistics RdGG In person
2 The Netherlands Emergency management RdGG In person
3 The Netherlands Logistics EMC In person
4 The Netherlands Emergency management EMC Online
5 The Netherlands Flood expert RWS In person

In addition to the interviews, a tour of the RdGG and EMC hospital was arranged. The tour
of the RdGG took place with the two employees after the interview. The tour of the EMC was
guided by the logistics employee, also after the interview. The tours lasted for approximately
one hour. These tours have great added value to the research. The purpose of these tours
was to see the installations pertaining to the hospitals’ flood preparedness, rather than just
discussing them. After receiving consent, photos and height measurements were taken of
installations that fulfill a critical role in the continuity of healthcare at hospitals. This enabled
analysis of the vulnerability of these installations to floods (Chapter 5).

3.4.2 Phase 2 interviews

The phase 2 interviews were conducted to evaluate the selected flood preparedness indi-
cators, the results and the underlying assumptions of the assessment of hospitals’ flood
preparedness, and to identify methods to engage stakeholders for implementation of flood
strategies. An interview setup similar to the phase 1 interviews was used: questions were
prepared and during the interview there was flexibility for the interviewee to add informa-
tion that was deemed important. The interview questions can be found in Appendix C.

Since the hospitals from the case study, the RdGG and EMC, do not have any flood experience,
it was decided to contact (former) employees of the VCMC. This hospital has experienced
floods in 1993, 1995 and a close call in 2021. The interviewees worked for the hospital
during these events and have valuable experience with floods at hospitals. The employees
were approached through the personal network.

The phase 2 interviews were conducted by the researcher in September and October 2024.
The interviews lasted 60 and 104 minutes. Two persons were interviewed during two sepa-
rate interviews. One interviewee is a former employee at the VCMC. They were interviewed
via Microsoft Teams. The other interviewee currently works at the VCMC and was inter-
viewed at the hospital. The interviews were held in Dutch. The audio was recorded from
both interviews and an automatic transcription was created with Microsoft Teams. A sum-
mary was created and shared with the participants for approval. Participant characteristics
are summarised in Table 3.6.

Table 3.6: Overview of characteristics of phase 2 interview participants.

Participant Country Professional background Employer Interview type

6 The Netherlands Doctor with flood experience VCMC Online
7 The Netherlands Doctor with flood experience VCMC In person
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3.4.3 Ethical considerations

The phase 1 and phase 2 interviews were prepared and conducted in accordance with guide-
lines of the Delft University of Technology and were approved by the Human Research Ethics
Committee of the faculty of Technology, Policy and Management. In preparation for the in-
terviews, a risk assessment was carried out to identify potential ethical concerns. Preemptive
mitigation measures were applied where needed. A Data Management Plan was created and
approved by the Data Stewards from the faculty of Civil Engineering and Geosciences. An
Informed Consent Form was drafted to inform participants about the research, how the per-
sonally identifiable information is treated and to what potential risks participants may be
exposed. All personally identifiable information was anonymised. The data could only be
accessed by the researcher and the thesis supervisors.

3.5 Stakeholder analysis

First, stakeholders are identified that are relevant for the preparation or execution of flood
strategies. A principal stakeholder is appointed and the surrounding stakeholders are iden-
tified. These stakeholders are listed below and are discussed in more detail in Sections 6.1
and 6.2.

• Hospital Executive Board
• Hospital personnel
• Hospitals receiving patients
• Patients
• Ambulance services
• Suppliers
• Utility companies
• Water boards
• Municipalities
• Safety regions
• Insurance companies

From the identified stakeholders, a selection is made per flood strategy on who could be
involved in the implementation (see Section 6.3). This decision is based on the characteris-
tics discussed in the stakeholder assessment (see Section 6.2). Then, the stakeholders will
be categorised per flood strategy with the help of the PIA matrix by Murray-Webster and
Simon (2006) (Section 6.4). Categorisation results in recommended actions regarding the
involvement of stakeholders per flood strategy. Next, the current and desired stakeholder
engagement for flood strategy implementation is presented in the form of bullseye diagrams
(Section 6.5). Based on these bullseye diagrams and the phase 2 interviews, a selection is
made of stakeholders that should be engaged per flood strategy (Section 6.6). Finally, the
phase 2 interviews are used to obtain views from experts with lived experience on how
these stakeholders can be engaged.
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3.6 Selecting flood preparedness indicators

3.6.1 Selection process

The literature, phase 1 interviews and hospital tours were used to obtain an overview of
factors that are important for the regular operation of hospitals. The factors are categorised
and briefly described.

Scientific articles, reports and grey literature on flood preparedness and hospital floods were
analysed to find factors that contribute to the flood preparedness of hospitals. Search words
that were used in various combinations are: ”Flood”, ”Disaster”, ”Preparedness”, ”Hos-
pital”, ”Healthcare”, ”Index” and ”Indicator”. The sources were found through Web of
Science. In addition, some sources were recommended by supervisors. In total, 14 sources
were selected based on their title and abstract. Some sources directly relate to the flood pre-
paredness of hospitals. Other sources relate to flood indexes or the preparation of hospitals
for disasters in general. These sources are listed in Appendix F.

A list of factors that are claimed to contribute to the flood preparedness of hospitals was
kept. Every time that a new factor was discussed, it was added to the list. The factors were
grouped to find common denominators. These groups are regarded as flood preparedness
indicators. If multiple factors belonging to one indicator are mentioned by the same source,
it was only counted once toward the indicator count. For example, water, electricity and
sewerage were grouped as ”utilities”. If an article mentioned both water and electricity, this
increased the count of the indicator ”utilities” by one. The phase 1 interviews and hospital
tours were used to complement the literature. The interview questions can be found in
Appendix B. The results are described in Chapter 4.

3.6.2 Evaluation

This section’s methodology and the corresponding results (see Chapter 4) are discussed with
experts for evaluation. The methodology for these phase 2 interviews is described in Sec-
tion 3.4.2, the interview questions are presented in Appendix C under ”Flood preparedness
indicators” and the interview results are presented in Section 4.2.

3.7 Assessing hospitals’ flood preparedness

In this section, the method for assessing hospitals’ flood preparedness is presented. First, it
is explained how the flood preparedness indicators are used to determine the flood impact
on hospitals. Then it is discussed how this flood impact can be used to quantify flood
preparedness of hospitals.

3.7.1 Flood impact

Flood impact can be classified into direct and indirect impact. Direct impact refers to physi-
cal damage caused by a flood (Kolen, 2013, 2023). In case of indirect impact, one is affected
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by a flood event, but not by the flood itself. This includes being affected by a process that
fails due to a flood and is unavailable for a certain duration (Kolen, 2013).

With regard to the direct impact, the failure of hospital facilities due to flooding is con-
sidered. An overview of the elevation of hospital facilities is obtained through phase 1
interviews and tours. The elevation (in m NAP) is used as the critical flood level for each
hospital facility. If this critical flood level is exceeded, the facility is assumed to have failed.
The expected maximum flood depths were obtained by accessing the hospital’s flood scenar-
ios through the LIWO. It is assumed that once the flood reaches the hospital, the maximum
flood depth is immediately reached.

For the indirect impact, the availability of suppliers, their routes to the hospital are consid-
ered. In addition, it is considered how long hospital functions can remain available during
a flood without deliveries and if they fail, for how long they will remain unavailable. Dur-
ing the phase 1 interviews, it is asked which facilities have to be provided externally to the
hospital and which parties are involved (see Appendix B). Examples of externally provided
facilities are medical supplies, food and utilities. For each supplier location, the level of the
lowest entrance to the building is used as the critical flood level. Regarding the suppliers’
routes, transport takes place by road or by utility grid, depending on the type of supplier.
Transport by road can occur up to a maximum flood depth of 0,20m. Given this flood depth,
even small vehicles (comparable in dimensions and weight to a Seat Ibiza) can travel by
road with a velocity of up to 1m/s (Bocanegra & Francés, 2021; Evans et al., 2024). Hence,
the elevation level of the road plus 0,20m is used as the critical flood level for delivery by
road. The routes that are considered are determined by a navigation system and take the
least time given free-flowing traffic, avoiding flood depths greater than 0,20 metres. If no
route is available, given that criterion, the supply of the corresponding function is consid-
ered unavailable. The delivery of utilities (electricity, water and sewerage) occurs by utility
grid (electrical cables, water pipes and sewer pipes respectively). The utility grid is assumed
to be unaffected by a flood, because they are usually located underground or suspended in
the air in the Netherlands. Utility stations (e.g. electrical substations or sewage pumping
stations) are treated as supplier location, hence the lowest entrance level is used as critical
flood level. The phase 1 interviews are used to determine how long hospital functions can
last during a flood if no deliveries can take place (see Appendix B). Regarding the duration
of the unavailability of hospital functions once they have failed, it is assumed that recovery
can only occur after the flood has receded or once new supplies are delivered. For example,
a helicopter could provide emergency supplies. The duration may vary per flood strategy.
The result of the flood impact analysis of a hospital is an overview of which facilities fail per
flood scenario that poses a threat to the hospital.

The hospital’s facilities are grouped according to the flood preparedness indicators from
Chapter 4. Subsequently, it is determined if and when the flood preparedness indicators
fail. If any of the facilities that fall under a certain flood preparedness indicator fail, that
particular indicator is considered to have failed. Failure of one flood preparedness indicator
is assumed to cause failure of the hospital’s continuity of healthcare. Hence, a series system
is assumed for the continuity of healthcare (see Figure 3.13).
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Figure 3.13: Scheme of the proposed model for continuity of healthcare at hospitals. The
system is in series: if any hospital facility fails, the associated flood preparedness indicator
fails. If any flood preparedness indicator fails, the hospital’s continuity of healthcare fails,
resulting in an increased number of fatalities.

3.7.2 Quantification

The method described thus far uses flood preparedness indicators to analyse the impact of
floods per flood strategy. This section describes how the consequences of the flood impact
can be quantitatively represented, with the aim of enabling comparison of flood strategies.
First, factors are selected for quantification. Subsequently, the method for quantifying these
factors is explained.

Common factors that are used to quantify flood impact are the number of fatalities and costs
(Kok et al., 2004; McGinty et al., 2017; Ministry of Infrastructure and Water Management,
2018). As discussed in Section 2.1, the goal of preparing hospitals for floods is to reduce the
number of fatalities. In this research, the fatalities among patients as a result of discontinuity
of healthcare, caused by flooding, are considered. Flood strategies can be implemented to
reduce the number of fatalities, thus increasing the flood preparedness of hospitals. Various
types of costs are associated with flood strategies. In this research, the costs considered
consist of direct damages to the hospital to due a flood and costs regarding preparation
and execution of a flood strategy. The method for determining fatalities and costs for ”pre-
ventive evacuation”, ”shelter in place with additional measures”, ”shelter in place without
additional measures” and ”accept” are explained.

Fatalities

The number of fatalities determined by three factors: the number of people affected, the
mortality rate and the duration of exposure of the affected people to this mortality rate.
Equation 3.1 is the basic formula to calculate the number of fatalities. Each component of
the formula will be elaborated.
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F = N ∗ M ∗ t (3.1)

Where:

F [dths] Fatalities

N [#ppl] Number of affected people

M [dths/#ppl/d] Mortality rate per day

t [d] Duration of exposure of the affected people to the mortality rate
during a flood emergency situation

Number of affected people
It is assumed that only patients are affected by floods. Therefore, N represents the number
of affected patients. The number of affected patients is divided into three patient groups to
account for the variability in vulnerability between patients (Kolen, 2013). Patients’ vulner-
ability is reflected by their special needs:

• High vulnerability (i = 1): These patients depend on instruments and personal care.

• Medium vulnerability (i = 2): These patients depend on personal care.

• Low vulnerability (i = 3): These patients have special needs, but they are independent.
They are mainly at the hospital for observation.

The number of affected patients varies per flood strategy. For the flood strategy ”shelter
in place with additional measures” (j = 1), it is considered that the patient group with
low vulnerability is discharged from the hospital in anticipation of the flood. This measure
allows personnel to focus on the care of the most vulnerable patients. For ”shelter in place
without additional measures” (j = 2) and ”accept” (j = 3), it is assumed that all three
patients groups are present in the hospital. The number of affected patients per patient
group (i) and per flood strategy (j) is defined as Ni,j. For the flood strategies ”shelter in
place with additional measures” (j = 1), ”shelter in place without additional measures”
(j = 2) and ”accept” (j = 3), summation over the patient groups yields the number of
affected patients per flood strategy: Nj (see Equation 3.2).

Nj =
3

∑
i=1

Ni,j for j ∈ [1, 3] (3.2)

For the flood strategy ”preventive evacuation” (j = 4), a different equation is used to calcu-
late the number of affected patients. All three patient groups are assumed to be present in
the hospital and they are evacuated to other hospitals. In addition, preventive evacuations
occur more often than floods, because a flood may not occur after a preventive evacuation
was performed. When an evacuation is based on wrong information or incorrectly followed
procedures and no flood occurs, it is called a ”false alarm” (Kolen, 2013). However, even if
the procedures are followed correctly, the decision can be made to evacuate. Often, thresh-
olds for water levels are defined for flood risk management. These thresholds are defined
below the safety levels of flood defences to allow timely implementation of flood strategies.

35



3 Methodology

For example, the VCMC evacuates if the river Meuse reaches a water level of +19,60m NAP,
but the hospital is not yet flooded at this water level (Van Beek et al., 2015). Because the
impact of a flood is greater than the impact of an evacuation, the frequency of evacuations
is higher than the frequency of floods. This policy is called the ”better safe than sorry phi-
losophy” (Kolen, 2013). It should be noted that evacuating vulnerable patients can result
in fatalities, even if no flood occurs (McGinty et al., 2017). To compare flood strategies, the
number of fatalities per flood is considered. Therefore, the number of evacuations relative
to one flood is taken into account (defined as r). This number includes the preventive evac-
uation with subsequent flood (1 out of r times) and the preventive evacuations where no
flood occurs (r − 1 times). Therefore, the number of affected patients for the flood strategy
”preventive evacuation” is equal to the number of patients in the hospital multiplied by the
number of evacuations relative to one flood (see Equation 3.3).

N4 =
3

∑
i=1

Ni,4 ∗ r (3.3)

Mortality rate
The mortality rate depends on the flood strategy and the vulnerability of patients. Regarding
the mortality rate per flood strategy, an average daily mortality rate at Dutch hospitals (Mavg)
is used as a baseline mortality rate. This mortality rate occurs at hospitals in the Netherlands
under normal circumstances. During a flood, certain flood preparedness indicators may fail.
As a result, some special needs of patients can no longer be met, which leads to increased
patient mortality (Kolen, 2013). Which flood preparedness indicators fail depends on the
implemented flood strategy. The more flood preparedness indicators fail, the worse the
conditions in the hospital become, resulting in a higher mortality rate. This principle is
accounted for by multiplying Mavg with a flood strategy factor ( f j). The mortality rate for
the flood strategies ”shelter in place with additional measures” (j = 1), ”shelter in place
without additional measures” (j = 2) and ”accept” (j = 3) is given by Equation 3.4.

Mj = Mavg ∗ f j for j ∈ [1, 3] (3.4)

However, it is expected that the mortality rate among highly vulnerable patients will be
higher than patients with low vulnerability. The vulnerability of patients is accounted for by
a vulnerability factor that is applied to each patient group (vi). Combining the number of
affected people (Equation 3.2) with the mortality rate (Equation 3.4) and vulnerability factor
per patient group (vi) results in the number of fatalities per day for the flood strategies
”shelter in place with additional measures” (j = 1), ”shelter in place without additional
measures” (j = 2) and ”accept” (j = 3) (see Equation 3.5).

Fdaily,j =
3

∑
i=1

(Ni,j ∗ vi) ∗ Mavg ∗ f j for j ∈ [1, 3] (3.5)

For ”preventive evacuation”, the mortality rate depends on whether evacuation is success-
ful (patients arrive at their intended location before the onset of the flood) or unsuccessful
(patients are hit by a flood before the intended location is reached). Unsuccessful preventive
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evacuation will result in a higher mortality rate than successful preventive evacuation. For
successful ”preventive evacuation”, flood strategy factor f4,suc is multiplied with Mavg. If
”preventive evacuation” is unsuccessful, f4, f ail is multiplied with Mavg. The expected num-
ber of people that is able to reach their planned destination is described by the evacuation
fraction (e) (Kolen, 2013). The evacuation fraction ranges between 0 and 1, where 0 implies
that 0% of the patients reaches their intended location because of the flood. If e equals 1, all
patients are able to evacuate successfully.

Figure 3.14 explains how the number of fatalities per day for ”preventive evacuation” is built
up from three components. For every preventive evacuation, all patients present in the hos-
pital (all three patient groups, equal to ∑3

i=1 Ni,4) are evacuated. As previously mentioned,
preventive evacuations occur more often than floods. The number of preventive evacuations
relative to a flood is defined as r. Out of r preventive evacuations, a flood occurs once and
(r − 1) evacuations are executed without the occurrence of a flood. Hence, ∑3

i=1 Ni,4 ∗ 1 and
∑3

i=1 Ni,4 ∗ (r − 1) patients are evacuated respectively. For the one preventive evacuation
where a flood occurs, the evacuation fraction describes which part of the patients can be
evacuated successfully, indicated with e. The other patients are unable to evacuate success-
fully, indicated with (1 − e). For the (r − 1) preventive evacuations where no flood occurs,
everyone can be successfully evacuated, hence e = 1. To obtain the number of fatalities per
day, the mortality rates for successful (Mavg ∗ f4,suc) and unsuccessful preventive evacuation
(Mavg ∗ f4, f ail) and the vulnerability factor per patient group (vi) are applied to the number
of affected patients. As a result, three components are distinguished that contribute to the
number of fatalities per day. Adding up these components results in Equation 3.6. This
equation can be simplified, resulting in Equation 3.7.

r preventive 
evacuations

1 evacuation:
flood occurs

(r-1) evacuations:
no flood occurs

Completely 
successful 
evacuation:

e = 1

Partly
successful 
evacuation:

e

Partly 
unsuccessful 
evacuation:

(1 - e)

1.

2.

3.

Figure 3.14: The number of fatalities per day for ”preventive evacuation” (Equation 3.6) is
built up from three components.
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Fdaily,4 =
3

∑
i=1

(Ni,4 ∗ vi) ∗ 1 ∗ e ∗ Mavg ∗ f4,suc +
3

∑
i=1

(Ni,4 ∗ vi) ∗ 1 ∗ (1 − e) ∗ Mavg ∗ f4, f ail

+
3

∑
i=1

(Ni,4 ∗ vi) ∗ (r − 1) ∗ 1 ∗ Mavg ∗ f4,suc

(3.6)

Fdaily,4 =
3

∑
i=1

(Ni,4 ∗ vi) ∗ Mavg ∗ (e ∗ f4,suc + (1 − e) ∗ f4, f ail + (r − 1) ∗ f4,suc) (3.7)

Duration
To make the transition from the number of fatalities per day to the number of fatalities
per flood event, the duration and time-dependency of the mortality rates must be considered.
These two aspects are first elaborated for the flood strategies ”shelter in place with additional
measures” (j = 1), ”shelter in place without additional measures” (j = 2) and ”accept”
(j = 3). It should be determined 1) at what moment the mortality rates can be said to be
applicable, 2) what the duration of exposure to the mortality rate is, and 3) how the the
mortality rate develops over time.

1) As discussed in Section 3.7.1, the continuity of healthcare at hospitals is disrupted when
any of the flood preparedness indicators fail. Regarding the moment of the onset of the
mortality rates, it is assumed that if disruption of the continuity of healthcare occurs, the
mortality rates are applicable. This moment is defined as t = 0.

2) Furthermore, the end of the exposure of patients to the mortality rate is determined by the
duration of failure of the flood preparedness indicators. Recovery of all flood preparedness
indicators ends the exposure of patients to the mortality rate. Recovery can occur after
the flood has ended or when the hospital is rescued. This moment is marked as t = tj.
The difference between t = 0 and t = tj is the duration of the exposure of patients to the
mortality rate.

3) Regarding the development of the mortality rate over time, one interviewee from the
phase 2 interviews stated:

”Suppose you have not arranged that [preparing a hospital for floods], then that [loss of functions]
will have a kind of cumulative effect. ( ... ) The longer it lasts, the larger the problem becomes.”
[participant 6]

Both phase 2 interviewees agreed that the increase in mortality over time is dynamic, rather
than abrupt. However, they were unable to indicate how the mortality rate increases over
time, eventually reaching the maximum mortality rate, which is equal to Mj. To account
for this dynamic increase of the mortality rate, the time-dependent mortality factor mj(t)
is introduced (see Figure 3.15). The maximum mortality rate is multiplied by mj(t). It
is assumed that mj(t) linearly increases from zero at t = 0 to its maximum value of 1 at
t = tm. After mj(t) has reached its maximum value, it remains constant until the exposure
of patients to the mortality rate ends at t = tj (Figure 3.15a). Note that tj could also be
lower than tm, in which case the maximum value of mj(t) is not reached (Figure 3.15b).
Because mj(t) varies over time, using the difference between t = 0 and t = tj as the duration
overestimates the actual duration of exposure of patients to the mortality rate. Therefore,
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an equivalent duration is used, which is equal to the area below mj(t). This equivalent
duration is calculated taking the integral of mj(t) from t = 0 to t = tj. Combining the
number of deaths per day (Equation 3.5) with the equivalent duration of the mortality rate
yields the formula for the number of fatalities for the flood strategies ”shelter in place with
additional measures” (j = 1), ”shelter in place without additional measures” (j = 2) and
”accept” (j = 3): Equation 3.8.

It should be noted that for the number of fatalities per patient group for any flood strategy
(Fi,j) can never exceed the number of affected patients per patient group and flood strategy
(Ni,j). After all, it is impossible to have more fatalities than patients.

(a)

(b)

Figure 3.15: Two examples of the time-dependent mortality factor (mj(t)). This factor ranges
from 0 to 1, where 0 represents a mortality rate of 0 and 1 represents the maximum
mortality rate for a flood strategy. At t = 0, the flood reaches the hospital. At t = tm
the maximum mortality rate is reached. At tj, the exposure of patients to the mortality
rate ends. The area below mj(t) between t = 0 and t = tj is the equivalent duration. (a)
shows an example of the development of mj(t) when tj > tm. (b) shows an example where
tj < tm.

Fj =
3

∑
i=1

(Ni,j ∗ vi) ∗ Mavg ∗ f j ∗
∫ tj

t=0
mj(t)dt if j ∈ [1, 3] (3.8)
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To obtain the number of fatalities per flood event for the flood strategy ”preventive evacu-
ation”, the number of fatalities per day (Equation 3.7) is multiplied by the duration of an
evacuation (t4). The number of fatalities for the flood strategy ”preventive evacuation” can
be calculated with Equation 3.9.

F4 =
3

∑
i=1

(Ni,4 ∗ vi) ∗ Mavg ∗ (e ∗ f4,suc + (1 − e) ∗ f4, f ail + (r − 1) ∗ f4,suc) ∗ t4 (3.9)

Where:

i [-] Patient groups with high (i = 1), medium (i = 2) and low vulner-
ability (i = 3)

j [-] Flood strategies “shelter in place with additional measures”
(j = 1), “shelter in place without additional measures” (j = 2),
“accept” (j = 3) and ”preventive evacuation” (j = 4)

Fj [dths] Fatalities per flood strategy (Fi,j ≤ Ni,j)

Ni,j [#ppl] Number of affected patients per patient group and flood strat-
egy

vi [-] Vulnerability factor per patient group

Mavg [dths/#ppl/d] Average daily mortality rate at Dutch hospitals

f j [-] Flood strategy factor for j ∈ [1..3]

fsuc [-] Flood strategy factor for successful evacuation

f f ail [-] Flood strategy factor for unsuccessful evacuation

e [-] Evacuation fraction (e ∈ [0, 1])

r [-] Number of evacuations relative to one flood

tj [d] •For j ∈ [1..3]: time when the flood is over, when the hospital is
rescued or when processes can be resumed

•For j = 4: duration of preventive evacuation

mj(t) [-] Time-dependent mortality factor (mj(t) ∈ [0, 1])

Inputs
The maximum number of patients present in a hospital is assumed to be equal to the number
of hospital beds. The number of patients per patient group and flood strategy (Ni,j) and the
vulnerability factor per patient group (vi) are defined below (Kolen, 2013):

• High vulnerability (i = 1): This group is considered for every flood strategy and
occupies 5% of all hospital beds. These patients are 8 times more vulnerable than
average (vi = 8).

• Medium vulnerability (i = 2): This group is considered for every flood strategy and
occupies 25% of all hospital beds. These patients are 2 times more vulnerable than
average (vi = 2).
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• Low vulnerability (i = 3): This group is considered for every flood strategy except
for ”shelter in place with additional measures” and occupies 70% of all hospital beds.
These patients have special needs, but they are independent. These patients are 0,14
times more vulnerable than average (vi = 0, 14).

The average daily mortality rate at Dutch hospitals (Mavg) is deduced from data collected by
the Central Agency for Statistics (CBS) from the years 2015 to 2021. The result is a mortality
rate of 0,0023, which is approximately 1 fatality per 430 beds per day (see Table 3.7).

Table 3.7: Fatality statistics at Dutch hospitals between 2015 and 2021, from the CBS
(2024a, 2024b).

Year Fatalities per
10.000 persons

in hospitals

Dutch
population in

millions

Fatalities per
year in

hospitals

Hospital
beds

Fatalities per
day per

hospital bed

2015 19,7 16,901 33.295 42.600 0,0021
2016 19,2 16,979 32.600 41.500 0,0022

2017 18,8 17,082 32.144 40.300 0,0022
2018 19,1 17,181 32.816 39.900 0,0023
2019 18,4 17,282 31.799 38.300 0,0023

2020 19,8 17,408 34.468 36.800 0,0026
2021 21,2 17,475 37.047 37.800 0,0027

Mean 0,0023

To allow for comparison between flood strategies, a flood strategy factor is proposed per
flood strategy.

• Shelter in place without additional measures (j = 2): based on reports about hurricane
Katrina, it is estimated that 10% of the patients die during a four-day event (Kolen,
2013). The daily mortality rate for ”shelter in place without additional measures” is
therefore estimated to be 2,5%, which corresponds to a flood strategy factor ( f2) of 10
for ”shelter in place without additional measures”.

• Shelter in place with additional measures (j = 1): the mortality rate of this flood
strategy is assumed to be a factor of 1,5 less than ”shelter in place without additional
measures” (Kolen, 2013). The daily mortality multiplication factor for the flood strat-
egy ”shelter in place with additional measures” ( f1) is 6,67.

• Accept (j = 3): in the literature, no mortality rates are reported for hospitals that
were flooded without any anticipation. However, it is reasoned that no degree of flood
preparation results in a higher mortality rate than sheltering in place without addi-
tional measures. It is assumed that this results in a mortality rate that is 50% higher
than ”shelter in place without additional measures”. The daily mortality multiplication
factor for the flood strategy ”accept” ( f3) is 15.

• Preventive evacuation (j = 4): during evacuation, patients are exposed to less ideal
circumstances compared to a hospital. Shortage of equipment and personnel leads
to an increase in mortality of 50% compared to the average regular mortality if the
evacuation is successful. A flood strategy factor of 1,5 is used for successful preventive
evacuation ( fsuc). If there is not enough time for complete and successful evacuation, it
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is assumed that the flood strategy factor is much higher. A value of 40 is assumed for
f f ail , which produces a mortality rate per day for patients with high, medium and low
vulnerability (in mathematical form: Mavg ∗ vi ∗ f f ail) of approximately 0,75, 0,20 and
0,01, respectively. In consultation with a flood expert from HKV, it was decided that
these values are plausible. The influence of f f ail on the estimated number of fatalities
is analysed in the sensitivity analysis.

Regarding the evacuation fractions (e), no hospital-specific evacuation fractions are available
for the Netherlands. Therefore, evacuation fractions from the LIWO are used. These values
vary depending on the location and amount of time available for evacuation, ranging from
zero (unexpected) up to four days. The evacuation fractions from the LIWO are only appli-
cable to flood scenarios resulting from breaches in primary flood defences. For hospitals
threatened by breaches in regional flood defences, an estimation has to be made per case.

The number of evacuations relative to one flood (r) depends on the location of the hospital
in the Netherlands. For coastal areas in the Netherlands, the frequency of evacuations due
to a storm surge or high water levels at rivers is 25 to 50 higher than the frequency of a
flood. For a river area, the evacuation frequency is 5 to 10 times higher than the flood
frequency (Kolen, 2013). These numbers only apply to breaches in primary flood defences.
For breaches in regional flood defences, a specific estimation of r has to be made per case.

As previously discussed, exposure of patients to the mortality rate is caused by failure of
flood preparedness indicators. If any of the flood preparedness indicators fail exposure
ensues. This moment in time is defined as t = 0. When all flood preparedness indicators are
recovered, the exposure ends. This moment in time is defined as tj. Recovery can occur after
the flood is over, but may occur earlier if the hospital is rescued and evacuated or resupplied.
For the duration of the flood, the LIWO distinguishes between days, weeks, months and up
to half a year. For most of the flood-prone area in the Netherlands, the flood duration will
be several weeks or longer. How long it takes for a rescue mission or emergency supplies
to arrive at a flooded hospital depends on the case considered. However, it is assumed that
for ”shelter in place with additional measures” a rescue mission is able to reach the hospital
earlier compared to the flood strategies ”shelter in place without additional measures” and
”accept” because of advance agreements.

For the development of the time-dependent mortality factor (mj(t)) a bilinear function was
assumed to account for the increase of the mortality rate over time. The time tm indicates
when mj(t) reaches its maximum value of 1. All interview participants from phase 1 and
phase 2 interviews that work at hospitals mentioned that failure of hospital facilities is
”dynamic” and that a hospital goes into ”survival mode”. One participant from the RdGG
stated:

”During emergencies, people are first of all: super resourceful, [and secondly:] become super united,
because everyone is very willing to work together and there is a solution for everything.” [partici-
pant 1]

Because the moment of failure of flood preparedness indicators is ambiguous, estimating tm
is difficult. For tm a value of four days assumed. The influence of this value on the estimated
number of fatalities is analysed in the sensitivity analysis.

Lastly, the duration of an evacuation (t4) is determined. Previous experience with evacua-
tions of Dutch hospitals shows that evacuation of a single hospital is possible if the direct
surroundings remain unaffected (Kolen, 2023). Examples are the evacuations of the VCMC,
VU Medical Centre in Amsterdam and the Meander Medical Centre in Amersfoort. These
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evacuations were executed within one day. Therefore, the duration of one evacuation is
assumed to be one day.

Sensitivity analysis

A sensitivity analysis is performed to gain insight into which parameters of Equations 3.8
and 3.9 have the largest impact on the calculated number of fatalities. For Equation 3.8, the
parameters tj, tm and f j are varied individually. For Equation 3.9, the parameters fsuc, f f ail ,
e, and r are varied individually. First, the parameters are considered individually and are
compared with each other once each parameter has been reviewed.

Costs

The fatalities and costs associated with each flood strategy can be weighed against each
other. Phase 2 interviews confirmed that estimating the amount of costs related to floods
is very difficult. Therefore, the types of costs associated with physical flood damage to the
hospital and the implementation of flood strategies are collected per flood strategy through
expert opinions from the phase 2 interviews. Other costs are disregarded. The types of
costs per flood strategy are used to qualitatively estimate how expensive the flood strategies
are relative to each other. The costs per flood strategy are categorised in terms of ”high”,
”medium” and ”low”. ”Low” is awarded to the least expensive flood strategy and the most
expensive flood strategy is labelled ”high”.

3.7.3 Evaluation

This section’s methodology and the corresponding results (see Chapter 5) are discussed
with experts for evaluation. Specifically, the mortality rates and the classification of patients
are discussed. The methodology for these phase 2 interviews is described in Section 3.4.2,
the interview questions are presented in Appendix C under ”Hospitals’ flood preparedness
evaluation” and the interview results are presented in Section 5.8.
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4. Flood preparedness indicators

In this chapter, the selected flood preparedness indicators are presented. The selection is
based on the literature and phase 1 interviews. The phase 2 interviews are used to evaluate
the selection of indicators through expert judgement. The evaluation leads to a final selection
of flood preparedness indicators.

4.1 Selection

The list of selected flood preparedness indicators and factors can be found in Table 4.1.
Figure 4.1 shows how often indicators were considered relevant by the interviewees and
authors. Critical equipment, stocks, utilities, transport of patients, accessibility, emergency
management capacity and personnel were mentioned by 10 sources or more. When com-
paring the literature with the interviews, the same seven indicators stand out, except for
”personnel”. This indicator was not mentioned during the interviews, which may be ex-
plained by the fact that the interviews focused more on the physical aspects of the hospital,
rather than human resources. An overview of sources from the literature and the interviews
per flood preparedness indicator can be found in Table F.1.
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Table 4.1: Flood preparedness indicators and identified factors that contribute to the flood
preparedness of hospitals.

Indicator Factor Additional information

Critical
equipment

Air treatment
Cardio Care Unit
Central Sterilisation Department
Communication
”Critical medical equipment”
Dialysis centre
Elevators
Emergency room
Intensive Care
IT systems
Laboratory
Logistics
Medium Care
Neonatology
Operation Room
Radiology

This group contains hospital depart-
ments and technical installations that
are considered critical for the main-
tenance of high-quality healthcare.
Therefore, the equipment that belongs
to these departments should remain
operational. Some sources were non-
specific when mentioning equipment.
Such cases have been placed under
”Critical medical equipment”.

Stocks Food
Fuel
Medical gasses
Medical supplies
Medication
”Supplies”
Water

This group contains supplies that
should be in stock in order for a
hospital to be able to operate un-
der regular circumstances or indepen-
dently if supplies are cut off. Some
sources were nonspecific when men-
tioning supplies. Such cases have been
placed under ”Supplies”.

Utilities Electricity
Sewerage
Water

This group contains utilities, which
are deemed a basic need for any hos-
pital.

Personnel Personnel Providing healthcare remains mainly
human work. Without hospital per-
sonnel, healthcare cannot be provided.
This indicator pertains to sufficient
and qualified personnel, as well as
resting schedules.

Transport of
patients

Ambulances
Helicopters
”Patient transport”

This group contains modes of trans-
port for patients. The only specific
modes that were named in the sources
studied were ambulances and heli-
copters. If sources were nonspecific,
”Patient transport” was used.

Continued on the next page.
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Indicator Factor Additional information

Accessibility Accessibility This factor describes to what extent a
hospital can be reached and entered,
for instance by patients, personnel and
suppliers, through various means of
transport.

Emergency
management
capacity

Emergency management
capacity

This factor pertains to having emer-
gency plans prepared to ensure an ad-
equate response. Advance agreements
between hospitals regarding the dis-
tribution of patients from the flooded
hospital among the operational hospi-
tals are also included.

Structural
integrity

Structural integrity Structural integrity pertains to the ca-
pability of the hospital building to re-
sist the loads of flood.

Financing Financing A hospital should have sufficient fi-
nancial resources to overcome the fi-
nancial setback caused by the flood.
This may be in terms of physical dam-
age, as well as missed revenues.

Patient
capacity

Patient capacity This group represents the hospital’s
capacity to take up patients, expressed
in the number of beds.

Safeguarding
personnel’s
family

Safeguarding personnel’s family The hospital personnel’s safety is a
prerequisite for personnel to show up
during disasters.
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Figure 4.1: Indicators for hospitals’ flood preparedness and how often these indi-
cators are considered relevant in the literature and the interviews. In total, 14
sources from the literature were used. The indicator count for the interviews has
been aggregated for the RdGG, the EMC and RWS. Therefore, the maximum count
for the interviews is 3.

4.2 Evaluation

During the phase 2 interviews, the experts were asked to what extent the considered flood
preparedness indicators cover the aspects that a hospital should consider when preparing
for a flood (see Appendix C). In this context, the experts agreed with the proposed flood
preparedness indicators. The proposed adjustments and reasons (not) to adopt them are
discussed.

First, it was mentioned that varying flood preparedness indicators are relevant depending
on the flood strategy selected. If ”preventive evacuation” is selected, the hospital is aban-
doned. Therefore, indicators such as ”critical equipment”, ”stocks” and ”utilities” are not so
relevant. For the other flood strategies, which involve staying at the hospital, the indicator
”transport of patients” is irrelevant.

The indicator ”critical equipment” could be divided into infrastructure and patient-related
equipment. It is reasoned that all equipment, as currently specified, is essential to guarantee
the well-being of patients. In addition, some equipment finds itself in a grey area between
infrastructure and patient-related equipment. To keep the number of indicators limited, it is
decided not to divide the indicator ”critical equipment”.
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The indicator ”accessibility” can be placed under the indicators ”stocks” and ”transport of
patients”, rather than being defined as a separate indicator. Although accessibility is often
mentioned as a separate aspect of hospital preparedness, it can often be related to the two
indicators mentioned. Furthermore, for some indicators, a distinction is made between the
direct and indirect impact. The failure of hospital accessibility can be considered to be part
of the direct impact on a hospital. Hence, the proposed adjustment is adopted.

The experts agreed on not selecting the excluded indicators (see Figure 4.1). The indica-
tor ”safeguarding personnel’s family” was said to play a role during an evacuation, which
confirms the findings from the literature. However, it was not acknowledged to be of such
importance that it should be included as flood preparedness indicator.

The experts recommended to also consider the size of the hospital’s catchment area as an
indicator. This size is important to determine whether the remaining hospitals in the health-
care network are able to compensate for the failure of the flooded hospital in order to main-
tain regional continuity of healthcare. The flood preparedness indicators represent a hospital
function and can be categorised as ”available” or ”failed”. The underlying function of the
size of the catchment area is that hospitals are able to take up patients from flooded hospitals
and people from the catchment that would have visited the flooded hospital. This is repre-
sented by the indicator ”patient capacity”, but this indicator was purposefully excluded by
the experts. Therefore, this proposal is not adopted.

4.3 Final selection

In summary, based on the literature and (phase 1 and 2) interviews, a final selection of
flood preparedness indicators is made. The characteristics of the flood strategy ”preventive
evacuation” significantly differ from the other flood strategies, as the hospital is left behind.
Hence, indicators related to supplies and the hospital building are not as relevant for this
flood strategy. However, indicators related to moving patients are only relevant for ”preven-
tive evacuation”. Therefore, a different set of flood preparedness indicators is selected for
this and the other flood strategies.

For preventive evacuation, the following flood preparedness indicators are selected:

• Transport of patients
• Emergency management capacity
• Personnel

For the other flood strategies (”shelter in place with additional measures”, ”shelter in place
without additional measures” and ”accept”) the flood preparedness indicators below are
selected:

• Critical equipment
• Stocks
• Utilities
• Emergency management capacity
• Personnel
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5. Assessing hospitals’ flood preparedness
in the Netherlands: the Reinier de
Graaf Gasthuis and Erasmus MC cases

In this chapter, the method for evaluating flood preparedness of a hospital is applied to
the Reinier de Graaf Gasthuis (RdGG) and EMC. These hospitals and relevant flood scenarios
were introduced in Sections 3.2 and 3.3 respectively. First, the flood impact per flood scenario
is determined. Subsequently, the expected number of fatalities and costs per flood strategy
are derived. A sensitivity analysis is also conducted.

5.1 Reinier de Graaf Gasthuis - Flood impact

5.1.1 Direct impact

The phase 1 interviews were used to obtain an overview of the hospital facilities from the
RdGG, their suppliers (if relevant) and elevation. The hospital has six levels above ground
and is approximately 24 metres high. Therefore, each level is estimated to be four metres
high. The ground floor is located at −0,10m NAP, the first floor is located at +3,90m NAP,
the second flood is situated at +7,90m NAP, etc. The hospital does not have a basement, but
some facilities are situated underground. The elevation of the underground facilities could
not be verified. Therefore, it was estimated to be four metres below the ground floor, at
−4,10m NAP.

The elevations are used as critical flood levels. Some facilities are elevated relative to the
ground level. If measurements could be carried out, the precise elevation is reported. Else,
the facilities are said to be ”raised”. The hospital employees stated that these facilities are
elevated by at least 0,30m relative to their surroundings. For the underground facilities, it
is unrealistic to assume that a water level of −4,10m NAP causes failure. The groundwater
table in Delft is at approximately −0,40m NAP, which does not cause failure of underground
facilities. For these facilities, the elevation of the ground floor (−0,10m NAP) is used as crit-
ical water depth. The availability of each hospital facility per flood scenario is summarised
in table Table 5.4.

5.1.2 Indirect impact

To determine the the indirect impact, suppliers and their routes to the hospital are consid-
ered. The phase 1 interviews led to the identification of seven suppliers. The group ”per-
sonnel” was added to this list based on the identified flood preparedness indicators. The
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indirect impact on these entities is elaborated per flood scenario. The identified suppliers
are:

• Electricity supplier: Stedin
• Drinking water supplier: Evides
• Wastewater treatment plant: Delfluent
• Medical products supplier: ZorgserviceXL
• Sterilised equipment supplier: Combi-Ster
• Medical gases supplier: Linde Gas
• Fuel companies
• Personnel

In this chapter, the elaboration of the indirect impact of the ”Regional 100” flood scenario
is included. The elaboration of the indirect flood impact of the other flood scenarios (”Pre-
cipitation 1000”, ”Precipitation 100” and ”Precipitation 10”) can be found in Appendix D.
The availability of the suppliers per flood scenario that threatens the RdGG is summarised in
Table 5.4. The other scenarios that form a threat to suppliers are not included.

Electricity supplier (Stedin) - Utilities
The RdGG is connected to two separate medium voltage (MV) (10kV) power grids of energy
company Stedin. The cables are connected to an on-site MV substation, which is located
in the so-called “E-building” (Figure 5.1). On the other side of the power cables is a high
voltage (HV) substation, South of Delft’s city centre (Figure 5.2). This building is elevated
approximately 0,30m above ground level, resulting in a critical flood level of +0,60m NAP.
There are no intermediate substations between the RdGG and the HV substation. The HV
substation is not threatened by floods and the underground power grid is assumed to remain
unaffected by floods. Therefore, it may be assumed that this flood scenario does not result
in failure of the power grid because of failure on the side of the supplier.

Figure 5.1: The two power cables connect to a MV substation in E-
building, at the site of the RdGG. Flood scenario: Regional 100.
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Figure 5.2: The two MV power cables run from the HV substation, South
of the city centre of Delft, to the RdGG. Flood scenario: Regional 100.

Drinking water supplier (Evides) - Utilities
Drinking water is supplied by Evides. The water is most likely produced at Evides’ loca-
tion in Kralingen, Rotterdam (see Figure 5.3). This location is not threatened by the “Re-
gional 100” scenario. The only flood that can occur at Evides is caused by the ”Precipitation
1000” scenario (see Appendix D). The water grid is assumed to be unaffected by floods.
Considering the flood scenario ”Regional 100”, the supply of water is not disrupted. Evides
supplies drinking water to a part of the Southwest of the Netherlands (see Figure 5.3). This
includes approximately 40 hospitals. It is unknown if failure of one production location can
be compensated by another location.
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Figure 5.3: Drinking water supply area of Evides, including the
production locations. The location of the RdGG has been indi-
cated.

Wastewater treatment plant (Delfluent) - Utilities
The hospital’s sewage systems are connected to the Harnaschpolder wastewater treatment
plant, which is owned by Delfluent and is located in Den Hoorn. This location is not threat-
ened by the “Regional 100” scenario, but can be flooded by three other scenarios: “Ter
Heijde 1.000.000”, “Scheveningen Uitwateringssluit 1.000.000” and “Kijkduin 1.000.000” (see
Table 5.1). The latter two are expected to cause disturbance of operations when they occur.
However, the probabilities are much lower than that of the “Regional 100” scenario. The
underground sewage system is assumed to remain unaffected by floods.

Table 5.1: Flood scenarios for Delfuent. Address: Peuldreef 4, 2635 BX Den Hoorn. Adapted
from Mijn Waterrisicoprofiel, by HKV lijn in water, 2020 (https://mijnwaterrisicoprofiel.
nl/).

Scenario name Flood depth [m] Water level probability

Ter Heijde 1.000.000 0,02 1/1.100.000
Scheveningen Uitwateringssluis 1.000.000 0,11 1/1.200.000
Kijkduin 1.000.000 0,51 1/25.000.000

Medical products supplier (ZorgserviceXL) - Stocks
ZorgserviceXL is located in Delfgauw (see Figure 5.4) and delivers medical supplies to the
RdGG. The company is only 7,0km from the hospital. Its location is not threatened by
flooding. However, a small part of the route to the hospital is flooded by the “Regional 100”
scenario. The maximum expected flood depth on the road to the hospital is approximately
0,20m. This amount of water is not expected to disrupt deliveries. Figure 5.4 shows the
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supply route, avoiding all areas that can get flooded. ZorgserviceXL is also supplies four
other hospitals in the region: the HagaZiekenhuis, Franciscus Gasthuis, Franciscus Vlietland
and IJsselland Ziekenhuis. So locally, it has an important role in the delivery of medical
supplies.

Figure 5.4: Route from ZorgserviceXL to the RdGG. The projected flood
depth is a combined scenario for the case where all dykes are breached.
In practice this cannot occur, but it shows how the route is accessible
given the maximum flood depth for each location and as such, for each
possible scenario.

Sterilised equipment supplier (Combi-Ster) - Stocks
The company Combi-Ster is located in Delft and sterilises the medical supplies that are
used during surgical procedures. Its location is not flooded by the “Regional 100” scenario.
However, it is flooded during the “Parksluizen 100.000” and “Parksluizen 1.000.000” sce-
narios (see Table 5.2). The location Parksluizen lies in Rotterdam at the Meuse river. The
probabilities of occurrence for the Parksluizen scenarios are much lower than that of the
“Regional 100” scenario. These probabilities are also well below the maximum allowable
value of 1/30.000, which is the norm for 2050 for this dyke. The corresponding flood depths
would make delivery of goods impossible. If the Parksluizen scenarios are not taken into
account, delivery can continue as the building remains dry and the flood depth along the
route is approximately 0,20m (see Figure 5.5). Combi-Ster also works for the HagaZieken-
huis and Reinier Haga Orthopedisch Centrum. This increases the impact if the company is
flooded.
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Table 5.2: Flood scenarios for Combi-Ster. Address: Marconiweg 18, 2627
BA Delft. Adapted from Mijn Waterrisicoprofiel, by HKV lijn in water,
2020 (https://mijnwaterrisicoprofiel.nl/).

Scenario name Flood depth [m] Water level probability

Parksluizen 1 0,52 1/600.000
Parksluizen 2 0,53 1/690.000

Figure 5.5: Route from Combi-Ster to the RdGG. The depicted flood sce-
nario is ”Regional 100”. The route remains accessible.

Medical gases supplier (Linde Gas) - Stocks
The company Linde Gas supplies the medical gasses. Delft is supplied from the distribu-
tion centre in Schiedam, close to the Meuse river. This location is unaffected by the “Re-
gional 100” scenario. The route to the RdGG is flooded by this scenario by approximately
0,20m and is therefore available. The company is impacted by the “Rivieren en Meren Rijn-
Maasmonding” scenarios (see Table 5.3). These scenarios cause flooding at the company
location. Assuming that only one flood scenario occurs simultaneously, there is always a
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route available to the RdGG (see Figure 5.6). Linde Gas supplies medical gasses to numerous
other hospitals, among others: the EMC, VCMC, Franciscus Gasthuis and IJsselland zieken-
huis. Unfortunately, there is no overview of hospitals that receive their medical gases from
Linde Gas.

Table 5.3: Flood scenarios for Linde Gas. Address: Havenstraat 23, 3115 HC
Schiedam. Adapted from Mijn Waterrisicoprofiel, by HKV lijn in water, 2020 (https:
//mijnwaterrisicoprofiel.nl/).

Scenario name Flood depth [m] Water level probability

Rivieren en Meren Rijn-Maasmonding
100

0,06 1/100

Rivieren en Meren Rijn-Maasmonding
1000

0,24 1/1000

Rivieren en Meren Rijn-Maasmonding
10.000

0,50 1/10.000

Figure 5.6: Route from Linde Gas to the RdGG. The depicted flood scenario
is ”Regional 100”. The route remains accessible.
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Fuel companies - Stocks
There are no scenarios that isolate the RdGG. Assuming that only one flood scenario occurs
simultaneously, there will always be a fuel station that is able to supply the hospital with fuel
for the backup generators. During the interview, the employees indicated that hospitals are
very versatile and flexible in finding alternative products in times of scarcity. Because there
is no flood scenario that results in flooded roads of more than 0,20m in the direct vicinity of
the hospital, it is plausible that the hospital will be able to source fuel before running out of
stock.

Personnel - Personnel
For the ”Regional 100” scenario, it is expected that sufficient and and qualified personnel
is available and able to reach the RdGG. The extent of the flooded area is limited and does
not cover a large and densely populated area. In addition, access roads are flooded up to
0,20m, which means that they remain available by car. However, to guarantee accessibility
of the hospital to personnel, additional measures must be taken to transport personnel to
the hospital.

5.1.3 Total impact

The flood impact is presented in Table 5.4. Hospital facilities and suppliers have been
grouped according to the flood preparedness indicators. The suppliers are printed in ital-
ics. Availability of each facility and supplier is indicated per flood scenario, using ”◦” for
”available” and ”•” for ”unavailable”. The flood level (in ”m NAP”) at the RdGG per flood
scenario is indicated at the top between brackets. Because the suppliers are located at a
different location than the hospital, the flood level at the supplier location may be different
from the flood level at the hospital. The flood level at each supplier location is indicated
in parentheses per flood scenario. The flood level is compared with the critical flood level
to determine the availability of hospital facilities and suppliers. If the supplier location is
not threatened by a flood scenario, ”(-)” is added. Supplier failure due to flooded roads has
been indicated with ”(roads)”. The flood preparedness indicator ”emergency management
capacity” is assumed not to be affected by floods, since agreements and emergency plans
are not tangible. At the bottom of each flood preparedness indicator, the overall availability
of that indicator is assessed per flood scenario. If any of the hospital facilities or suppliers is
unavailable for a given flood scenario, it is also assumed that the corresponding indicator is
unavailable (i.e., has failed).

Table 5.4: Flood impact per flood scenario that threatens the RdGG.

Indicator Facility or
supplier

Critical
flood

level [m
NAP]

Regional
100

[+0,66m
NAP]

Precipitation
1000

[+0,40m
NAP]

Precipitation
100

[+0,20m
NAP]

Precipitation
10 [+0,05m

NAP]

Critical
equipment

Compressed air 19,90 ◦ ◦ ◦ ◦
ER -0,10 • • • •
Hydrophore 0,20 • • • ◦
IC 11,90 ◦ ◦ ◦ ◦
ICT 11,90 ◦ ◦ ◦ ◦

Continued on the next page.
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Indicator Facility Critical
flood

level [m
NAP]

Regional
100

[+0,66m
NAP]

Precipitation
1000

[+0,40m
NAP]

Precipitation
100

[+0,20m
NAP]

Precipitation
10 [+0,05m

NAP]

Mortuary 0,20 • • • ◦
Nursing
departments

7,90 ◦ ◦ ◦ ◦

Operating rooms 15,90 ◦ ◦ ◦ ◦
Outpatient
clinics

3,90 ◦ ◦ ◦ ◦

Pharmacy 3,90 ◦ ◦ ◦ ◦
Ventilation 13,90 ◦ ◦ ◦ ◦
Indicator • • • •

Stocks Central storage
room

-0,10 • • • •

Food -0,10 • • • •
Fuel basin -0,10 • • • •
Fuel take-in
point

0,60 • ◦ ◦ ◦

Linen 7,90 ◦ ◦ ◦ ◦
Logistics -0,10 • • • •
Materials for
operation rooms

19,90 ◦ ◦ ◦ ◦

Medical gases 0,20 • • • ◦
Medication 7,90 ◦ ◦ ◦ ◦
(Non)sterile
material

7,90 ◦ ◦ ◦ ◦

Water basin -0,10 • • • •
Water take-in
point

0,60 • ◦ ◦ ◦

Fuel companies -0,20
(roads)

◦
(-0,20)

◦ (-) ◦ (-) ◦ (-)

Medical gas
supplier (Linde
Gas)

3,60 ◦ (-) ◦ (-) ◦ (-) ◦ (-)

Medical products
supplier
(ZorgserviceXL)

-1,90 ◦ (-) • (roads) ◦ (-) ◦ (-)

Sterilised
equipment supplier
(Combi-Ster)

-0,20 ◦ (-) • (roads) • (roads) ◦ (-)

Indicator • • • •
Utilities Backup

generators
0,20 • • • ◦

Water take-in
point

0,60 • ◦ ◦ ◦

Continued on the next page.
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Indicator Facility Critical
flood

level [m
NAP]

Regional
100

[+0,66m
NAP]

Precipitation
1000

[+0,40m
NAP]

Precipitation
100

[+0,20m
NAP]

Precipitation
10 [+0,05m

NAP]

10kV grid
connections

0,20 • • • ◦

Electrical
transformers

0,20 • • • ◦

Electrical
distribution
boards

0,20 • • • ◦

Sewage -0,10 • • • •
Drinking water
supplier (Evides)

4,70 ◦ (-) • (4,80) ◦ (-) ◦ (-)

Electricity supplier
(Stedin)

0,60 ◦ (-) ◦ (0,50) ◦ (0,45) ◦ (-)

Wastewater
treatment plant
(Delfuent)

0,00 ◦ (-) ◦ (-) ◦ (-) ◦ (-)

Indicator • • • •
Personnel Availability of

sufficient and
qualified
personnel

- ◦ ◦ ◦ ◦

Hospital
accessibility

-0,10 • • • •

Indicator • • • •
Transport
of
patients

Ambulance
department

-0,10 • • • •

Hospital
accessibility

-0,10 • • • •

Indicator • • • •
Emergency
manage-
ment
capacity

Unaffected by
floods

- ◦ ◦ ◦ ◦

Indicator ◦ ◦ ◦ ◦

Available: ◦
Unavailable: •
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Regarding the continuity of healthcare at the RdGG, if any of the facilities that fall under
a certain flood preparedness indicator fail, that particular indicator is considered to have
failed. The overall availability of each flood preparedness indicator per flood scenario is
shown in Table 5.4. Failure of one flood preparedness indicator is assumed to cause failure
of the hospital’s continuity of healthcare. From Table 5.4 it becomes apparent that for every
flood scenario, all flood preparedness indicators can be considered to have failed due to
hospital facility failure, except for ”emergency management capacity”. Therefore, in all of
the four flood scenarios, continuity of healthcare is disrupted. This disruption leads to an
increased number of fatalities compared to the ”normal” situation. The expected number
of fatalities for the flood scenarios depends on the implemented flood strategy, which is
calculated in the next section.

5.2 Reinier de Graaf Gasthuis - Fatalities

In this section, the number of fatalities for the RdGG is calculated per flood strategy, using the
method from Section 3.7. As discussed in the previous section, the continuity of healthcare at
the RdGG is disrupted during the ”Precipitation 1000”, ”Precipitation 100”, ”Precipitation 10”
and ”Regional 100” flood scenarios. Therefore, the number of fatalities that is calculated per
flood strategy is applicable to each scenario.

The RdGG has 481 beds. Therefore, the number of patients per patient group and their vul-
nerability factor are shown in Table 5.5. The average daily mortality rate at Dutch hospitals
(M) is 0,0023 deaths per hospital bed per day. The number of fatalities per flood strategy is
calculated below and strategies are compared.

Table 5.5: Parameters for the patient group
with high, medium and low vulnerability.

Patient group (i) Ni,j [#ppl] vi [-]

High (i = 1) 24 8
Medium (i = 2) 120 2
Low (i = 3) 337 0,14

Shelter in place with additional measures
Table 5.6 shows the parameters that are specific to the flood strategy ”shelter in place with
additional measures”. The flood strategy factor f1 is 6,67 (as discussed in Section 3.7).
Considering each of the four flood scenarios that threaten the RdGG, there are no other
hospitals that are simultaneously flooded. Furthermore, the extent of the area covered by
the flood scenarios is limited and does not cover densely populated areas. The flood depths
are limited too. Therefore, it is assumed that all rescue efforts are aimed at saving the RdGG
and that the hospital can relatively easily be reached. In addition, it is assumed that, as part
of the additional measures of this flood strategy, rescue plans and advance agreements have
been made to ensure a swift emergency response. Hence, it is considered that exposure of
patients to flooding is limited to 0,5 days (t1 = 0, 5).
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Table 5.6: Parameters for the flood strategy ”shelter
in place with additional measures” (j = 1).

Parameter Value

Flood strategy factor f1 [-] 6,67
Time when the flood is over t1 [d] 0,5

Table 5.7 shows the number of fatalities for the flood strategy ”shelter in place with addi-
tional measures”. These values are calculted with Equation 3.8 from Section 3.7. As one
of the additional measures, the patient group with low vulnerability is assumed to be dis-
charged in anticipation of the flood. Hence, this group is set to 0. The expected number of
fatalities is 0,2.

Table 5.7: Fatalities for the flood strategy ”shelter in
place with additional measures”.

Patient group (i) Ni,1 [#ppl] Fi,1 [dths]

High (i = 1) 24 0,1
Medium (i = 2) 120 0,1
Low (i = 3) 0 0,0

F1 = 0,2

Shelter in place without additional measures
Table 5.8 contains parameters specific to the flood strategy ”shelter in place without addi-
tional measures”. The flood strategy factor f2 is 10. As discussed at the previous flood
strategy, due to the characteristics of to the four flood scenarios considered, it is expected
that the RdGG will be rescued rather quickly. However, since no additional measures have
been taken, the hospital is assumed to be rescued after one day (t2 = 1).

Table 5.8: Parameters for the flood strategy ”shelter
in place without additional measures” (j = 2).

Parameter Value

Flood strategy factor f2 [-] 10
Time when the flood is over t2 [d] 1

The number of fatalities for ”shelter in place without additional measures” is calculated
with Equation 3.8 and is shown in Table 5.9. For this flood strategy, it is assumed that all
patients are present at the hospital when the flood arrives. Because no additional measures
have been taken, the flood strategy factor ( f2) is higher and help arrives later (t2), compared
to ”shelter in place with additional measures”. As a consequence, the number of expected
fatalities is approximately seven times higher: 1,4 fatalities. Especially the patient groups
with high and medium vulnerability are affected the most.
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Table 5.9: Fatalities for the flood strategy ”shelter in
place without additional measures”.

Patient group (i) Ni,2 [#ppl] Fi,2 [dths]

High (i = 1) 24 0,6
Medium (i = 2) 120 0,7
Low (i = 3) 337 0,1

F2 = 1,4

Accept
The flood strategy factor ( f3) and the time when the RdGG is rescued (t3) for ”accept” are
shown in Table 5.10. The flood strategy factor was defined in Section 3.7 and is higher than
the previous two flood strategies, reflecting that the conditions at the hospital are worse
during this flood strategy. It is assumed that a rescue mission is able to rescue the hospital
after one day.

Table 5.10: Parameters for the flood strategy ”ac-
cept” (j = 3).

Parameter Value

Flood strategy factor f3 [-] 15
Time when the flood is over t3 [d] 1

Table 5.11 shows the number of fatalities for the flood strategy ”accept”. Equation 3.8 is
used to calculate this value. All patient groups are in the hospital when the flood reaches
the hospital. The flood strategy ”accept” results in 2,1 fatalities, which is 50% more than
”shelter in place without additional measures”.

Table 5.11: Fatalities for the flood strategy ”accept”.

Patient group (i) Ni,3 [#ppl] Fi,3 [dths]

High (i = 1) 24 0,8
Medium (i = 2) 120 1,0
Low (i = 3) 337 0,2

F3 = 2,1

Preventive evacuation
Table 5.12 shows the parameters that are input to Equation 3.9, which is used to calculate
the number of fatalities for ”preventive evacuation”. The flood strategy factors for suc-
cessful and unsuccessful preventive evacuation (1,5 and 40, respectively) are determined in
Section 3.7. For flood scenarios involving regional breaches (such as the ”Regional 100”
scenario), preventive evacuation is only possible if the flood can be predicted. If a breach in
a regional flood defence occurs unexpectedly, there is no time to preventively evacuate the
RdGG. However, if the flood can be anticipated, it is expected that the entire RdGG can be
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evacuated successfully. This assumption is based on the expected flood conditions: firstly,
the RdGG is the only hospital that can be flooded by the ”Regional 100” scenario. Hence, all
regional emergency management resources can focus on the RdGG. In addition, the extent
of the flooded area is limited. Therefore, patients can be moved outside the flood-prone
area relatively quickly. The evacuation fraction for the ”Regional 100” flood scenario is as-
sumed to be 1. The number of evacuations relative to one flood is assumed to be 1, based
on the judgement of a flood expert at HKV. With regard to floods resulting from precipi-
tation events, the flood depths are usually limited. Although such flood depths can cause
water nuisance, in practice hospitals in the Netherlands do not preventively evacuate for
such events. The value of t4 is always equal to one day, as discussed in Section 3.7. The
number of fatalities for ”preventive evacuation” of the RdGG is presented in Table 5.13. The
total number of fatalities is 1,7, which is less than for ”accept”, but worse than ”shelter in
place with additional measures” and ”shelter in place without additional measures”.

Table 5.12: Parameters for the flood strategy ”pre-
ventive evacuation” (j = 4).

Parameter Value

Flood strategy factor fsuc [-] 1,5
Flood strategy factor f f ail [-] 40
Evacuation fraction e [-] 1,0
Number of evacuations relative
to one flood r [-]

1

Duration t4 [d] 1

Table 5.13: Fatalities for the flood strategy ”preven-
tive evacuation”.

Patient group (i) Ni,4 [#ppl] Fi,4 [dths]

High (i = 1) 24 0,7
Medium (i = 2) 120 0,8
Low (i = 3) 337 0,2

F4 = 1,7

5.3 Erasmus MC - Flood impact

5.3.1 Direct impact

The phase 1 interviews and a previous study analysing flood risk for the EMC (HKV lijn in
water, 2017) were used to obtain an overview of the hospital facilities from the EMC, their
suppliers (if relevant) and elevation. The hospital consists of various buildings that are
linked to each other (see Figure 5.7). Elevation maps of the Netherlands (Actueel Hoogtebe-
stand Nederland (AHN)) were used to determine the elevation of hospital facilities (Alge-
meen Hoogtebestand Nederland, n.d.). The main entrance at the front of the hospital (ad-
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dress: Dr. Molewaterplein 40) is situated at −0,20m NAP. This level is assumed to be the
ground floor level. In 2017, a new part of the hospital was completed. The highest part of
the building is approximately 120 metres high. There is also a basement, but it does not
contain critical installations (HKV lijn in water, 2017).

The elevation of facilities are used as critical flood levels. Some facilities on the ground
floor of the building (−0,20m NAP) are elevated by several decimetres (HKV lijn in water,
2017). The exact elevation could not be determined. Therefore, these facilities are said to
be ”raised”. The main entrance is used to determine hospital accessibility. Its critical flood
level is −0,20m NAP. The logistics centre (see Figure 5.7) is located on the east side of the
hospital (address: Westzeedijk 353) and is situated lower than ground level, at −1,20m NAP.
The ambulance department is situated at −1,00m NAP (see Figure 5.7). The availability of
each hospital facility per flood scenario is summarised in table Table 5.16.

Figure 5.7: Overview of the EMC. Important locations are indicated.
Adapted from Erasmus MC Daktuinen, by Erasmus MC Foundation, n.d.
(https://erasmusmcfoundation.nl/erasmus-mc-daktuinen/).

5.3.2 Indirect impact

To determine the the indirect impact, suppliers and their routes to the hospital are consid-
ered. The phase 1 interviews led to the identification of eight suppliers. The group ”per-
sonnel” was added to this list based on the identified flood preparedness indicators. The
indirect impact on these entities is elaborated per flood scenario. The identified suppliers
are:

• Fuel companies
• Linen supplier: Nedlin Healthcare
• Medical gas supplier: Linde Gas
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• Distribution centre
• Medicine supplier: Alliance Healthcare
• Drinking water supplier: Evides (Berenplaat)
• Drinking water supplier: Evides (Kralingen)
• Electricity supplier: Stedin
• Personnel

In this chapter, the elaboration of the indirect impact of the ”Parksluizen 2” flood scenario is
included. The elaboration of the indirect flood impact of the ”Parksluizen 1” flood scenario
can be found in Appendix E. The availability of the suppliers per flood scenario that threat-
ens the EMC is summarised in Table 5.4. The other scenarios that form a threat to suppliers
are not included.

It should be noted that during the storm that causes a breach at Parksluizen, delivery is
impossible due to the rough weather conditions. In addition, the storm is expected to cause
extensive damage to the infrastructure, possibly cutting off the EMC from suppliers.

Fuel companies - Stocks
As depicted in Figure 5.8, the EMC becomes isolated due to the ”Parksluizen 2” flood sce-
nario. The primary flood defence on the north side of the Meuse is breached at ”Park-
sluizen”. It is assumed that the storm that causes this breach causes a high water level
outside the dyke. As a result, the area outside the dyke (south of the EMC) will also flood,
even though this is not indicated on the flood map. The dyke forms an alternative access
route to the hospital, because delivery could take place via the bridge connecting the dyke
(Westzeedijk) and EMC (see Figures 5.7 and 5.9). However, the breach in this primary flood
defence is located close to the hospital and the rest of the dyke may also be damaged by
the storm. Therefore, the availability of the road on top of the dyke cannot be guaranteed.
Due to the isolation of the hospital, it is expected that no fuel company can reach the EMC
to deliver fuel. All access roads to the EMC are flooded by more than 0,20 metres.
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Figure 5.8: Flood depth map resulting from a breach at Parksluizen. The
depicted flood scenario is ”Parksluizen 2”. The EMC is expected to
become isolated during this flood scenario.
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Figure 5.9: Brigde connecting the EMC (on the right) with the Westzeedijk
(on the left).

Linen supplier (Nedlin Healthcare) - Stocks
Nedlin Healthcare supplies linen to the EMC. The company is located in Elsloo, in the
province of Limburg. Its critical flood level is determined to be +69,70m NAP. This location
can only be flooded by a precipitation event with a probability of 1/1000 per year, resulting
in a flood depth of 0,20 metres (see Table 5.14). Assuming that only one flood scenario occurs
simultaneously, during the ”Parksluizen 2” scenario the route from Nedlin Healthcare to the
EMC is available for the most part. However, in the vicinity of the hospital, the route is not
available due to flooding (see Figure 5.10) and no alternative routes are available due to
isolation of the hospital.

Table 5.14: Flood scenarios for Nedlin Healthcare. Address: Business
Park Stein 133, 6181 MA Elsloo. Adapted from Mijn Waterrisicoprofiel,
by HKV lijn in water, 2020 (https://mijnwaterrisicoprofiel.nl/).

Scenario name Flood depth [m] Water level probability

Precipitation 1000 0,20 1/1000
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Figure 5.10: Route from Nedlin Healthcare to the EMC. The depicted flood
scenario is ”Parksluizen 2”. The route is inaccessible near the EMC.

Medical gas supplier (Linde Gas) - Stocks
The company Linde Gas supplies multiple hospitals with medical gases, including the EMC.
The hospital is supplied by the same location as the RdGG, which is located in Schiedam.
The company is situated at +3,60m NAP and is not threatened by the ”Parksluizen 2” flood
scenario. The flood scenarios that can threaten Linde Gas are shown in Table 5.3. The
route from Linde Gas to the EMC is depicted in Figure 5.11. The route near the hospital is
inaccessible due to flooding, as the route crosses the breach location.
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Figure 5.11: Route from Linde Gas to the EMC. The depicted flood scenario
is ”Parksluizen 2”. The route is inaccessible near the EMC.

Medical supplies (distribution centre) - Stocks
The EMC has its own distribution centre that stores and delivers medical supplies. The
distribution centre is located on the other side of the river Meuse, is situated at −0,90m
NAP and cannot be flooded by the ”Parksluizen 2” flood scenario. However, during this
scenario, the route near the EMC is flooded and therefore inaccessible (see Figure 5.12). The
distribution centre can be flooded by other flood scenarios, as shown in Table 5.15.
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Figure 5.12: Route from the distribution centre to the EMC. The depicted
flood scenario is ”Parksluizen 2”. The route is inaccessible near the
EMC.

Table 5.15: Flood scenarios for the distribution centre of the EMC. Ad-
dress: Ebweg 7, 2991 LS Barendrecht. Adapted from Mijn Waterrisico-
profiel, by HKV lijn in water, 2020 (https://mijnwaterrisicoprofiel.nl/).

Scenario name Flood depth [m] Water level probability

Oude Maas 1 0,74 1/5300
Nieuwe Maas 1,31 1/5900
Oude Maas 2 1,41 1/7500
Oude Maas 3 2,14 1/12.000

Medicine supplier (Alliance Healthcare) - Stocks
Medicines are supplied by the company Alliance Healthcare, which is located in Veghel.
This company is situated at +10,50m NAP and is not threatened by any floods. Delivery of
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supplies cannot take place during the ”Parksluizen 2” flood scenario, because the road near
the hospital is flooded (see Figure 5.13).

Figure 5.13: Route from Alliance Healthcare to the EMC. The depicted
flood scenario is ”Parksluizen 2”. The route is inaccessible near the
EMC.

Drinking water supplier (Evides, Berenplaat) - Utilities
Drinking water is supplied by Evides, which has multiple production locations. The pro-
duction sites Berenplaat and Kralingen (Figure 5.14) provide drinking water to the EMC
(Kolen et al., 2017). The production site Berenplaat is situated at +4,10m NAP and cannot
be flooded by the ”Parksluizen 2” flood scenario. In addition, it is not threatened by other
flood scenarios. The water grid is assumed to remain unaffected by floods. Therefore, the
supply of drinking water remains available.

Drinking water supplier (Evides, Kralingen) - Utilities
The production site Kralingen was previously analysed for the RdGG. The critical flood
level for production site Kralingen is +4,70m NAP and this location is only threatened by a
precipitation event with a probability of 1/1000 per year. This flood scenario is addressed in
Appendix D. The ”Parksluizen 2” flood scenario does not affect production site Kralingen.
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The water grid is assumed to remain unaffected by floods. Therefore, the supply of drinking
water remains uninterrupted.

Figure 5.14: Drinking water supply area of Evides, including the
production locations. The location of the EMC has been indi-
cated. The locations Berenplaat and Kralingen provide drink-
ing water to the EMC.

Electricity supplier (Stedin) - Utilities
The EMC has several connections to the power grid spread across the hospital terrain. The
hospital has two 23KV connections, each connecting to a different power grid. In addition,
there are three 10KV connections (Kolen et al., 2017). Although underground cables are
assumed to remain unaffected by floods, the MV substations in the direct vicinity of the
hospital are flooded. No single critical flood level can be determined, but it can be assumed
that a flood depth of more than one metre in the vicinity of the EMC causes failure of the
electricity supply.

Personnel - Personnel
For the ”Parksluizen 2” flood scenario, it is expected that there will not be sufficient and
qualified personnel available without implementation of specific measures. The flooded
area is extensive, covering large densely populated parts of the city Rotterdam. The flood
depth in these areas is also significant, reaching a flood depth of more than 1 metre. In
addition, the hospital becomes isolated. These factors contribute to the assessment that
personnel cannot reach the EMC.

5.3.3 Total impact

The direct and indirect flood impact are summarised in Table 5.16. The availability of hos-
pital facilities and suppliers is indicated per flood scenario. These facilities and suppliers
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are grouped according to the flood preparedness indicators. The overall availability of these
indicators is also assessed. Every indicator fails during both flood scenarios, except for
”emergency management capacity”. This indicator is assumed to remain unaffected by
floods. As a result, the continuity of healthcare is disrupted in both flood scenarios. The
expected number of fatalities resulting from this disruption depends on the flood strategy
implemented and is calculated in the next section.

Table 5.16: Flood impact per flood scenario that threatens the EMC.

Indicator Facility or supplier Critical
flood level
[m NAP]

Parksluizen 1
[+1,20m

NAP]

Parksluizen 2
[+1,44m

NAP]

Critical
equipment

ER -0,20 • •
Data centre (raised) -0,20 • •
Nursing departments -0,20 • •
Waste disposal -0,20 • •
Indicator • •

Stocks Central storage room -0,20 • •
Drinking water -0,20 • •
Logistics centre -0,20 • •
Logistics hallway -0,20 • •
Medical gases -1,20 • •
Fuel companies -0,20

(roads)
• (roads) • (roads)

Linen supplier (Nedlin
Healthcare)

69,70 • (roads) • (roads)

Medical gas supplier
(Linde Gas)

3,60 • (roads) • (roads)

Medical products
supplier (distribution
centre)

-0,90 • (roads) • (roads)

Medicine supplier
(Alliance Healthcare)

10,50 • (roads) • (roads)

Indicator • •
Utilities Backup generators -0,20 • •

Control cabinet
(raised)

-0,20 • •

Drinking water supplier
(Evides, Berenplaat)

4,10 ◦ (-) ◦ (-)

Drinking water supplier
(Evides, Kralingen)

4,70 ◦ (-) ◦ (-)

Electricity supplier
(Stedin)

- • •

Indicator • •
Continued on the next page.
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Indicator Facility or supplier Critical
flood level
[m NAP]

Parksluizen 1
[+1,20m

NAP]

Parksluizen 2
[+1,44m

NAP]

Personnel Availability of
sufficient and
qualified personnel

- • •

Hospital accessibility -0,20 • •
Indicator • •

Transport of
patients

Ambulance
department

-1,00 • •

Hospital accessibility -0,20 • •
Indicator • •

Emergency
management
capacity

Unaffected by floods - ◦ ◦

Indicator ◦ ◦

Available: ◦
Unavailable: •

5.4 Erasmus MC - Fatalities

In this section, the number of fatalities for the EMC is calculated for the flood scenarios
”Parksluizen 1” (flood depth: 1,60m) and ”Parksluizen 2” (flood depth: 1,84m), using the
method from Section 3.7. The continuity of healthcare is disrupted during the two flood sce-
narios. Therefore, the number of fatalities calculated per flood strategy is applicable to both
scenarios. First, the number of fatalities for just the EMC is considered (Section 5.4.1). In Sec-
tion 5.4.2, the number of fatalities for all simultaneously threatened hospitals are regarded
per flood strategy.

5.4.1 Considering only the Erasmus MC

The EMC has 1200 beds. Therefore, the patient groups with high, medium and low vulner-
ability consist of 60, 300 and 840 patients respectively. The average daily mortality rate at
Dutch hospitals (M) is 0,0023 deaths per hospital beds per day. The number of fatalities per
flood strategy is calculated below.
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Table 5.17: Parameters for the patient group
with high, medium and low vulnerability.

Patient group (i) Ni,j [#ppl] vi [-]

High (i = 1) 60 8
Medium (i = 2) 300 2
Low (i = 3) 840 0,14

Shelter in place with additional measures
Table 5.18 shows the parameters specific to ”shelter in place with additional measures” that
are input to Equation 3.8. The flood strategy factor f1 was defined in Section 3.7. Based on
the judgement of a flood expert from HKV, the time when the flood is over was estimated
to be three days for this flood strategy (t1 = 3). Considerations for this value are that a large
area is flooded in both flood scenarios. The flood depth in the vicinity of the hospital is
more than one metre. Furthermore, three other hospitals are simultaneously flooded, which
means that the attention and resources of rescue workers have to be divided. However, it is
assumed that as part of the additional measures of this flood strategy, emergency plans are
made. Therefore, help will arrive sooner compared to the other flood strategies.

Table 5.18: Parameters for the flood strategy ”shelter
in place with additional measures” (j = 1).

Parameter Value

Flood strategy factor f1 [-] 6,67
Time when the flood is over t1 [d] 3

Table 5.19 contains the number of fatalities for ”shelter in place with additional measures”
at the EMC. As part of the additional measures, the patient group with low vulnerability
is discharged from the hospital before the flood arrives. Therefore, these patients are not
considered in the calculations. The total number of fatalities for this flood strategy is 18,8.

Table 5.19: Fatalities for the flood strategy ”shelter
in place with additional measures”.

Patient group (i) Ni,1 [#ppl] Fi,1 [dths]

High (i = 1) 60 8,4
Medium (i = 2) 300 10,5
Low (i = 3) 0 0,00

F1 = 18,8

Shelter in place without additional measures
In Table 5.20 the flood strategy factor f2 and time when the flood is over t2 are stated. The
flood strategy factor was previously defined in Section 3.7. The value for t2 is estimated to
be five days. Like the estimation for t1, t2 was estimated by a flood expert from HKV, and
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considers the flood conditions corresponding to the flood scenarios. Because no additional
measures have been taken, the flood strategy factor ( f2) is higher and help arrives later (t2),
compared to ”shelter in place with additional measures”.

Table 5.20: Parameters for the flood strategy ”shelter
in place without additional measures” (j = 2).

Parameter Value

Flood strategy factor f2 [-] 10
Time when the flood is over t2 [d] 5

The number of fatalities for ”shelter in place without additional measures” is 83,4 (see Ta-
ble 5.21, which is approximately four times higher than ”shelter in place with additional
measures”. The patient groups with high and medium vulnerability contribute most to the
total number of fatalities, despite the fact that these patient groups contain less patients than
the patient group with low vulnerability.

Table 5.21: Fatalities for the flood strategy ”shelter
in place without additional measures”.

Patient group (i) Ni,2 [#ppl] Fi,2 [dths]

High (i = 1) 60 33,4
Medium (i = 2) 300 41,8
Low (i = 3) 840 8,2

F2 = 83,4

Accept
The flood strategy factor f3 for ”accept” is 15, as defined in Section 3.7. It is assumed that
the conditions in the hospital during this flood strategy are worse than for the previous two
flood strategies that were discussed. The time when the flood is over is estimated to be five
days (t3 = 5), because of the flood conditions and lack of additional rescue plans.

Table 5.22: Parameters for the flood strategy ”ac-
cept” (j = 3).

Parameter Value

Flood strategy factor f3 [-] 15
Time when the flood is over t3 [d] 5

In terms of fatalities, the flood strategy ”accept” performs worse than the other two flood
strategies, resulting in 125,2 fatalities (see Table 5.23). The number of fatalities is 50% higher
than was calculated for ”shelter in place without additional measures” and is more than six
times higher than the fatalities for ”shelter in place with additional measures”.
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Table 5.23: Fatalities for the flood strategy ”accept”.

Patient group (i) Ni,3 [#ppl] Fi,3 [dths]

High (i = 1) 60 50,2
Medium (i = 2) 300 62,7
Low (i = 3) 840 12,3

F3 = 125,2

Preventive evacuation
To calculate the number of fatalities for ”preventive evacuation”, Equation 3.9 is used. The
input parameters are given in Table 5.24. The flood strategy factors were determined in Sec-
tion 3.7 and represent the difference in mortality rate if preventive evacuation is successful
( fsuc) or unsuccessful ( f f ail). For the lower Meuse region, the average evacuation fraction (e)
is 0,15 (Kolen, 2023). The number of evacuations relative to one flood (r) for this part of the
Netherlands is 25 (Kolen, 2013). A fixed value of one day was chosen for the duration of
preventive evacuation (t4).

Table 5.24: Parameters for the flood strategy ”pre-
ventive evacuation” (j = 4).

Parameter Value

Flood strategy factor fsuc [-] 1,5
Flood strategy factor f f ail [-] 40
Evacuation fraction e [-] 0,15
Number of evacuations relative
to one flood r [-]

25

Duration t4 [d] 1

The EMC is evacuated 25 times relative to one flood. Hence, all patients in the EMC are
evacuated 25 times. The total number of patients that is evacuated is equal to Ni,4 ∗ r (see Ta-
ble 5.25). Out of the 25 evacuations, 24 times there was no flood, so the preventive evacuation
was successful. One out of 25 times, a flood occurs. Of all patients that are evacuated, 15% (e)
can evacuate successfully. The other patients, 85% (1 − e), is unable to evacuate successfully.
The flood strategy factor fsuc is applied to the successfully evacuated patients, whereas the
much higher flood strategy factor f f ail is applied to the unsuccessfully evacuated patients.
All 25 evacuations considered together, the flood strategy ”preventive evacuation” results in
a total of 195,3 fatalities (see Table 5.25), which is the highest number of fatalities out of the
four flood strategies considered.
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Table 5.25: Fatalities for the flood strategy ”preven-
tive evacuation”.

Patient group (i) Ni,4 ∗ r
[#ppl]

Fi,4 [dths]

High (i = 1) 1500 78,3
Medium (i = 2) 7500 97,8
Low (i = 3) 21.000 19,2

F4 = 195,3

5.4.2 Considering simultaneously threatened hospitals

Until now, only the EMC has been analysed. However, the EMC should not only be regarded
on its own, because the storms that flood the EMC also threaten (or even flood) other hos-
pitals in the coastal region of the Netherlands. An estimation of the number of fatalities
is made per flood strategy, considering all hospitals affected by the ”Parksluizen 1” and
”Parksluizen 2” flood scenarios. During either of these two flood scenarios, 33 hospitals
are simultaneously threatened (Kolen, 2023). For this research, it is assumed that only one
breach can occur simultaneously in the primary flood defences. If the breach occurs at
”Parksluizen”, 4 out of the 33 threatened hospitals are simultaneously flooded, including
the EMC.

If a hospital decides to implement ”shelter in place with additional measures”, ”shelter in
place without additional measures” or ”accept”, the mortality rate only increases when the
hospital is flooded. Without a flood, the conditions inside the hospital remain at the ”regu-
lar” level. Only the average daily mortality rate at Dutch hospitals (Mavg) applies, causing
no additional fatalities. Only if a flood occurs, are flood strategy factors ( f j) applicable, in-
creasing the mortality rate and resulting in additional fatalities. Hence, if all 33 threatened
hospitals decide to implement any of these three flood strategies, additional fatalities only
occur at the four hospitals that are flooded, assuming that only a breach at ”Parksluizen”
occurs. However, if a hospital decides to implement ”preventive evacuation”, fatalities occur
for every instance of preventive evacuation. Therefore, if all 33 threatened hospitals decide
to implement ”preventive evacuation”, fatalities occur at all 33 hospitals every time they are
preventively evacuated.

It is assumed that the threatened hospitals, besides the EMC, are average-sized for the Nether-
lands, which corresponds to a capacity of 450 hospital beds (Van Hulst & Blank, 2017).
Furthermore, because these hospitals are located in the same region as the EMC, the same
parameters for patients groups (Table 5.17, except size of patient groups) and flood strate-
gies (Tables 5.18, 5.20, 5.22 and 5.24) as for the EMC are assumed to apply to these hospitals.
Table 5.26 contains the number of fatalities per flood strategy for the EMC and average-size
Dutch hospital. If a breach occurs at ”Parksluizen”, 33 hospitals are threatened and 4 (in-
cluding the EMC) are flooded. For ”shelter in place with additional measures”, ”shelter
in place without additional measures” or ”accept”, the EMC and three other hospitals are
simultaneously flooded, resulting in fatalities. The other 29 hospitals remain unaffected.
Hence, no fatalities occur at these hospitals. Adding up the number of fatalities for the EMC
and the three other (average-sized) hospitals results in the total number of fatalities: 40, 177
and 266 for ”shelter in place with additional measures”, ”shelter in place without additional
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measures” or ”accept”. For ”preventive evacuation”, all 33 threatened hospitals are evac-
uated 25 times. All 33 hospitals are evacuated 24 times without the occurrence of a flood.
Therefore, evacuation is successful and the mortality rate is low. The one time that a flood
occurs at ”Parksluizen”, 4 out of 33 hospitals are flooded (including the EMC and three other
hospitals). Hence, a part of these four hospitals cannot evacuate successfully, resulting in a
high mortality rate. The other 29 hospitals can evacuate successfully, resulting in a relatively
low mortality rate. However, it should be noted that evacuating 29 hospitals successfully
25 times can still result in a large number of fatalities. The number of fatalities for the four
hospitals that are evacuated successfully 24 times and are flooded once is 415. The number
of fatalities for the 29 hospitals that evacuate successfully 25 times is 1134 fatalities. In total,
the number of fatalities for ”preventive evacuation” is 1549. The number of fatalities for
”preventive evacuation” is much higher than for the other flood strategies.

Table 5.26: Fatalities at the EMC and other hospitals threatened by the ”Parksluizen 1” and
”Parksluizen 2” scenario.

Flood strategy Fatalities
EMC

Fatalities
average-sized

Dutch hospital

# affected
average-sized

Dutch hospitals

Total
fatalities

Shelter in place with additional
measures

18,8 7,1 3 40

Shelter in place without
additional measures

83,4 31,3 3 177

Accept 125,2 46,9 3 266
Preventive evacuation

25 evacuations, incl. 1 flood 195,3 73,2 3 415
25 evacuations, no flood n/a 39,1 29 1134
Total 1549

In Table 5.26, the main contribution to the number of fatalities for ”preventive evacuation”
comes from the non-flooded hospitals, because this concerns the majority of hospitals. The
number of average-sized Dutch hospitals simultaneously flooded by the Parksluizen scenar-
ios is increased from 3 to 20, to see how the total number of fatalities of each flood strategy
changes and compares to the other flood strategies. Table 5.27) shows that the number of
fatalities per flood strategy increases, which is expected. ”Preventive evacuation” still results
in significantly more fatalities than the other flood strategies. This result is also expected,
because on an individual scale, ”preventive evacuation” also results in the most fatalities.
This example shows that, given the flood conditions of the EMC, regardless of the number
of simultaneously flooded hospitals, ”shelter in place with additional measures” results in
the least fatalities, followed by ”shelter in place without additional measures”, then ”accept”
and finally ”preventive evacuation”.
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Table 5.27: Fatalities at the EMC and other hospitals threatened by the ”Parksluizen 1” and
”Parksluizen 2” scenario. The number of simultaneously flooded average-sized Dutch hos-
pitals is set to 20

Flood strategy Fatalities
EMC

Fatalities
average-sized

Dutch hospital

# affected
average-sized

Dutch hospitals

Total
fatalities

Shelter in place with additional
measures

18,8 7,1 20 160

Shelter in place without
additional measures

83,4 31,3 20 709

Accept 125,2 46,9 20 1064
Preventive evacuation

25 evacuations, incl. 1 flood 195,3 73,2 20 1660
25 evacuations, no flood n/a 39,1 12 469
Total 2129

5.5 Sensitivity analysis

Equation 3.8 has been used to calculate the number of fatalities for ”shelter in place with
additional measures”, ”shelter in place without additional measures” and ”accept”. For
”preventive evacuation”, Equation 3.9 has been used. To gain insight into which parameters
of these equations have the largest impact on the calculated number of fatalities, a sensitiv-
ity analysis is conducted. The total number of fatalities and the individual contributions of
the patient groups with high, medium and low vulnerability are shown. For the sensitivity
analysis, a fictitious hospital is used. The hospital has 1000 hospital beds. Table 5.28 con-
tains the values specific to the patient groups. These values remain constant throughout the
sensitivity analysis. In Tables 5.29 and 5.30, the values for the parameters of Equations 3.8
and 3.9 are listed respectively. The listed values are used, unless the parameter is varied
for the sensitivity analysis. For Equation 3.8, the parameters tj, tm and f j are varied indi-
vidually. For Equation 3.9, the parameters fsuc, f f ail , e, and r are varied individually. First,
the parameters are considered individually and are compared with each other once each
parameter has been reviewed.

Table 5.28: Parameters for the patient group
with high, medium and low vulnerability.

Patient group (i) Ni,j [#ppl] vi [-]

High (i = 1) 50 8
Medium (i = 2) 250 2
Low (i = 3) 700 0,14

79



5 Assessing hospitals’ flood preparedness in the Netherlands: the Reinier de Graaf Gasthuis and Erasmus MC cases

Table 5.29: Parameters for the flood strategies ”shel-
ter in place with additional measures”, ”shelter in
place without additional measures” and ”accept”
(Equation 3.8).

Parameter Value

Flood strategy factor f j [-] 10
Time when maximum mortality
rate is reached tm [d]

4

Time when the flood ends tj [d] 5

Table 5.30: Parameters for the flood strategy ”pre-
ventive evacuation” (Equation 3.9).

Parameter Value

Flood strategy factor fsuc [-] 1,5
Flood strategy factor f f ail [-] 40
Evacuation fraction e [-] 0,5
Number of evacuations relative
to one flood r [-]

10

Duration of evacuation t4 [d] 1

Time when the flood ends (tj)
Figure 5.15 shows how the number of fatalities varies if the time when the flood ends varies
from 0 (no flood) to 20 days. As the tj increases, the number of fatalities increases as well.
This trend is expected: longer exposure of patients to a flood results in more fatalities. For
tj = 0, the number of fatalities is 0, because without a flood, no fatalities are expected from
this model. From tj = 0 until tj = tm (tm = 4 in this instance) the curves are non-linear,
which is explained by the mortality rate that increases until it reaches its maximum value at
tm. For tj > tm, the lines are linear, because the mortality rate is constant. When tj reaches
a value of approximately 7 days, all patients from the highly vulnerable patient group have
died. Hence, the red line remains constant from that moment onward. As a result, the black
line for the total number of fatalities becomes less steep from then onward. An increase of
tj results in a significant increase on the number of fatalities. The sensitivity is highest for
tj > tm, until all patients from the highly vulnerable patient groups have died.
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Figure 5.15: Sensitivity of the time when the flood ends (tj).

Time when the maximum mortality rate is reached (tm)
Figure 5.16 shows how the number of fatalities varies if the time when the maximum mor-
tality rate is reached varies from 0 (immediate maximum mortality rate) to 20 days. A
decreasing trend is found for an increase of tm. This trend is expected, because for smaller
values of tm patients are sooner exposed to the maximum mortality rate than if tm were
large, resulting in more fatalities. The lines are linear for tm ≤ tj (tj = 5 for this instance),

because the equivalent duration (
∫ tj

t=0 mj(t)dt, also see Figure 3.15) linearly depends on tm.
Once tm > tj, the dependence of the equivalent duration on tm is defined by 1/tm. The
number of fatalities is most sensitive for small values of tm. As tm increases, the sensitivity
reduces.
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Figure 5.16: Sensitivity of the time when maximum mortality is
reached (tm).

Flood strategy factor ( f j)
Figure 5.17 shows how the number of fatalities varies if the flood strategy factor varies from
0 (no mortality rate) to 50. A larger flood strategy factor results in a higher mortality rate. As
a result, the number of fatalities increases for larger values of f j. If f j = 0, the mortality rate
is 0, resulting in 0 deaths. Equation 3.8 linearly depends on f j, explaining why the plotted
lines are linear. Once all patients from the highly vulnerable patient group have died, at
approximately f j = 18, the slope of the black line (total number of fatalities) decreases.
The number of fatalities is sensitive to the parameter f j. The sensitivity is highest for low
values of f j. In conclusion, comparing the time when the flood ends (tj), the time when the
maximum mortality rate is reached (tm) and the flood strategy factor ( f j), it is found that
Equation 3.8 is most sensitive to tj, followed by f j and finally tm.
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Figure 5.17: Sensitivity of the flood strategy factor ( f j).

Flood strategy factor for successful preventive evacuation ( fsuc)
Figure 5.18 shows how the number of fatalities changes if fsuc is varied. For increasing
values of fsuc, the mortality rate for successful preventive evacuation increases, resulting in
an increased number of fatalities. Equation 3.9 linearly depends on fsuc, explaining why
the plotted lines are linear. The parameter fsuc is applied to all patients that are able to
successfully evacuate preventively. Out of r preventive evacuation, (r − 1) evacuations are
successful because no flood occurs. In addition, the one time that a flood occurs, a part
of the patients can successfully evacuate preventively (defined by the evacuation fraction).
For every preventive evacuation, all patients are evacuated. Therefore, many patients are
affected by fsuc. Equation 3.9 is sensitive to fsuc.
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Figure 5.18: Sensitivity of the flood strategy factor for successful
preventive evacuation ( fsuc).

Flood strategy factor for unsuccessful preventive evacuation ( f f ail)
Figures 5.19 and 5.20 both show how the number of fatalities changes if f f ail is varied.
Figure 5.20 has the same scale for the y-axis as Figure 5.18 to facilitate comparison of these
parameters. Figure 5.19 is zoomed in to enable analysis of the effects of f f ail . Equation 3.9
linearly depends on f f ail , explaining why the plotted lines are linear. The effect of f f ail is
limited, because this parameter is only applied to the part of the patients that is unable to
evacuate successfully, defined by (1− e). This group is patients is relatively small. Therefore,
Equation 3.9 is not very sensitive to f f ail .
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Figure 5.19: Sensitivity of the flood strategy factor for unsuccess-
ful preventive evacuation ( f f ail) with the same scale for the
y-axis as fsuc.

Figure 5.20: Sensitivity of the flood strategy factor for unsuccess-
ful preventive evacuation ( f f ail) with zoomed in y-axis.

Evacuation fraction (e)
Figure 5.21 shows a decreasing trend if e increases. This trend is as expected, because a
larger evacuation fraction implies that more patients are able to evacuate successfully. The
corresponding flood strategy factor fsuc is lower than f f ail , that is applied if evacuation is

85



5 Assessing hospitals’ flood preparedness in the Netherlands: the Reinier de Graaf Gasthuis and Erasmus MC cases

unsuccessful. Hence, the number of fatalities decreases for larger values of e. The number
of fatalities does not reach 0 for e = 1, because even successful preventive evacuation causes
(a limited amount of) fatalities. Equation 3.9 linearly depends on e. Therefore, the lines in
Figure 5.21 are also linear. The sensitivity of Equation 3.9 to e is limited.

Figure 5.21: Sensitivity of the evacuation fraction (e).

Number of preventive evacuations relative to one flood (r)
Figure 5.22 depicts how the number of fatalities increases if r is increased. As previously
mentioned, out of r preventive evacuations, a flood occurs only once. In other words, for
every additional preventive evacuation above r = 1 no flood occurs, meaning that evacuation
is successful. Successful preventive evacuation has a limited contribution if fsuc is small,
like the value fsuc = 1, 5 that was assumed for this instance. If fsuc is larger (for instance
fsuc = 15, see Figure 5.23), the Equation 3.9 becomes more sensitive to r.
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Figure 5.22: Sensitivity of the number of preventive evacuations
relative to one flood (r) for fsuc = 1, 5.

Figure 5.23: Sensitivity of the number of preventive evacuations
relative to one flood (r) for fsuc = 15.

In conclusion, the sensitivity of Equation 3.9 to the flood strategy factor for successful ( fsuc)
and ( f f ail) unsuccessful preventive evacuation, the evacuation fraction (e), and the number
of evacuations relative to one flood (r) was compared. The parameter fsuc is found to be the
most sensitive parameter. In addition, fsuc also influences the sensitivity of Equation 3.9 to
r. The parameter r is very sensitive for high values of fsuc, while the opposite is true for
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small values of fsuc. The parameter f f ail is significantly less sensitive than fsuc, because this
parameter is only applied to a relatively small part of patients. However, in calculations
it was found that the contribution of f f ail to the number of fatalities is larger than the
contribution of fsuc, because a higher value is chosen for f f ail than for fsuc. The parameter
e determines the influence of fsuc and f f ail on the number of fatalities. For this sensitivity
analysis, e = 0, 5 was used to balance the influence of fsuc and f f ail . The sensitivity of
Equation 3.9 to e is limited.

5.6 Costs

The types of costs associated with physical flood damage to the hospital and the implemen-
tation of flood strategies are collected per flood strategy via the phase 2 interviews. Based on
the identified types of costs, a qualitative estimation of the costs is made in terms of ”low”,
”medium” and ”high”.

Shelter in place with additional measures
First, damage to the hospital has to be accounted for. Despite taking additional measures,
damage cannot be ruled out. Furthermore, investing in additional measures costs money.
Especially investments in spatial adaptation measures for the hospital and its surround-
ings are associated with very high investment costs. Investing in additional measures also
increases the upkeep costs, which may consist of maintenance and practise exercises. There-
fore, additional measures increase the upfront and running costs. Discharging patients in
anticipation of the flood saves money. Overall, this flood strategy is expected to be most
expensive. Investments in spatial adaptation measures contribute the most to the costs. The
costs for this flood strategy are labelled ”high”.

Shelter in place without additional measures
Damage to the hospital should be considered. Compared to ”shelter in place with additional
measures”, the damage will be more extensive, thus these costs will be higher. However, the
costs due to damages are not expected to be higher than the investment costs required for
spatial adaptation measures for ”shelter in place with additional measures”. Moving equip-
ment to elevated locations costs money, because more and specialised personnel is required
to move the equipment. Overall, the costs for this flood strategy are labelled ”medium”.

Accept
There are no costs related to the implementation of this flood strategy. The main type of cost
to be considered is the damage to the hospital. This type of costs is expected to be extensive,
but the overall costs are expected to be lowest of the four flood strategies. The costs for this
flood strategy are labelled ”low”.

Preventive evacuation
A specific type of costs for this flood strategy is transport costs. Patients also have to be
taken up by another hospital. However, the associated costs are expected to be similar to the
cost of care at the original hospital. Evacuation procedures have to be practised repeatedly,
which adds to the running costs. It is assumed that no measures are taken at the hospital to
mitigate the damages to the hospital. As a result, the associated costs will be extensive. The
costs for this flood strategy are labelled ”medium”.
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5.7 Comparing fatalities and costs

Figures 5.24 and 5.25 provide an overview of the costs (on the x-axis) and fatalities (on the
y-axis) per flood strategy for the RdGG and EMC respectively. Comparing these figures, it
becomes apparent that the number of fatalities for the EMC is much higher than for the
RdGG for every flood strategy. For the RdGG, more expensive flood strategies result in less
fatalities. For the EMC, this is only true if the flood strategies ”shelter in place with addi-
tional measures”, ”shelter in place without additional measures” and ”accept” are regarded.
”Preventive evacuation” is more costly than ”accept”, but results in more fatalities.

Figure 5.24: Number of fatalities at the RdGG caused by the flood
scenario ”Precipitation 1000”, ”Precipitation 100”, ”Precipita-
tion 10” or ”Regional 100” and costs per flood strategy.
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Figure 5.25: Number of fatalities at the EMC caused by the flood
scenario ”Parksluizen 1” or ”Parksluizen 2” and costs per
flood strategy.

5.8 Evaluation

The phase 2 interviews were used to evaluate the results and underlying assumptions of the
assessment of hospitals’ flood preparedness.

Patient groups: The participants agreed on the division of patients into groups with varying
vulnerability. The percentages and vulnerability factors used were approved. Also the
subsequent number of fatalities, given a certain flood strategy, was deemed plausible. It was
recommended to use hospital departments rather than percentages when that information
is available.

Series system for continuity of healthcare: The participants indicated that a hospital is
unable to function properly if any of the proposed flood preparedness indicators fail:

”As a hospital you are nothing without all the departments. ( ... ) Just like a body, so to speak: if the
heart does not beat, the rest does not work either.” [participant 7]

Especially the utilities were deemed important. Failure of the utilities is expected to initi-
ate many cascade effects. Nevertheless, the series system for continuity of healthcare does
not represent the reality. If facilities fail, the quality of healthcare decreases, but hospital
employees are said to become resourceful under dire circumstances. Therefore, assuming
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immediate failure of the continuity of healthcare is too drastic. The participants were could
not provide alternatives for the development the mortality rate over time or an indication of
a maximum mortality rate.

Quantitatively supporting decision-making: The participants stated that quantifying flood
impact could support the decision-making of flood strategies. To create credibility, pre-
senting the underlying assumptions are just as important as the outcome. The quantitative
outcomes could possibly stimulate investments in flood coping measures. An interview par-
ticipant from the phase 2 interviews stated that patient safety is always prioritised in flood
strategy decision-making. This statement was also confirmed by several interviewees from
the phase 1 interviews. Hence, the interviewees consider the number of fatalities to be more
important than the costs associated with flood strategies.

”Patient safety is the most important criterion for this decision [between flood strategies].” [partici-
pant 7]

“I think that the focus is on people during every consideration. They are always the most important,
above money, above reputation, and so forth” [participant 4]
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6. Stakeholder engagement

First, stakeholders are identified that are relevant for the preparation or execution of flood
strategies (Section 6.1). The identified stakeholders are then described in detail in Section 6.2.
From the identified stakeholders, a selection is made per flood strategy on who could be
involved in the implementation (see Section 6.3). Next, the stakeholders are categorised per
flood strategy (Section 6.4). Categorisation results in recommended actions regarding the
involvement of stakeholders per flood strategy. Next, the current and desired stakeholder
engagement for flood strategy implementation is discussed in Section 6.5. Subsequently, a
selection is made of stakeholders that should be engaged per flood strategy (Section 6.6).
Finally, the phase 2 interviews are used to obtain views from experts with lived experience
on how these stakeholders can be engaged (Section 6.7).

6.1 Identification

The identification of stakeholders is supported by the phase 1 interviews and hospital tours.
The Executive Board of a hospital is appointed as principal stakeholder. Hospitals are the fo-
cus of this research and the Executive Board is the controlling body. Only stakeholders who
engage in direct interaction with the hospital’s Executive Board are listed. The other stake-
holders are disregarded. The Executive Board is also included in the stakeholder analysis.
The principal stakeholder and other identified stakeholders are depicted in Figure 6.1.
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Figure 6.1: Principal stakeholder and stakeholders who
engage in direct interaction with the principal stake-
holder.

6.2 Assessment

After identification, the stakeholders are assessed to obtain a clear view of their role, influ-
ence, resources, perceived problems and the actions that are required from them to improve
flood preparedness of hospitals.

Hospital Executive Board
The Executive Board of a hospital makes decisions on hospital level. During crises, they take
part in the crisis management team. Their priorities are the safety of the hospital’s personnel
and patients. Every hospital has limited funds, leading to dilemmas on how these should
be spent. The Executive Board is more likely to use their funds to solve ”daily problems”,
rather than problems with a return period of decades years or more (Kolen et al., 2017).
However, to improve flood preparedness of hospitals, acknowledgement of flood risk and
impact is a must, while investments may be required.

Hospital personnel
The hospital personnel is responsible for patient care. Their priorities are the patients’ and
their own safety. They play a pivotal role in healthcare. If organised, through unions for
instance, personnel can exert pressure on the Executive Board. Their main resources is
medical knowledge. There is a shortage of personnel in the Dutch healthcare sector, which
is expected to increase during the coming years. This shortage results in a high workload.
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To improve flood preparedness of hospitals, the hospital personnel should (be enabled to)
continue providing healthcare during floods.

Hospitals receiving patients
In case the decision is made to evacuate a threatened hospital, other hospitals play a key
role in the continuity of healthcare by taking up patients from that hospital. Their most im-
portant resources are their medical knowledge and patient capacity. Potential hurdles may
be the accessibility of these hospitals just before or during a flood, their capacity or that the
receiving hospital is under threat of being flooded too. To improve the flood preparedness,
hospitals should coordinate the distribution of patients and make agreements in advance.

Patients
Patients require medical care. Patient well-being is one of the top priorities of hospitals.
The main problem from the view of the patients is their vulnerability. Floods may have a
disastrous impact on this group. From the point of view of flood preparedness, it would
be best for the independent patients to leave the hospital when a flood is imminent. This
allows hospital personnel to focus on healthcare-dependent patients.

Ambulance services
Ambulance services provide acute care and transport for patients. They enable flood strate-
gies that rely on transportation of patients. Their main resources are medical knowledge
and ambulance vehicles. To improve flood preparedness, an abundance of ambulances is
required to enable quick transport of vulnerable patients if necessary. However, ambulance
services face staff shortages and a limited number of ambulances. In addition, hospitals may
be inaccessible just before and during a flood.

Suppliers
”Suppliers” is an umbrella term for all types of suppliers that deliver goods to hospitals.
The supplies that are delivered are essential for the continuity of healthcare. Hospitals have
stocks, but for some items, such as food, these are limited. A shortage of stocks makes
hospitals vulnerable to floods and is a determining factor for choosing flood strategies. To
improve flood preparedness of hospitals, stocks should be increased so that hospitals can
continue operations without deliveries for a few days. Alternatively, the hospitals should
remain accessible for deliveries. However, on the supplier side, additional problems may
occur if the distribution centre is flooded or when there is no personnel available during
floods.

Utility companies
Utility companies provide essential services to hospitals, like drinking water, electricity and
sewerage. If these services become unavailable due to a flood, they have to be taken over by
local systems at the hospital. Such systems can usually last for a limited time. Therefore, to
improve flood preparedness, continuity or quick recovery of the utility services is important.
The main problem perceived by utility companies during floods is large-scale damage to
infrastructure. This infrastructure is expensive and time-consuming to replace. Besides
hospitals, there are many more users (who may also fulfil a vital role) that are simultaneously
cut-off from utilities. Failure of utilities may cause cascade effects. Restoring utilities is a
large task for utility companies.

Water boards
There are 21 water boards in the Netherlands. Water boards look after the water quality and
safety. They are tasked with maintaining dykes in their region and have the responsibility to
prevent and reduce floods from regional water systems. Therefore, any flood is considered
undesirable. Water boards can also take on an informative role, warning other institutions
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about expected flood levels. In addition, water board levy their own taxes, making up a large
portion of their financial resources. To contribute to hospital preparedness, water boards
could share knowledge on floodproof spatial adaptation. Furthermore, they could inform
hospitals of flood characteristics in emergency situations to facilitate decision-making.

Municipalities
Municipalities are responsible for spatial planning. Spatial planning plays an important role
in the prevention of floods and in reducing the consequences. In this context, the munici-
pality can adopt rules to force spatial adaptation. Municipalities also inform and warn the
population if there is a flood threat. To perform their duties, municipalities need money.
This money mainly comes from government funding and taxes. Municipalities will see the
flooding of hospitals as undesirable, given their responsibilities regarding water safety, gen-
eral safety and public health. To improve flood preparedness of hospitals, municipalities
should make use of their regulatory power in relation to spatial planning to force spatial
adaptation at hospitals.

Safety regions
There are 25 safety regions in the Netherlands. Safety regions make agreements with hospi-
tals about flood disaster management in advance. During a flood disaster, the safety regions
have a coordinating role. Mayors of all municipalities within the region are part of the
board of a safety region. Usually, the mayor of the largest municipality is the chair of the
board. Safety regions are for the most part financed by the municipalities. A small part
is financed by the government. The main problem perceived by safety regions is the dis-
ruption of healthcare continuity in the region during a flood. The interviewed flood expert
from RWS expressed their concern that no crisis organisation seems to be prepared for flood
events with a return period of more than 10 years. Flood preparedness of hospitals can be
improved by also preparing for such events.

Insurance companies
Floods often result in large economical damages. In some cases, flood insurance for build-
ings is possible in the Netherlands. However, buildings located in outer dyke areas are not
eligible for flood insurance. Damage resulting from the failure of a primary river or dyke
is also excluded. This is mainly due to the fact that insurance companies do not have the
funds to cover the damage. The government may partially compensate damages in some
cases. This governmental compensation is covered by an act that provides compensation in
case of damages due to disasters, in Dutch: Wet tegemoetkoming schade bij rampen (WTS).
Floods from the sea are officially excluded from this act. However, the government has indi-
cated that it would also grant compensation for such disasters. Only damage resulting from
failure of a secondary dyke or heavy precipitation may be covered by insurance companies.
Regarding floods, the focus lies on collective care by the government to prevent floods and
reduce their consequences. The principle of collective care is translated into flood protection
safety standards. Only in a limited number of cases collective care belongs to insurance com-
panies. Individual care of the building always partially remains with the owner. Building
owners are not sufficiently aware of their own responsibility for flood damage and are not
incentivised to prepare their buildings for floods (Dekker et al., 2020). In other words: insur-
ance companies appear not to impose requirements with regard to the flood preparedness
of buildings, or more specifically, hospitals. Therefore, this stakeholder is disregarded.
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6.3 Relevant stakeholders per flood strategy

As discussed in Section 2.3, four flood strategies are highlighted in this research: ”shelter
in place with additional measures”, ”shelter in place without additional measures”, ”ac-
cept” and ”preventive evacuation”. As the implementation of these four flood strategies
involves different actions, the selection of stakeholders, whose engagement is required for
implementation, varies. A selection is made of which stakeholders could be engaged for the
implementation of each flood strategy (Table 6.1). The selection of stakeholders is based
on the literature study in Section 2.2, where a number of stakeholders and their responsi-
bilities were discussed. Furthermore, during the phase 1 interviews, it was asked which
stakeholders are currently involved in the implementation of flood measures (Appendix B).
Lastly, characteristics of the previously identified stakeholders (Section 6.2) further add in-
formation about which stakeholders could be engaged per flood strategy. Stakeholders for
whom it is reasonable to assume that they have no role in the implementation of a specific
flood strategy are excluded. For ”shelter in place with additional measures” and ”shelter
in place without additional measures”, hospitals receiving patients and ambulance services
are not engaged. These stakeholders come into play when patients need to be transported
and re-accommodated, which is irrelevant when sheltering in place. For ”accept”, it is as-
sumed that no actions are taken to prepare for the flood. Therefore, it is assumed that no
stakeholders are engaged for the implementation of this flood strategy. Although it is un-
realistic to expect that no stakeholders are engaged at all, the flood strategy ”accept” serves
as a benchmark to compare other flood strategies. For ”preventive evacuation”, suppliers
and utility companies are deemed superfluous when leaving the hospital. As discussed in
Section 3.5, insurance companies are not engaged in any flood strategy.
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Table 6.1: Overview of which stakeholders could be engaged per flood strategy.

Stakeholder Shelter in place
with additional

measures

Shelter in place
without additional

measures

Accept Preventive
evacuation

Hospital Executive
Board

• • ◦ •

Hospital personnel • • ◦ •
Hospitals
receiving patients

◦ ◦ ◦ •

Patients • • ◦ •
Ambulance
services

◦ ◦ ◦ •

Suppliers • • ◦ ◦
Utility companies • • ◦ ◦
Water boards • • ◦ •
Municipalities • • ◦ •
Safety regions • • ◦ •
Insurance
companies

◦ ◦ ◦ ◦

Engaged: •
Not engaged: ◦

6.4 Stakeholder categorisation

The stakeholders are categorised to enable making recommendations on their engagement in
improving flood preparedness of hospitals. The categorisation is done through the PIA matrix
by Murray-Webster and Simon (2006). For each stakeholder selected in the previous sec-
tion, their current power, interest and attitude regarding the implementation of each flood
strategy is assessed. Power relates to the ability to influence an organisation. This may be
through credibility, resources or position. Stakeholders are labelled influential (+) or insignif-
icant (-). Interest describes whether a stakeholder will take on an active (+) or passive (-) role
in a project. Attitude is used to describe the view of the stakeholder. This is subdivided into
backers (supporters) (+) and blockers (those who oppose the project) (-) (Murray-Webster
& Simon, 2006). These three characteristics lead to eight possible categories, which are de-
picted in Figure 6.2 and described in Table 6.2. The stakeholders are categorised per flood
strategy in Tables 6.3 to 6.5.

97



6 Stakeholder engagement

Table 6.2: The eight stakeholder categories from Murray-Webster and Simon (2006) and
their characteristics.

Category Power
(+/-)

Interest
(+/-)

Attitude
(+/-)

Recommended actions

Saviour + + + Keep satisfied.
Friend - + + Use as confidant or sounding board.
Saboteur + + - Engage in order to disengage.
Irritant - + - Needs to be engaged early on to prevent hin-

drance of the process.
Sleeping giant + - + Needs to be actively engaged to support to

process.
Acquaintance - - + Keep informed.
Time bomb + - - Needs to be understood to prevent negative

involvement.
Trip wire - - - Needs to be understood to prevent making a

mistake.

Figure 6.2: PIA matrix by Murray-Webster and Simon (2006), used to cate-
gorise stakeholders.

Shelter in place with additional measures
Regarding power, stakeholders with significant resources or regulatory powers receive a ”+”.
Patients are assumed to have relatively little power, especially on an individual level. Only
municipalities and safety regions are assumed to take on an active role in the implementation
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because of their responsibilities and interests. Water boards share these responsibilities and
interests, but have so far focused on preventing floods on a larger scale than hospitals.
Hospitals often overlook flood risk. All stakeholders are assumed to support this flood
strategy to reduce the number of fatalities.

Table 6.3: Categorisation of stakeholders based on their power, interest and
attitude toward the flood strategy ”shelter in place with additional mea-
sures”.

Stakeholder Power
(+/-)

Interest
(+/-)

Attitude
(+/-)

Category

Hospital Executive Board + - + Sleeping giant
Hospital personnel + - + Sleeping giant

Patients - - + Acquaintance
Suppliers + - + Sleeping giant

Utility companies + - + Sleeping giant
Water boards + - + Sleeping giant

Municipalities + + + Saviour
Safety regions + + + Saviour

Shelter in place without additional measures
Regarding power, stakeholders with regulatory powers receive a ”+”. Compared to ”shelter
in place with additional measures”, less preparations are made. Therefore, stakeholders
like suppliers, utility companies and water boards have less power. Only municipalities and
safety regions are assumed to take on an active role in the implementation because of their
responsibilities and interests. All stakeholders are assumed to support this flood strategy,
since it leads to reduction of the number of fatalities.

Table 6.4: Categorisation of stakeholders based on their power, interest and
attitude toward the flood strategy ”shelter in place without additional
measures”.

Stakeholder Power
(+/-)

Interest
(+/-)

Attitude
(+/-)

Category

Hospital Executive Board + - + Sleeping giant
Hospital personnel + - + Sleeping giant

Patients - - + Acquaintance
Suppliers - - + Acquaintance

Utility companies - - + Acquaintance
Water boards - - + Acquaintance

Municipalities + + + Saviour
Safety regions + + + Saviour
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Accept
No stakeholders have to be engaged to implement this flood measure. Therefore, no stake-
holder categorisation can be carried out.

Preventive evacuation
Stakeholders with critical resources or who are involved in decision-making are classified
as powerful. Hospitals often overlook flood risk. Only municipalities and safety regions are
assumed to take on an active role in organising preventive evacuation. For many stakehold-
ers, evacuation has become the standard response if faced with a flood threat. The attitude
towards this strategy is positive for all stakeholders considered.

Table 6.5: Categorisation of stakeholders based on their power, interest and
attitude toward the flood strategy ”preventive evacuation”.

Stakeholder Power
(+/-)

Interest
(+/-)

Attitude
(+/-)

Category

Hospital Executive Board + - + Sleeping giant
Hospital personnel + - + Sleeping giant

Hospitals receiving patients + - + Sleeping giant
Patients - - + Acquaintance

Ambulance services + - + Sleeping giant
Water boards + - + Sleeping giant

Municipalities + + + Saviour
Safety regions + + + Saviour

6.5 Current and desired stakeholder engagement

Based on the stakeholder assessment and categorisation, an overview can be created of the
current and desired level of stakeholder engagement for implementation of flood strategies
at hospitals. A bullseye diagram is used for visual representation. Stakeholders that are (to
be) closely engaged are located at the centre of the diagram. Lower degrees of engagement
are located further from the centre. In addition, a distinction is made between influencers,
decision makers, contributors and users. For the flood strategy ”accept” no bullseye diagram
is given, because this flood measure does not require any stakeholder engagement. The
bullseye diagrams for the remaining three flood strategies are shown in Figures 6.3 to 6.5.

Regarding the stakeholders’ current engagement, the principal stakeholder (the Executive
Board of the hospital) is at the core of the diagram. Hospitals receiving patients are currently
at a co-think level, since a network to distribute patients over hospitals already exists. During
the COVID-19 pandemic, the so-called Landelijk Coördinatie Centrum Patiëntenspreiding
(LCPS) was established. As per 1 July 2023 it has been integrated with the Landelijk Netwerk
Acute Zorgketens (LNAZ), a national network organisation for acute healthcare. Patients are
currently not involved in implementing flood strategies and are therefore at the co-know
level. The other stakeholders are currently located at the co-operate level. This is based on
their passiveness (low interest) or the lack of current communication between hospitals and
these stakeholders on implementing flood strategies.
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The desired stakeholder engagement is based on the stakeholder categorisation. It is desir-
able to engage the sleeping giants more closely, except for the hospitals receiving patients.
This stakeholder is already at the desired engagement level. The saviours also have been
more closely engaged, because of the combination of high power and positive attitude. Ac-
quaintances are not further engaged.
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Hospital Exec. Bd.Hospital personnel

Patients
Water boards
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Shelter in place with additional measures
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Desired

Figure 6.3: Bullseye diagram of the current and de-
sired stakeholder engagement for implementation of
”shelter in place with additional measures” at hospi-
tals.
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Figure 6.4: Bullseye diagram of the current and de-

sired stakeholder engagement for implementation of
”shelter in place without additional measures” at
hospitals.
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Figure 6.5: Bullseye diagram of the current and desired
stakeholder engagement for implementation of ”pre-
ventive evacuation” at hospitals.

6.6 Selecting stakeholders per flood strategy

Based on the desired stakeholder engagement and the phase 2 interviews, a selection is
made per flood strategy of stakeholders that should be engaged. Stakeholders that are at
”co-operate” or closer to the centre of the bullseye diagrams should be engaged for the im-
plementation of flood strategies. Stakeholders further from the centre of the bullseye (at
”co-know”) were categorised as ”acquaintance” by the PIA matrix. Therefore, it is reasoned
that these stakeholders have too little influence and resources to contribute to the imple-
mentation of flood strategies at hospitals. Keeping these stakeholders informed is sufficient
(hence: ”co-know”). The resulting list of stakeholders that should be engaged per flood
measure is shown in Table 6.6.
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Table 6.6: Overview of which stakeholders should be engaged per flood strategy.

Stakeholder Shelter in place
with additional

measures

Shelter in place
without additional

measures

Accept Preventive
evacuation

Hospital Executive
Board

• • ◦ •

Hospital personnel • • ◦ •
Hospitals
receiving patients

◦ ◦ ◦ •

Patients ◦ ◦ ◦ ◦
Ambulance
services

◦ ◦ ◦ •

Suppliers • • ◦ ◦
Utility companies • • ◦ ◦
Water boards • • ◦ •
Municipalities • • ◦ •
Safety regions • • ◦ •

Engaged: •
Not engaged: ◦

6.7 Experts’ view on stakeholder engagement

The phase 2 interviews were used to obtain the views of experts with lived experience on
how the selected stakeholders can be engaged. The two main opinions were to enforce
engagement through legislation and to create awareness. The different proposed methods
are briefly discussed and pros and cons according to the experts are highlighted.

Enforcing engagement through legislation can be achieved in several ways. A government
body can be appointed to take on a coordinating role to engage stakeholders. Another
option is to assign controlling power to a government body. Investments in flood strategies
could also be subsidised. In such cases, requirements can be imposed on engagement of spe-
cific stakeholders and acquiring a certain level of flood preparedness. Directly approaching
politics can be used to achieve legislation. This method also comes with an advantage:

”If you want to use legislation, this [directly approaching politics] is the shortest route to achieve
that.” [participant 6]

An advantage of enforcing engagement through legislation is that, in theory, success is
guaranteed once the legislation comes into force. Downsides of using legislation are the
costs and the duration of implementing new laws. In addition, hospitals already have to
comply with many rules:

”In terms of obligations, hospitals already have so much to do. ( ... ) But I do think that we will
see this [flooding at hospitals] more often, so that it [making emergency plans with other stakeholders
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mandatory] can certainly be asked of hospitals. And once you have the agreements, they are there, so
then you can use them.” [participant 7]

Awareness can be created on several levels: the public and important stakeholders. The
advantage is that people become informed about the problem and who needs to be engaged
for the solution, leading to a sense of urgency. However, this method is unpredictable and
requires a lot of time to succeed. One interviewee described how awareness should be
used:

”What works well, is that the subject is brought to attention in a structured way over a number of
years. ( ... ) One creates or seizes moments to discuss the theme of interest.” [participant 6]

These two methods for stakeholder engagement contain aspects that are also mentioned in
the literature (Olejniczak et al., 2020). A first aspect that can be recognised, is using an
authority tool that relies on obeying the law. The view that investments in flood strategies
could be subsidised is described as an incentive tool. The method of creating awareness is
described by the so-called capacity tool. This tool implies providing information to steer
decisions.
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7. Discussion

In this chapter, the methods and results from this research are discussed. First, it is dis-
cussed how quantitative assumptions may influence the calculated number of fatalities.
Then the selection of the cases and interview participants is discussed. Next, limitations of
this studies are discussed. The general applicability of the method, given the assumptions
and limitations discussed, is reviewed. Finally, the scientific contribution of this research is
addressed.

7.1 Number of fatalities

Two different equations were proposed to calculate the number of fatalities. One equation
was proposed for the flood strategies ”shelter in place with additional measures”, ”shelter
in place without additional measures” and ”accept”. Another equation was proposed for
”preventive evacuation”.

The outcomes of the equation for the flood strategies ”shelter in place with additional mea-
sures”, ”shelter in place without additional measures” and ”accept” are influenced most by
the assumed duration of the flood and the mortality rate. Regarding the flood duration,
for the RdGG case, a short duration of 0,5 to 1 day was assumed, based on the expected
conditions during a flood. The RdGG can be flooded as a consequence of a breach in a
regional flood defence or by heavy precipitation. For both types of floods, it is reasoned
that the extent of the flood and the flood depth are limited. Therefore, the hospital remains
relatively easily accessible. In addition, the RdGG is the only hospital flooded during these
flood scenarios and no densely populated areas are flooded. Therefore, rescue efforts can
focus on saving the RdGG. Hence, using a short duration was deemed justifiable. However,
if the actual flood duration were to be longer, the number of estimated fatalities would be
significantly underestimated. For the EMC case, a longer flood duration was assumed: 3 to 5
days. The EMC can only be flooded as a consequence of a breach in a primary flood defence.
The storm that causes the breach threatens a large part of the Dutch coastal area, including
33 hospitals, and causes storm damage to infrastructure. Multiple breaches are expected
to occur, flooding many of these hospitals. In this research it was assumed that only one
breach can occur simultaneously, which means that if the EMC is flooded, three other hos-
pitals are also flooded. If the duration of the flood is underestimated, the actual number of
fatalities will be higher than calculated. The equation for ”preventive evacuation” does not
depend on duration. Hence, a longer flood duration would mean that the number of fatal-
ities for the flood strategy ”preventive evacuation” does not increase. Therefore, the flood
strategy that yields the least fatalities may change. Regarding the mortality rate of the flood
strategies ”shelter in place with additional measures”, ”shelter in place without additional
measures” and ”accept”, the used values are based on sources from the literature and expert
judgement. A higher mortality rate results in more fatalities. Although the mortality rates
of the flood strategies ”shelter in place with additional measures”, ”shelter in place without
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additional measures” and ”accept” could in reality be different than was assumed in this
report, it is expected that the mortality rate for ”shelter in place with additional measures”
will be the lowest of these three flood strategies and ”accept” will have the highest mortality
rate, because of the expected conditions in the hospital during a flood. Hence, the order of
least to most fatalities is not expected to change between these three flood strategies.

The equation for ”preventive evacuation” is sensitive to the mortality rate for successful
preventive evacuation, because this mortality rate affects the largest group of people. The
sensitivity of the mortality rate for unsuccessful preventive evacuation is lower, because it
affects fewer patients. However, because this mortality rate is assumed to be higher than for
successful preventive evacuation, the impact on the number of fatalities is still significant.
The sensitivity of the number of evacuations relative to one flood increases with higher
values of the mortality rate for successful preventive evacuation. The evacuation fraction rate
determines the influence of the two mortality rates, but has a relatively limited effect on the
number of fatalities. Because this equation is sensitive to a number of parameters that also
influence each other’s sensitivity, this equation is less robust than the equation for ”shelter
in place with additional measures”, ”shelter in place without additional measures” and
”accept”. For both the RdGG and EMC cases, a low mortality rate was assumed for successful
preventive evacuation. As discussed, this assumption has a significant influence on the
calculated number of fatalities. The current assumption makes the model less sensitive to
the assumption of the number of evacuations relative to one flood. The mortality rate for
unsuccessful preventive evacuation currently contributes most to the number of fatalities.
Other values may significantly change the calculated number of fatalities.

The assumption that only one breach occurs simultaneously is unrealistic in the EMC case
and limits the number of simultaneously flooded hospitals. By choosing a higher number of
simultaneously flooded hospitals, it was shown that the number of fatalities does increase
for all flood strategies. However, the order of flood strategies in terms of fatalities did not
change.

The number of fatalities of the EMC (ranging from 18,8 to 195,3) is much higher than for
the RdGG (ranging from 0,2 to 2,1). The high number of fatalities at the EMC is due to
the duration of exposure of patients to the flood that lasts for several days and the low
evacuation fraction. The EMC is a large hospital that has a capacity of 1200 beds. Hence,
many patients are exposed if the EMC is flooded, resulting in more fatalities compared to
a smaller hospital. The relatively long exposure duration and low evacuation fraction are
caused by the large extent of the flood and significant flood depth. Many other hospitals
are simultaneously threatened or flooded and a large densely populated area is also flooded.
For the flood strategies ”shelter in place with additional measures”, ”shelter in place without
additional measures” and ”accept”, the rescue efforts and resources have to be divided and
accessing the hospital is difficult. As a result, the exposure duration is long, causing many
fatalities. During ”preventive evacuation”, many people and hospitals are simultaneously
evacuating. Infrastructure becomes congested and evacuation resources have to be divided.
As a consequence, the evacuation fraction for the EMC is low, resulting in a high number of
fatalities.
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7.2 Selection of cases and interview participants

The two hospitals that were selected for the case study are located relatively close to each
other. Although the cases differ in some of their characteristics, it could be that for hospitals
in other parts of the Netherlands other flood preparedness indicators than the indicators
used in this report are essential when assessing flood preparedness and deciding on flood
strategies.

Five interviews were held for the phase 1 interviews. It can be argued that data saturation
has therefore not been achieved. However, the number of people per hospital who possess
the knowledge to answer the interview questions (see Appendix B) is limited. Therefore, the
number of suitable participants from the two selected hospitals is low.

The phase 1 interviews aimed to find factual information. However, during key informant
interviews it is unavoidable that personal bias is introduced. For the phase 2 interviews two
doctors with flood experience were asked for their opinion, which inherently introduces
personal bias. Furthermore, these experts have also worked at the same hospital. Therefore,
there is a risk of obtaining a one-sided or incomplete view. The number of Dutch hospitals
with flood experience is limited, which makes including a varied view difficult.

7.3 Limitations & general remarks

In this research, a number of assumptions was made. In addition, during the research
factors were discovered that could not be included, but presumably influence the results or
applicability of this thesis. Limitations and general remarks are organised per theme and
briefly discussed.

7.3.1 Data quality

• The flood scenarios from the LIWO are based on elevation maps. Over time, hospitals
are renovated, changing the elevation of the hospital and its terrain. Because of such
renovations, the reported flood depth may not always be accurate.

• The flood scenarios from the LIWO contain maximum flood depths, which are outputs
of flood simulation models. These models may contain uncertainties that can influence
the resulting flood depths. The availability of hospital facilities is based on the flood
depths from the LIWO. Therefore, uncertainty in the maximum flood depths introduces
inaccuracies in the availability of hospital facilities, which can affect the quantitative
outcomes of this studies.

7.3.2 Flood preparedness indicators

• Separate flood preparedness indicators were presented in this research, but the it
should be acknowledged that these indicators are connected and depend on one an-
other. Some indicators share facilities. For instance, water is relevant for stocks and
utilities. In addition, failure of one indicator may cause cascade effects to occur, leading
to failure of other indicators.
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• As researcher, by selecting certain flood preparedness indicators and leaving out oth-
ers, a simplified version of reality is depicted. The decisions behind the developed
model introduce bias for selecting a flood strategy, even though the outcome is not
determined by the researcher.

• Because a series system was assumed where failure of one flood preparedness indicator
results in the disruption of the continuity of healthcare, it could be argued that only the
weakest link is of interest. However, to find the weakest link, all flood preparedness
indicators should be considered.

7.3.3 Flood scenarios and impact

• The probability of occurrence of the scenarios have not been taken into account in this
research. However, the combination of the expected flood impact and probability of
occurrence of a flood plays a significant role in the decision whether to invest in a
certain flood strategy.

• The vulnerability of a hospital to a flood changes if other critical flood levels are as-
sumed for facilities inside the hospital or accessibility to hospitals for suppliers.

• This research shows that hospital suppliers may be flooded by a different flood sce-
nario than the hospital. These scenarios have not been accounted for. However, com-
bining these scenarios with the scenarios that threaten hospitals yields a more complete
view of the availability of supplies that have to be delivered to the hospital.

• In this research it was assumed that if a flood occurs, supplies will continue as long
as the company and route to the hospital are available. Another factor that should be
considered, is whether employees of suppliers will to come to work during a flood.

7.3.4 Mortality rate

• Only patients are assumed to die at hospitals during a flood. Other groups of peo-
ple have been disregarded (such as staff and visitors). This assumption results in an
underestimation of the total number of fatalities.

• Although the flood depth is used implicitly to determine the number of fatalities, in
combination with the serial system used in this research, the expected difference in
fatalities for different flood depths is not reflected. A series system was proposed to
determine the failure of continuity of healthcare care at hospitals. If the critical flood
level of a hospital function is exceeded, the function fails. If a hospital function fails,
the associated indicator fails, resulting in failure of healthcare care continuity. Subse-
quently, an increased mortality rate is assumed to be applicable and the number of
fatalities is calculated with a formula. The flood depth is not an input to this formula,
but is used implicitly, as stated. In the case of the RdGG, the number of fatalities is
equal for all flood scenarios (precipitation events with varying degrees of severity and
a breach in a regional dyke), despite the fact that the flood depth varies from 0,15m to
0,76m. The number of fatalities for flood scenarios with a relatively small flood depth
are expected to be lower than for flood scenarios with a larger flood depth. For ex-
ample, a precipitation event with return period of 10 years that results in 0,15m flood
depth is expected to result in less fatalities than a flood resulting from a regional dyke
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breach that causes a flood depth of 0,76m. Hence, the expected influence of the flood
depth on the number of fatalities is not accounted for by this research. Therefore, it is
recommended to explore how this influence can be included, for example, by explicitly
including the flood depth in the function that calculates the number of fatalities. In
addition, the series system always assumes the most pessimistic scenario: failure of a
single function already results in failure of the continuity of healthcare. Alternatively,
a parallel system could be assumed, where multiple functions or indicators need to fail
before the continuity of healthcare is assumed to have failed. This recommendation
can be also be addressed in a future research.

• Regardless of which flood preparedness indicator fails, a single mortality rate is used
per flood strategy. Individual contributions from flood preparedness indicators to the
mortality rate would allow for more detailed insights. These individual contributions
cannot be substantiated with the current knowledge.

• A mortality rate has been assumed per flood strategy. However, mortality rates and
their development over time may also differ per hospital or type of flood.

• The evacuation fraction from the LIWO is used. This fraction is related to the ability
of the entire population to leave an area before a flood arrives and is only applica-
ble for breaches in primary flood defences. The evacuation fraction for hospitals may
differ from these assumed values. Firstly, special vehicles, such as ambulances, are
required to carry out the evacuation. If multiple hospitals are simultaneously threat-
ened, the ambulances will have to be divided over the hospitals, slowing down the
evacuation process. In addition, some hospital patients have increased vulnerability.
Therefore, extra precautions are required during evacuation, slowing down the pro-
cess even more. It is expected that the used evacuation fractions overestimate the
actual evacuation fractions for hospitals. If the actual evacuation fractions for hospi-
tals are lower, the expected number of fatalities presented in this report for the flood
strategy ”preventive evacuation” is underestimated.

7.3.5 Costs

• Not all costs have been considered. The phase 2 interviews confirmed that the to-
tal costs are difficult to estimate, since there is not fixed set of costs that should be
considered. In this research, costs due to damage to the hospital and the costs of im-
plementation of flood strategies have been included. Examples of other types of costs
that could be considered are the number of lost hours of operation, absence of staff or
loss of life.

7.3.6 Stakeholder engagement

• The stakeholders were identified based on interviews, two cases and literature. If
other hospitals are considered, it could be that additional or other stakeholders appear
relevant for the implementation of flood strategies.

• Selecting stakeholders is not an indisputable or absolute decision. The applied steps
were used to analyse the stakeholders as clearly as possible to subsequently make a
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substantiated decision. Even though the result is a list of stakeholders per flood strat-
egy, the details behind the selection (for instance: the desired degree of engagement)
should be taken into account.

• No stakeholders were identified that oppose the implementation of flood strategies.
Many stakeholders are passive, which may explain why implementation is still lacking.
Nonetheless, the analysis suggests that implementation of flood strategies would be
effortless, once stakeholders become active. It can be questioned whether this would
be the case.

• No interviews were held with the identified stakeholders. Interviews might result in
additional information that can be relevant for the decision on who should be engaged
for the implementation of each flood strategy. It may even result in the identification
of additional possibly relevant stakeholders.

• Only two methods for stakeholder engagement were recommended by the expert from
the phase 2 interviews. However, many more methods exist for this purpose. It cannot
be ruled out that more methods are suitable for achieving stakeholder engagement in
the context of implementing flood strategies. The fact that only two phase 2 inter-
views were held is assumed to be the cause of identifying only a limited number of
recommended methods for stakeholder engagement.

7.4 Applicability to other hospitals

The two hospitals that were selected experience different kinds of floods: a breach in a
primary flood defence, a breach in a regional flood defence and precipitation events. In
addition, the developed methods proved to be applicable to cases where only one or mul-
tiple hospitals are simultaneously threatened and flooded. Also, the stakeholders that were
selected for the implementation of flood strategies are relevant for both cases. Therefore,
the method is expected to be applicable to other hospitals too. However, by studying only
two hospitals, the applicability of the method that was developed could only be verified to
a limited extent. To ensure that the methods of this research are generally applicable to all
hospitals in the Netherlands, more hospitals with other characteristics than the RdGG and
EMC should be studied.

7.5 Scientific contribution

In Chapter 2, a number of research gaps were identified. The scientific contributions of this
research are addressed.

Indicators have previously been used to assess flood risk and impact (Batica & Gourbesville,
2014; Miranda et al., 2023; Phongsapan et al., 2019; World Health Organization, 2015), but
a set of indicators that can be used to assess flood preparedness of hospitals was lacking.
In addition, the direct impact of floods has been studied (Kolen et al., 2017; Van Beek et
al., 2015), but the indirect impact had not been mapped. This studies proposed six flood
preparedness indicators that also take into account the dependency of hospitals on services
that are externally supplied.
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Previous studies have looked into (quantitative) flood strategy decision-making for hospitals
(Kolen, 2013, 2023; McGinty et al., 2017; Zane et al., 2010). However, such decision-making
models have not been previously applied to specific hospitals. This research provides a
detailed overview of fatalities and cost estimations per flood strategy to facilitate decision-
making of flood strategies.

The literature review showed that many sources acknowledge that flood preparedness at
hospitals must be achieved through engagement of external stakeholders (Adelaine et al.,
2016; Krause et al., 2023; Ministry of Infrastructure and Water Management, 2023a; Rat-
tanakanlaya et al., 2021; Van Eijk, 2022; World Health Organization, 2017). However, no
research was found that stated which stakeholder should be involved. This research makes
recommendations on which stakeholders should be involved per flood strategy. In addi-
tion, medical experts who have experience hospital floods were asked for their view on how
stakeholders could be engaged. These expert opinions are a first step towards creating a
policy where relevant stakeholders are actively engaged for the implementation of flood
strategies at Dutch hospitals.
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In this thesis flood preparedness indicators were identified that represent a set of functions
that is essential to the continuity of healthcare of hospitals. A method was developed to
quantitatively assess hospitals’ flood preparedness based on these indicators. This assess-
ment method enables decision-making between flood strategies, which can be implemented
to improve flood preparedness. Stakeholders who are relevant for the implementation of
flood strategies were identified and selected per flood strategy. Interviews were held with
experts in the area of hospitals floods to obtain recommendations on the engagement of the
selected stakeholders. In this chapter, the conclusions and recommendations from this thesis
are presented.

8.1 Conclusions per research question

To answer the main research question, four sub-questions were created. These sub-questions
are answered first.

8.1.1 Sub-question 1: Which flood preparedness indicators are relevant
for contributing to the choice of flood strategies implemented by
Dutch hospitals?

Four flood strategies were considered in this research: ”shelter in place with additional
measures”, ”shelter in place without additional measures”, ”accept” and ”preventive evac-
uation”. From the literature and phase 2 interviews, it became apparent that the character-
istics of the flood strategy ”preventive evacuation” significantly differ from the other flood
strategies. Because this flood strategy involves leaving the hospital, other functions are im-
portant than for the other flood strategies, where it is decided to stay at the hospital. For
preventive evacuation, the following flood preparedness indicators are selected:

• Availability of modes of transport for patients
• Having prepared emergency management plans
• Availability of sufficient and qualified personnel

For the flood strategies ”shelter in place with additional measures”, ”shelter in place without
additional measures” and ”accept”, the flood preparedness indicators below are selected:

• Availability of critical equipment
• Having sufficient supplies in stock
• Availability of utilities
• Having prepared emergency management plans
• Availability of sufficient and qualified personnel
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8.1.2 Sub-question 2: What is the flood impact on Dutch hospitals given
their level of flood preparedness?

The flood impact was analysed for the Reinier de Graaf Gasthuis (RdGG) and Erasmus Med-
ical Centre (EMC). The direct and indirect impact were derived for each flood scenario that
threatens the hospital by determining critical flood depths for each hospital facility. The
availability of suppliers was also considered for these flood scenarios. This type of analysis
has not been conducted previously in other researches. The hospital facilities were grouped
per flood preparedness indicator. A series system was assumed where failure of a facility
leads to the failure of the corresponding indicator. If any flood preparedness indicator fails,
it was assumed that the hospital fails. The impact of the flood was subsequently quantified
by the number of deaths and types of costs. The overview of failing flood preparedness
indicators, the number of deaths and costs per flood scenario enables hospitals to make sub-
stantiated and specific choices for investments in flood strategies to increase flood prepared-
ness. Such investments are focused on achieving extended availability of flood preparedness
indicators, lowering mortality rates or shorter duration of exposure to a flood.

The number of fatalities and costs per flood strategy were determined for the RdGG. These
results are applicable to the four scenarios considered (”Precipitation 1000”, ”Precipita-
tion 100”, ”Precipitation 10” and ”Regional 100”), because during all four scenarios, the
continuity of healthcare at the RdGG is disrupted. The number of fatalities for the RdGG is
relatively limited, ranging from 0,2 to 2,1 fatalities depending on the flood strategy. The
number of fatalities is low because the flood depth and extent of the flood are limited. Fur-
thermore, the duration of exposure of patients to the flood is short, being one day or less. In
summary, ”shelter in place with additional measures” results in 0,2 fatalities and the costs
are ”high”. ”Shelter in place without additional measures” results in 1,4 fatalities and the
associated costs are labelled ”medium”. The flood strategy ”accept” results in the most fatal-
ities: 2,1. However, it is the least expensive strategy. Lastly, ”preventive evacuation” yields
1,7 fatalities and the costs are labelled ”medium”. These results show that investing in flood
strategies results in a lower number of fatalities. The interview participants from the RdGG
and EMC agreed that only the well-being of patients is considered when deciding on flood
strategies and that costs do not play a role. If only the number of fatalities is considered,
”shelter in place with additional measures” is the ”best” flood strategy for the RdGG, because
it results in the least fatalities.

The number of fatalities and costs per flood strategy were also determined for the EMC.
Both flood scenarios that were considered (”Parksluizen 1” and ”Parksluizen 2”) result in
disruption of the continuity of healthcare at the EMC. The number of fatalities for the EMC
ranges from 18,8 to 195,3, depending on the flood strategy, which is much higher compared
to the RdGG. The relatively high number of fatalities is caused by the large flood depths and
flood extent that results from a breach in a primary flood defence. In addition, multiple
hospitals and many houses are simultaneously threatened or even flooded. Therefore, the
patients are expected to be exposed to the flood for several days. Lastly, the EMC is much
larger than the RdGG. Hence, the number of exposed patients is higher, resulting in more
fatalities compared to the RdGG. ”Shelter in place with additional measures” results in the
least fatalities (18,8), but is the most expensive strategy. ”Shelter in place without additional
measures” yields 83,4 fatalities and the costs are labelled ”medium”. Unlike at the RdGG,
”preventive evacuation” results in more fatalities than ”accept”. These strategies result in
195,3 and 125,3 fatalities respectively. The costs for ”preventive evacuation” are ”medium”
and the costs for ”accept” are the lowest. When only the number of fatalities is considered,
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”shelter in place with additional measures” is the ”best” flood strategy, because it yields the
least fatalities. If all hospitals are considered that are simultaneously threatened by the same
flood scenario as the EMC, the same conclusion can be drawn. The finding that sheltering in
place may be a better strategy than preventive evacuation for densely populated areas with
low evacuation fractions corresponds with other results in the literature (Balsari et al., 2016;
Kolen, 2013).

Regarding the costs per flood strategy, it was found that for every flood strategy a de-
gree of damage to the hospital building can be expected. The strategies ”shelter in place
with(out) additional measures” focus on preventing failure of hospital functions. Therefore,
the damage will be less when compared to the other flood strategies, but requires additional
investments. Of the two shelter-in-place strategies, investing in additional flood measures
reduces the damage the most, but also results in the highest investment costs. In addition,
the running costs for upkeep of flood measures (for tangible assets and emergency plans)
should be considered. It is assumed that there are no investment costs for the flood strat-
egy ”accept”. For ”preventive evacuation”, transportation costs and costs for practising the
evacuation procedures are additional expenses.

The flood preparedness assessment of the RdGG and EMC revealed that several suppliers also
supply other hospitals in the region. The companies Evides (drinking water), ZorgserviceXL
(medical supplies), Combi-Ster (sterilsation of medical equipment) and Linde Gas (medical
gases) were found to supply up to approximately 40 hospitals. It is uncertain whether
failure due to flooding of these companies can be compensated by other suppliers and what
the subsequent impact will be on the regional healthcare system. However, interviews and
tours at hospitals revealed that certain supplies (such as food), are delivered to hospitals
multiple times per day. Failure of the corresponding suppliers can cause immediate shortage
at hospitals on a regional scale.

8.1.3 Sub-question 3: Which stakeholders should be involved per flood
strategy in the process of implementing flood strategies for Dutch
hospitals?

Stakeholders were identified through interviews and the literature. An initial selection of
stakeholders was made per flood strategy. Each stakeholder was categorised based on their
power, interest and attitude, which resulted in recommended actions for engagement per
stakeholder per flood strategy. It was found that in principle all stakeholders have a pos-
itive attitude towards implementing flood strategies. However, most stakeholder take on
a passive role. This passiveness is often caused by unawareness of flood risks, the lack of
sufficient (human) resources or the experience that one already has to meet many important
obligations on a daily basis. Other stakeholders should be actively engaged more closely to
achieve active participation in implementing flood strategies. Patients were excluded based
on their passiveness, low influence and lack of resources to contribute to the implementation
of flood strategies at hospitals. The selection of stakeholders per flood strategy is depicted
in Table 8.1. The Executive Board of a hospital, hospital personnel, water boards, munic-
ipalities and safety regions should be involved for the implementation of any of the flood
strategies. The flood strategy ”accept” is the exception, because this strategy involves tak-
ing no measures. Therefore, it is desirable that any of these stakeholders take the lead in
engaging the other stakeholders required for the implementation of flood strategies.
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Table 8.1: Overview of which stakeholders should be engaged per flood strategy.

Stakeholder Shelter in place
with additional

measures

Shelter in place
without additional

measures

Accept Preventive
evacuation

Hospital Executive
Board

• • ◦ •

Hospital personnel • • ◦ •
Hospitals
receiving patients

◦ ◦ ◦ •

Patients ◦ ◦ ◦ ◦
Ambulance
services

◦ ◦ ◦ •

Suppliers • • ◦ ◦
Utility companies • • ◦ ◦
Water boards • • ◦ •
Municipalities • • ◦ •
Safety regions • • ◦ •

Engaged: •
Not engaged: ◦

8.1.4 Sub-question 4: How can relevant stakeholders be engaged for the
implementation of flood strategies according to experts with lived
experience?

During the phase 2 interviews two medical expert with flood experience at hospitals shared
their view on how relevant stakeholders could be engaged. No consensus was found on a
single ”best” method. Instead, two methods were proposed: enforcing engagement through
legislation and creating awareness. These two methods for stakeholder engagement contain
aspects that are also mentioned in the literature (Olejniczak et al., 2020): using the law, an
incentive or providing information to steer decisions. According to the experts, the advan-
tage of enforcing engagement through legislation is that, in theory, success is guaranteed
once the legislation comes into force. However, the experts also mentioned that the costs
of enforcement, the duration of implementing new laws and the experience that hospitals
already have to meet many obligations are downsides. The stated advantage of creating
awareness is that broad support is created, resulting in willingness to be engaged. However,
this method is said to be unpredictable and requires a lot of time to succeed.
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8.1.5 Main research question: How can flood preparedness of hospitals in
the Netherlands be assessed and improved?

The four sub-questions contributed to answering the main research question. SQ1 and SQ2
addressed the assessment of flood preparedness of hospitals in the Netherlands. Essential
hospital functions can be categorised based on the flood preparedness indicators. The avail-
ability of these indicators during floods can be used to quantitatively assess flood prepared-
ness in terms of fatalities and types of costs. The outcomes of the assessment can be used
to compare flood strategies that can be implemented to contribute to flood preparedness.
The answers to SQ3 and SQ4 revealed that for every flood strategy, except for ”accept”, at
least the Executive Board of a hospital, hospital personnel, water boards, municipalities and
safety regions should be engaged to realise the implementation of flood strategies. Experts
with lived experience recommended to engage stakeholders through legislation or creating
awareness. In conclusion, flood preparedness has been assessed, enabling decision-making
regarding flood strategies. By engaging the right stakeholders for the implementation of
these flood strategies, the flood preparedness of hospitals in the Netherlands can be im-
proved.

8.2 Recommendations

The discussion (see Chapter 7) and conclusions result in recommendations for future re-
search. These recommendations are listed below.

• Adding more cases to the case study, especially for hospitals in other parts of the
Netherlands, can verify whether the proposed methods are generally applicable to
Dutch hospitals. It is recommended to select hospitals with varying causes of flooding,
evacuation fractions and numbers of simultaneously threatened hospitals.

• To estimate the number of fatalities per flood strategy more accurately, it is recom-
mended to calibrate the proposed fatality equations based on historical flood events at
hospitals. For the flood strategies ”shelter in place with additional measures”, ”shelter
in place without additional measures” and ”accept”, it is recommended to focus on
calibrating the flood duration and mortality rates for flood strategies. For the flood
strategy ”preventive evacuation”, it is recommended to prioritise calibrating the mor-
tality rates for successful and unsuccessful preventive evacuation.

• Regarding the availability of suppliers, future research could focus on the vulnerability
of the regional healthcare system to supplier failure during floods. It is recommended
to consider all scenarios that can flood suppliers and to prioritise suppliers that dis-
tribute supplies to multiple hospitals.

• In this thesis, it was assumed that the evacuation fraction from the LIWO is applicable
to hospitals. It is recommended to look into the validity of this assumption.

• The views of two experts with lived experience on methods for stakeholder engage-
ment were discussed. It is recommended to further look into methods or policies
that can be used to engage stakeholders for the implementation of flood strategies at
hospitals.
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A. List of assumptions

• For regional dykes, only one flood scenario will occur simultaneously. If a dyke is
breached, it rules out that another breach will occur within that water system.

• With regard to primary dykes, only one breach is assumed to occur simultaneously.

• The elevation relative to ground level is used as the critical flood depth for each hos-
pital facility.

• It is assumed that once the flood reaches the hospital, the maximum flood depth is
immediately reached.

• For each supplier location, the level of the main entrance is used as the critical flood
depth.

• For the transport of goods by road from suppliers’ locations to the hospital a maximum
flood depth of 0,20m is used.

• It is assumed that utility grids remain unaffected by floods, hence no critical flood
depth is used.

• Regarding the duration of the unavailability of hospital functions once they have failed,
it is assumed that recovery can only occur after the flood has receded or once new
supplies are delivered.

• If any of the facilities that fall under a certain flood preparedness indicator fail, that
particular indicator is considered to have failed.

• Failure of one flood preparedness indicator is assumed to cause disruption of the
healthcare continuity.

• The number of affected patients is assumed to be equal to the number of hospital beds.

• The maximum mortality rate will be reached after four days.

• Only patients are affected by a flood.

• The hospital is full to capacity (in terms of patients) when a flood arrive, except for
when the flood strategy ”shelter in place with additional measures” is implemented.
In that case, the patients with low vulnerability are discharged from the hospital before
the flood arrives.

• The assumption is made that from the moment the flood reaches the hospital, the flood
immediately reaches its maximum flood depth.

• The duration of preventive evacuation is one day.
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B. Interview questions phase 1 interviews

General

• Does the hospital have experience with water nuisance as a result of flooding or ex-
treme rainfall?

Logistics

• Which facilities that must be provided from outside the hospital are essential for con-
tinuity of healthcare? (For example: electricity, water, sewage, steam, gasses, food,
needles, sterile equipment, medicines, patients and staff)

• Which parties are involved in the delivery of the externally supplied facilities?

• How and for how long is the hospital accessible during a flood? (For example, is
there knowledge about water depth, flooding duration, supply routes and means of
transport?)

• Which externally supplied facilities are threatened during a flood?

Spatial adaptation

• What considerations have been made in the design of the hospital regarding the place-
ment of crucial facilities? Where are they located? (For example: backup generators,
water, sewerage, steam, gasses, supplies, OR, ER, IC, ICT, elevator control)

• What measures have been taken in the immediate vicinity of the hospital?

• How often do functions fail under normal circumstances? (For example: OK, ER,
delivery of goods)

• What requirements that have been imposed by the government with regards to flood
measures for the hospital?

• Which parties have a say in drawing up flood measures?

• Which parties are involved in the implementation of flood measures?

Emergency plans

• What emergency plans are there for flooding?

• What emergency plans are there regarding shelter in place or evacuation of the hospi-
tal?

• Which parties need to be involved for the implementation of the emergency plans?

• To what extent do factors such as the number of deaths, money and reputation influ-
ence the choice of measures? Are there additional factors?
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C. Interview questions phase 2 interviews

Flood preparedness indicators

• To what extent do you think the selected flood preparedness indicators cover the as-
pects that a hospital should consider when preparing for a flood?

Hospitals’ flood preparedness evaluation

• How do you view the proposed classification of patient groups and their correspond-
ing vulnerability factor?

• If one of the selected indicators fails, can it be assumed that the maximum mortality
immediately applies?

– If this is not the case: to what extent is the maximum mortality reached per flood
preparedness indicator and what is the time dependency of this mortality?

• What are the estimated costs per flood measure?

• To what extent do you think does quantification of flood impact on hospitals aid flood
measure decision-making at hospitals?

Stakeholder engagement

• Which parties should be involved per flood measure for the implementation?

• How should the decision-making for flood measures be secured? What are the corre-
sponding pros and cons?

• How should stakeholders be engaged for the implementation of flood measures be
secured? What are the corresponding pros and cons?
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D. Reinier de Graaf Gasthuis case:
indirect impact per flood scenario

Regional 100

This scenario is described in Chapter 5.
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D Reinier de Graaf Gasthuis case: indirect impact per flood scenario

Precipitation 1000

Heavy precipitation events usually occur locally. Hence, it should be noted that it is un-
likely that all suppliers and the hospital are flooded simultaneously as a consequence of
precipitation. This remark applies to all precipitation scenarios discussed in this research.

Stedin
The precipitation leads to water accumulation in the street of the HV substation of approx-
imately 0,20m at the façade of the building (see Figure D.1). However, the building is ele-
vated 0,30m above ground level. The underground power grid is assumed to be unaffected
by floods. Therefore, this event will not threaten the power supply.

Figure D.1: Precipitation at the HV substation that supplies elec-
tricity to the RdGG. The depicted flood scenario is ”Precipita-
tion 1000”. The building remains available.
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D Reinier de Graaf Gasthuis case: indirect impact per flood scenario

Evides
The production location in Kralingen can experience some nuisance from such an extreme
rain event: a flood depth of approximately 0,10m (or +4,80m NAP) is expected (see Fig-
ure D.2). Therefore, the operations are assumed to come to a halt. The water grid remains
unaffected.

Figure D.2: Precipitation at the drinking water supplier Evides.
The depicted flood scenario is ”Precipitation 1000”. The com-
pany is temporarily unavailable.
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D Reinier de Graaf Gasthuis case: indirect impact per flood scenario

Delfluent
According to the LIWO, the water treatment plant is unaffected by the precipitation (see
Figure D.3). It is assumed that the same applies to the underground sewage system.

Figure D.3: Precipitation at the water treatment plan Delfuent.
The depicted flood scenario is ”Precipitation 1000”. The plant
remains available.
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D Reinier de Graaf Gasthuis case: indirect impact per flood scenario

ZorgserviceXL
The company is not flooded by this scenario. However, on the route to the hospital, in
the direct vicinity of ZorgserviceXL, flood depths of more than 0,30m are expected (see
Figure D.4). Therefore, it is assumed that delivery of supplies is temporarily impossible.
The road blockage is expected to last only several hours.

Figure D.4: Precipitation at ZorgserviceXL. The depicted flood
scenario is ”Precipitation 1000”. Delivery is impossible due to
flooded roads.
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D Reinier de Graaf Gasthuis case: indirect impact per flood scenario

Combi-Ster
Combi-Ster is not threatened by a precipitation scenario. A part of the route to the hospital
is flooded by more than 0,30m of water (see Figure D.5). This part cannot be avoided. Thus,
it is expected that delivery will be interrupted for several hours.

Figure D.5: Precipitation at Combi-Ster. The depicted flood sce-
nario is ”Precipitation 1000”. Delivery is impossible due to
flooded roads.
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D Reinier de Graaf Gasthuis case: indirect impact per flood scenario

Linde Gas
The building is not flooded during such an event. The roads to the hospital are partly
flooded, but by a maximum of 0,20m (see Figure D.6). Delivery can continue.

Figure D.6: Precipitation at Linde Gas. The depicted flood sce-
nario is ”Precipitation 1000”. Delivery is can continue.

Fuel companies
Fuel can be delivered by several fuel companies. The hospital does not become isolated
because of water accumulation caused by this precipitation event. Therefore, it is concluded
that fuel delivery remains possible.

Personnel
For the ”Precipitation 1000” scenario, it is expected that sufficient and and qualified person-
nel is available and able to reach the RdGG. The hospital remains accessible, since the access
roads are flooded up to no more than 0,20m. Nevertheless, it may be possible that some
employees are unable to reach the hospital due to local conditions.
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D Reinier de Graaf Gasthuis case: indirect impact per flood scenario

Precipitation 100

Stedin
The precipitation leads to water accumulation in the street of the HV substation of approxi-
mately 0,15m at the façade of the building. However, the building is elevated 0,30m above
ground level. The underground power grid is assumed to be unaffected by floods. There-
fore, this event will not threaten the power supply.

Evides
The production site in Kralingen experiences water accumulation, but the buildings and
water grid are not threatened (see Figure D.7). Hence, it is expected that water production
can continue.

Figure D.7: Precipitation at the drinking water supplier Evides.
The depicted flood scenario is ”Precipitation 100”. The com-
pany remains available.

Delfluent
The water treatment plant and the underground sewage system remain available.
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D Reinier de Graaf Gasthuis case: indirect impact per flood scenario

ZorgserviceXL
The building is not flooded. The route to the hospital is partly flooded, but at most by 0,20m
(see Figure D.8). Delivery is expected to continue.

Figure D.8: Precipitation at ZorgserviceXL. The depicted flood
scenario is ”Precipitation 100”. The company and road remain
available.
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D Reinier de Graaf Gasthuis case: indirect impact per flood scenario

Combi-Ster
The building is unaffected by the precipitation. However, a part of the route to the hospital
is flooded by more than 0,30m of water (see Figure D.9). This part cannot be avoided. Thus,
it is expected that delivery will be interrupted for several hours.

Figure D.9: Precipitation at Combi-Ster. The depicted flood sce-
nario is ”Precipitation 100”. Delivery is impossible due to
flooded roads.

Linde Gas
The building is not flooded during such an event. The roads to the hospital are partly
flooded, but not more than 0,20m. Delivery can continue.

Fuel companies
Fuel can be delivered by several fuel companies. The hospital does not become isolated
because of water accumulation caused by this precipitation event. Therefore, it is concluded
that fuel delivery remains possible.

Personnel
For the ”Precipitation 100” scenario, it is expected that sufficient and and qualified personnel
is available and able to reach the RdGG. The hospital remains accessible, since the access
roads are flooded up to no more than 0,20m. Nevertheless, it may be possible that some
employees are unable to reach the hospital due to local conditions.
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D Reinier de Graaf Gasthuis case: indirect impact per flood scenario

Precipitation 10

Stedin
This precipitation event does not cause water nuisance in the direct vicinity of the HV sub-
station. The underground power grid is assumed to remain unaffacted by floods. The
continuity of the power supply is not in danger.

Evides
Evides experiences water accumulation, but the buildings and water grid are not threatened.
Hence, it is expected that water production can continue.

Delfluent
The water treatment plant and the underground sewage system remain available.

ZorgserviceXL
The building is not expected to be flooded. The route to the hospital is partly flooded, but
no more than 0,20m. It is expected that deliveries can still take place.

Combi-Ster
The building remains unaffected by the rain. The route to the hospital is partially flooded,
but no more than 0,20m (see Figure D.10). It is assumed that delivery can continue.

Figure D.10: Precipitation at Combi-Ster. The depicted flood sce-
nario is ”Precipitation 10”. Deliver of supplies is possible.
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D Reinier de Graaf Gasthuis case: indirect impact per flood scenario

Linde Gas
The building is not flooded during such an event, neither are the roads to the hospital.
Delivery can continue.

Fuel companies
Fuel can be delivered by several fuel companies. The hospital does not become isolated
because of water accumulation caused by this precipitation event. Therefore, it is concluded
that fuel delivery remains possible.

Personnel
For the ”Precipitation 10” scenario, it is expected that sufficient and and qualified personnel
is available and able to reach the RdGG. The hospital remains accessible, since the access
roads are flooded up to no more than 0,15m. Nevertheless, it may be possible that some
employees are unable to reach the hospital due to local conditions.
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E. Erasmus MC case: indirect impact per
flood scenario

Parksluizen 1

Fuel companies - Stocks
As depicted in Figure E.1, the EMC becomes isolated due to the ”Parksluizen 1” flood sce-
nario. Similar to the ”Parksluizen 2” flood scenario, the primary flood defence on the north
side of the Meuse is breached at ”Parksluizen”. Either sides of the dyke (Westzeedijk) will
be flooded. The dyke itself could provide access to the hospital, but may be damaged by
the storm. Therefore, the availability of the road on top of the dyke cannot be guaranteed.
Due to the isolation of the hospital, it is expected that no fuel company can reach the EMC
to deliver fuel. All access roads to the EMC are flooded by more than 0,20 metres.

Figure E.1: Flood depth map resulting from a breach
at Parksluizen. The depicted flood scenario is ”Park-
sluizen 1”. The EMC is expected to become isolated
during this flood scenario.
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E Erasmus MC case: indirect impact per flood scenario

Linen supplier (Nedlin Healthcare) - Stocks
Nedlin Healthcare supplies linen to the EMC. The company is located in Elsloo, in the
province of Limburg. Nedlin Healthcare is not threatened by the ”Parksluizen 1” flood
scenario. However, the access road to the EMC is not available due to flooding (see Figure E.2)
and no alternative routes are available due to isolation of the hospital.

Figure E.2: Route from Nedlin Healthcare to the EMC. The de-
picted flood scenario is ”Parksluizen 1”. The route is inacces-
sible near the EMC.
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E Erasmus MC case: indirect impact per flood scenario

Medical gas supplier (Linde Gas) - Stocks
The company Linde Gas supplies the EMC with medical gases. The supplier is located in
Schiedam and is not threatened by the ”Parksluizen 1” flood scenario. The route from Linde
Gas to the EMC is depicted in Figure E.3. The route near the hospital is inaccessible due to
flooding, as the route crosses the breach location.

Figure E.3: Route from Linde Gas to the EMC. The depicted flood
scenario is ”Parksluizen 1”. The route is inaccessible near the
EMC.
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E Erasmus MC case: indirect impact per flood scenario

Medical supplies (distribution centre) - Stocks
The EMC has its own distribution centre that stores and delivers medical supplies. The
distribution centre is located on the other side of the river Meuse and cannot be flooded by
the ”Parksluizen 1” flood scenario. However, during this scenario, the route near the EMC is
flooded and therefore inaccessible (see Figure E.4).

Figure E.4: Route from the distribution centre to the EMC. The
depicted flood scenario is ”Parksluizen 1”. The route is inac-
cessible near the EMC.
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E Erasmus MC case: indirect impact per flood scenario

Medicine supplier (Alliance Healthcare) - Stocks
Medicines are supplied by the company Alliance Healthcare, which is located in Veghel.
This company is not threatened by any the ”Parksluizen 1” flood scenario. Delivery of
supplies cannot take place during the ”Parksluizen 1” flood scenario, because the road near
the hospital is flooded (see Figure E.5).

Figure E.5: Route from Alliance Healthcare to the EMC. The de-
picted flood scenario is ”Parksluizen 1”. The route is inacces-
sible near the EMC.

Drinking water supplier (Evides, Berenplaat) - Utilities
Drinking water is supplied by Evides by the production sites Berenplaat and Kralingen
(Kolen et al., 2017). The production site Berenplaat cannot be flooded by the ”Parksluizen 1”
flood scenario. The water grid is assumed to remain unaffected by floods. Therefore, the
supply of drinking water remains available.

Drinking water supplier (Evides, Kralingen) - Utilities
The production site Kralingen was previously analysed for the RdGG (see Appendix D). This
location is not affected by the ”Parksluizen 1” flood scenario. The water grid is assumed
to remain unaffected by floods. Therefore, the supply of drinking water remains uninter-
rupted.
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E Erasmus MC case: indirect impact per flood scenario

Electricity supplier (Stedin) - Utilities
The EMC has several connections to the power grid spread across the hospital terrain. The
hospital has two 23KV connections, each connecting to a different power grid. In addition,
there are three 10KV connections (Kolen et al., 2017). Although underground cables are
assumed to remain unaffected by floods, the MV substations in the direct vicinity of the
hospital are flooded during the ”Parksluizen 1” flood scenario. Although no single critical
flood level can be determined, it can be assumed that a flood depth of more than one metre
in the vicinity of the EMC causes failure of the electricity supply.

Personnel - Personnel
For the ”Parksluizen 1” flood scenario, it is expected that there will not be sufficient and
qualified personnel available without implementation of specific measures. The flooded
area is extensive, covering large densely populated parts of the city Rotterdam. The flood
depth in these areas is also significant, reaching a flood depth of more than 1 metre. In
addition, the hospital becomes isolated. These factors contribute to the assessment that
personnel cannot reach the EMC.

142



F. Flood preparedness indicator sources

Table F.1: Sources per flood indicator.

Indicator Sources

Critical equipment Balsari et al. (2016);
Barten et al. (2022);
Batica and Gourbesville (2014);
Kolen et al. (2017)
McGinty et al. (2017);
Rattanakanlaya et al. (2021);
Rentschler et al. (2021);
Tarabochia-Gast et al. (2022);
Van Beek et al. (2015);
Van der Wal et al. (2023);
World Health Organization (2015);
World Health Organization (2017);
Zane et al. (2010);
Zhong et al. (2021);

Interview RdGG;
Interview EMC

Stocks Balsari et al. (2016);
Batica and Gourbesville (2014);
Kolen et al. (2017)
McGinty et al. (2017);
Rattanakanlaya et al. (2021);
Rentschler et al. (2021);
Tarabochia-Gast et al. (2022);
Van Beek et al. (2015);
Van der Wal et al. (2023);
World Health Organization (2015);
World Health Organization (2017);
Zane et al. (2010);
Zhong et al. (2021);

Interview RdGG;
Interview EMC;
Interview RWS

Utilities Balsari et al. (2016);
Barten et al. (2022);

Continued on the next page.
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F Flood preparedness indicator sources

Indicator Sources

Batica and Gourbesville (2014);
Kolen et al. (2017)
McGinty et al. (2017);
Rattanakanlaya et al. (2021);
Rentschler et al. (2021);
Tarabochia-Gast et al. (2022);
Van Beek et al. (2015);
Van der Wal et al. (2023);
World Health Organization (2015);
World Health Organization (2017);
Zane et al. (2010);

Interview RdGG;
Interview EMC;
Interview RWS

Transport of patients Balsari et al. (2016);
Barten et al. (2022);
Rattanakanlaya et al. (2021);
Rentschler et al. (2021);
Tarabochia-Gast et al. (2022);
Van der Wal et al. (2023);
World Health Organization (2015);
World Health Organization (2017);
Zane et al. (2010);
Zhong et al. (2021);

Interview RdGG;
Interview EMC;
Interview RWS

Accessibility Balsari et al. (2016);
Barten et al. (2022);
Batica and Gourbesville (2014);
Rattanakanlaya et al. (2021);
Rentschler et al. (2021);
Tarabochia-Gast et al. (2022);
Van Beek et al. (2015);
World Health Organization (2015);
Zane et al. (2010);

Interview RdGG;
Interview EMC

Emergency
management capacity

Balsari et al. (2016);
Barten et al. (2022);
McGinty et al. (2017);
Rattanakanlaya et al. (2021);
Rentschler et al. (2021);
Van Beek et al. (2015);

Continued on the next page.
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F Flood preparedness indicator sources

Indicator Sources

Van der Wal et al. (2023);
World Health Organization (2015);
Zhong et al. (2021);

Interview RdGG;
Interview EMC

Personnel Balsari et al. (2016);
Rattanakanlaya et al. (2021);
Rentschler et al. (2021);
Tarabochia-Gast et al. (2022);
Van Beek et al. (2015);
Van der Wal et al. (2023);
World Health Organization (2015);
World Health Organization (2017);
Zane et al. (2010);
Zhong et al. (2021)

Structural integrity Barten et al. (2022);
Van Beek et al. (2015);
World Health Organization (2015);
Zane et al. (2010);
Zhong et al. (2021)

Financing McGinty et al. (2017);
Rattanakanlaya et al. (2021);
Rentschler et al. (2021);
World Health Organization (2015)

Patient capacity Rentschler et al. (2021);
Tarabochia-Gast et al. (2022);
World Health Organization (2015);
Zhong et al. (2021)

Safeguarding
personnel’s family

Rattanakanlaya et al. (2021);
World Health Organization (2015)
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G. Individual Double Degree study load
specification

This thesis was written in partial fulfilment of the master’s degrees in Civil Engineering (CE)
and Construction Management & Engineering (CME) at the Delft University of Technology.
The two programmes have been combined in an IDD. The added value of integrating two
theses is that their contents can contribute to each other. This thesis is worth 40 EC, which
consists of 30 EC for CE and 30 EC for CME, with a shared study load of 20 EC.

SQ1 and SQ2 are part of CE. The CE part analysed the impact of floods on hospitals, given
a certain level of flood preparedness, by modelling healthcare continuity at hospitals with
a series system. The flood impact was quantified in terms of fatalities and types of costs.
These results enabled comparison of flood strategies, which can be used to improve flood
preparedness of hospitals. The corresponding results can be found in Chapters 4 and 5.

SQ3 and SQ4 are part of CME. The CME part elaborated on the flood strategies, by focus-
ing on which stakeholder should be engaged for the implementation of each flood strategy.
Theories on stakeholder analysis, categorisation and engagement were used to come to a
selection of stakeholders per flood strategy. Subsequently, expert interviews were used to
obtain recommendations from experts with lived experience for the engagement of the se-
lected stakeholders. These results are discussed in Chapter 6.

Overlap between the two programmes mainly resides with the identification of the stake-
holders (part of SQ3), the case study and interviews. The case study and interviews were
used as basis for answering all four SQs. The phase 1 interviews were used to obtain infor-
mation about hospital facilities and their vulnerability, relevant for determining the flood
impact, and to identify stakeholders. The phase 2 interviews were used to evaluate the
method for assessment of hospitals’ flood preparedness and for identifying experts’ views
on methods for stakeholder engagement. The cases and interviews are introduced in Chap-
ter 3 and are used through the following chapters. The interview questions are listed in
Appendices B and C.
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