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Dutch hospital buildings face increasing cooling demand under projected 2050 
climate conditions, while patient rooms must provide stable thermal comfort for 
users with different levels of vulnerability, activity and adaptive capacity. This 
thesis investigates how passive and hybrid cooling strategies at patient-room 
scale can support occupant-centred thermal comfort, reduce cooling demand 
and contribute to climate-resilient healthcare design.
 
The research combines a literature review, EnergyPlus-based simulations and 
stakeholder interviews. The literature review establishes the building-physics 
and thermal-comfort basis for passive and hybrid cooling. Afterwards, a 
representative Dutch hospital patient room is simulated under morphed 2050 
climate conditions, using operative temperature, SET, PMV/PPD, cooling load 
and active cooling hours for staff, mobile patients and bedridden patients. Finally, 
stakeholder interviews examine how passive and hybrid cooling strategies 
are currently understood, constrained and implemented in healthcare design 
practice.
 
The results show that passive envelope measures reduce transmitted solar 
radiation up to 80%, but remain insufficient when internal heat gains, continuous 
occupancy and thermal storage dominate the room heat balance. Natural 
ventilation provides intermittent comfort benefits, whereas hybrid cooling with 
local air movement enables a higher mechanical cooling setpoint and reduces 
ideal cooling load under the tested assumptions.
 
The interviews show that implementation is constrained by fragmented 
requirements, risk-averse decision-making, infection-prevention concerns, cost 
allocation and an installation-led design culture. This thesis therefore concludes 
that passive cooling should not replace mechanical cooling in hospitals, but 
should form part of a passive-first hybrid design philosophy: reducing heat gains, 
managing internal loads, supporting heat dissipation and using active systems 
as controlled fallback rather than the default starting point.

Keywords  -   passive cooling; hybrid cooling; healthcare buildings; patient rooms; 
occupant-centred thermal comfort; natural ventilation; local air movement; 
cooling demand; future climate; building performance simulation
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INTRODUCTION
This chapter introduces the motivation, relevance and context of the research by positioning 
passive cooling in healthcare environments within the broader challenge of future climate 
resilience. It defines the research problem, scope, objectives and research questions, and 

outlines the methodological approach that structures the subsequent chapters.

1
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1.  INTRODUCTION

Buildings accommodate care, work, learning and living, activities that increasingly take place 
indoors. In the Netherlands, people spend between 80% and 90% of their time inside buildings 
(Betgen et al., 2024, p. 30). As a result, the quality of the indoor environment has become strongly 
dependent on the way buildings are designed, operated and conditioned. This is particularly relevant 
for thermal comfort, as buildings must increasingly limit overheating while maintaining healthy and 
comfortable indoor conditions.

Architectural practice continues to rely predominantly on mechanical climate control, with active 
systems often oversized to compensate for design uncertainty and operational risk (Attia et al., 
2012; Attia, 2018; Anand et al., 2023). These systems are energy- and material-intensive, contribute 
substantially to greenhouse gas emissions and resource use, and require extensive technical 
components and maintenance (IEA et al., 2022). This dependency may reduce robustness, shortening 
service life and raising life-cycle costs (Arowoiya et al., 2024).
 
In the Netherlands, the built environment accounts for approximately 35% of national energy use and 
25% of total CO₂ emissions (Centraal Bureau voor de Statistiek, 2025a), with climate control systems 
responsible for nearly half of building-related energy demand (Zarco-Soto et al., 2025). Cooling 
demand is expected to increase as climate change raises overheating risks in temperate climates 
(KNMI, 2023; Prieto et al., 2018; Laouadi et al., 2023). The growing adoption of air conditioning 
reflects this trend, reinforcing energy demand and contributing to outdoor heat accumulation.

A promising direction lies in the use of passive design strategies for cooling: design measures that 
enhance indoor environmental quality (IEQ) by harnessing natural energy flows rather than relying 
primarily on mechanical or electrical systems (Konstantinou & Prieto Hoces, 2018). Passive cooling 
can therefore be understood as a building-physics-based approach in which heat gains, heat storage, 
heat dissipation, airflow and solar exposure are controlled through architectural, spatial and material 
decisions. These strategies could reduce intrinsic cooling demand, but their implementation remains 
limited by uncertainty regarding reliability, performance potential and user-specific comfort effects.
Their effectiveness depends on the interaction between climate, building geometry, façade 
configuration, ventilation principles, material choices and behavioral patterns. Therefore, passive 
cooling cannot be approached as a set of isolated measures, but should be understood as an integrated 
design approach.

Focusing on reducing cooling demand from a building-physics perspective is consistent with the 
Trias Energetica framework, originally formulated in 1996 by Lysen and later adopted by RVO in the 
Netherlands (Infoblad Trias Energetica en Energieneutraal Bouwen, 2013). The framework identifies 
that the first and most effective sustainability strategy is to reduce the intrinsic energy demand of a 
building before adding mechanical systems. 

1.1  Motivation and relevance

Fig. 1.1: Positioning of research focus (Author’s work)
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Fig. 1.2: Trias Energetica principle. Redrawn and adapted 
from Lysen (1996).
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The effect of passive cooling is highly context-dependent, shaped by climate, design decisions and 
operation (Maghami et al., 2025). The Netherlands provides a relevant context because its building 
stock faces a shifting balance between heat retention in winter and heat mitigation in summer. Climate 
change is expected to reduce night-time cooling potential, increase humidity levels and alter solar 
gain patterns (Heiranipour et al., 2025; KNMI, 2023), implying that strategies effective under current 
conditions may no longer perform sufficiently in the future. 

Current overheating-risk mitigation often relies on technological redundancy and backup cooling 
capacity, rather than on reducing the building’s intrinsic sensitivity to heat. Passive cooling is therefore 
both promising and uncertain: it can lower cooling demand and reduce dependence on mechanical 
systems, but its future performance must be explicitly assessed rather than assumed.

This is particularly relevant in early design stages, where decisions on orientation, façade configuration, 
ventilation principles and material choices strongly influence later cooling demand, overheating risk 
and system dependency. However, passive measures are often assessed qualitatively, while reliable 
quantitative feedback is lacking when design freedom is still high (MacLeamy, 2004; Hopfe & Hensen, 
2011). As simulation expertise is frequently introduced only after key design choices have been fixed, 
opportunities to integrate passive cooling as a fundamental design strategy are reduced (Bhatia et al., 
2024).

Relevance for healthcare buildings
Within the Dutch building context, healthcare represents a particularly critical sector, accounting 
for approximately 7% of national greenhouse gas emissions (Rijksoverheid, 2022; Steenmeijer et al., 
2022). Healthcare facilities must reduce energy use while maintaining strict requirements for thermal 
comfort, air quality and hygiene, particularly for vulnerable occupants. This often results in sealed 
façades and a strong dependence on mechanical climate control. In such environments, thermal 
discomfort or system failure affects not only user satisfaction but also patient health, recovery and 
operational continuity (Lomas & Porritt, 2016; Boerstra et al., 2021).

Demographic change further increases the relevance of this challenge. In the Netherlands, the 
population aged 80 and over is projected to grow from approximately 0.9 million in 2025 to more 
than 2.1 million in 2070 (Centraal Bureau voor de Statistiek, 2025b), increasing demand for healthcare 
facilities. Reducing cooling demand in this sector is therefore both an environmental and operational 
priority.
 
Despite extensive research on thermal comfort in offices and residential buildings, quantitative 
evidence on thermal comfort in healthcare environments remains limited, particularly for different 
user groups such as staff, mobile patients and immobile patients. Existing comfort models are largely 
based on healthy, seated adults and may not adequately represent the thermophysiological constraints 
of vulnerable users. Moreover, the interaction between passive ventilation, elevated air speed and 
occupant-specific heat balance in spatially non-uniform environments remains insufficiently 
understood.
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Historical development of passive cooling in 
healthcare architecture
Passive cooling predates mechanical HVAC systems and 
is rooted in climatic responsiveness and material logic. 
Historically, healthcare architecture relied on such strategies 
to provide hygienic and thermally acceptable environments.

A well-known example is the pavilion hospital typology 
promoted by Florence Nightingale (Fig. 1.3), where elongated 
wards, opposing operable windows and high ceilings 
supported cross-ventilation, contaminant dilution and 
patient recovery.

Similarly, the Zonnestraal Sanatorium applied orientation, 
lightweight construction and fully operable façades to 
maximise solar exposure and fresh air supply, aiming to 
improve recovery outcomes for tuberculosis patients through 
controlled environmental conditions (Fig. 1.4).

In the Paimio Sanatorium, designed by Alvar Aalto, passive 
cooling was embedded through building orientation, external 
shading and carefully directed airflow around patients, 
with the goal of creating an indoor climate that reduced 
physiological stress (Fig. 1.5).
 
More recently, the Butaro District Hospital by MASS Design 
Group demonstrates how natural ventilation, thermal mass 
and site positioning can be used to maintain acceptable 
indoor temperatures while reducing airborne infection risks 
(Fig. 1.6).

These examples illustrate that passive cooling was not only 
a necessity due to limited access to energy, but also a design 
strategy embedded in healthcare architecture, aimed at 
improving health outcomes.
 
With the widespread adoption of mechanical systems in the 
mid-twentieth century, passive principles were increasingly 
deprioritised, resulting in buildings with reduced climatic 
resilience and greater dependence on energy-intensive 
cooling. However, contemporary healthcare buildings 
face different constraints, including higher spatial density, 
outdoor pollution and noise, stricter infection-control 
requirements and increased demand for thermal stability. 
Historical passive principles therefore cannot be directly 
reintroduced, but must be reinterpreted.

Fig. 1.3: Nightingale Ward hospitals, Florence 
Nightingale, ca. 1860s (Day&Son)

Fig. 1.4: Zonnestraal Sanatorium, Jan Duiker, 
1928 (Vbnb, 2025)

Fig. 1.5: Paimio Sanatorium, Alvar Aalto. 
1933 (Alvar Aalto Foundation, 2025)

Fig. 1.6: Butaro District Hospital, MASS 
Design Group, 2011 (Butaro District Hospital, 

2011.)
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1.  INTRODUCTION

This research focuses on new hospital buildings, with particular attention to standard low-risk 
patient rooms in inpatient care environments. This scope aligns with the selected case study and 
the Dutch Besluit bouwwerken leefomgeving (Bbl) category gezondheidszorgfunctie met bedgebied, 
which refers to healthcare functions where patients stay overnight and continuous care, supervision 
and indoor environmental control are required.
 
Patient rooms form a critical case for passive cooling because they combine 24/7 operation, high 
internal heat loads, strict comfort and hygiene requirements, and vulnerable occupants. These 
conditions allow limited tolerance for performance failure and make patient rooms suitable for 
examining thermal robustness, system dependency and design trade-offs over long operational 
lifetimes.
 
The research is limited to new construction, where passive cooling strategies can still be integrated 
spatially, technically and energetically from the outset. This makes the schematic design phase 
particularly relevant, as early decisions on orientation, façade design, room layout and system 
principles strongly influence later comfort performance, cooling demand and the economic value of 
passive measures.

High-risk healthcare spaces, such as operating rooms, intensive care units and isolation rooms, 
fall outside the scope of this study. These spaces are characterised by critical infection-control 
requirements, unstable or highly vulnerable patients, procedure-specific indoor climate conditions, 
specialised air treatment and pressure regimes. Existing building renovation and detailed HVAC 
system design are also excluded.
 
Although the simulations and interviews are situated within the hospital context, the findings are 
reflected upon in relation to other forms of healthcare real estate, such as nursing homes and long-
term care facilities. Transferability is not assumed directly, but considered in relation to typological 
differences in internal loads, user vulnerability, adaptive capacity and operational constraints.

1.2 Research scope and typological focus

Despite growing research on passive cooling and thermal comfort, limited quantitative insight exists 
into passive cooling performance in hospital buildings, particularly at patient-room scale. Passive 
strategies are often assessed in isolation and evaluated mainly through energy demand or indoor air 
temperature, while occupant-centred thermal comfort remains insufficiently integrated (Maghami 
et al., 2025; Balali & Valipour, 2020).
 
The academic knowledge gap lies in understanding which passive cooling measures are suitable for 
patient rooms, how early-stage design parameters influence cooling demand and occupant-specific 
thermal comfort, and how such measures can be integrated into hospital design processes under 
realistic technical and organisational constraints.

1.3  Problem statement
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1.  INTRODUCTION

This research aims to assess the potential of passive and hybrid cooling strategies at patient-room scale 
to support user-specific thermal comfort, reduce overheating risk and limit active cooling demand 
in hospital buildings. Combining simulation-based assessment with stakeholder insights, it develops 
design guidance for occupant-centred cooling in early-stage hospital design.

The academic contribution is an occupant-centred assessment logic that reframes passive-first cooling 
as a sequence of room-level load reduction, user-specific comfort evaluation and hybrid mechanical 
fallback.

•	 Building-physics mechanisms: identify the mechanisms linking passive design to heat exchange, 
indoor conditions and overheating risk.

•	 User-specific comfort limits: define comfort boundaries for mobile patients, bedridden patients 
and staff.

•	 Passive envelope performance: assess the effect of solar control, glazing and internal heat gains 
under projected 2050 climate conditions.

•	 Occupant-level air movement: evaluate natural ventilation and local fans as occupant-cooling 
mechanisms.

•	 Design integration and implementation: translate technical and stakeholder findings into early-
stage design guidance.

1.4  Objectives

RQ: How can passive and hybrid cooling strategies at patient-room scale support occupant-centred 
thermal comfort and reduce cooling demand in Dutch hospital buildings under projected 2050 
climate conditions?

RQ1: 	 Which building-physics mechanisms determine how passive design strategies affect 		
	 occupant-level heat exchange, indoor thermal conditions and overheating risk in patient 	
	 rooms?

RQ2:	 How do thermal comfort limits differ between healthcare user profiles, such as mobile 		
              patients, bedridden patients and staff in relation to metabolic rate, clothing insulation, 		
	 exposure duration and adaptive capacity?

RQ3:	 To what extent can passive envelope measures reduce overheating risk and cooling demand 	
	 in patient rooms under projected 2050 climate conditions?

RQ4:	 How can occupant-level air movement through natural ventilation and local fans improve 	
	 thermal comfort for different healthcare users and support higher mechanical cooling 		
	 setpoints?

RQ5:	 How can simulation-based performance insights and stakeholder perspectives on 		
	 implementation barriers, drivers and design-process conditions be translated into early-		
	 stage design guidance for robust, occupant-centred cooling strategies in healthcare buildings?

1.5  Research questions
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This section outlines the overall research methodology, combining literature review, user-profile 
definition, building performance simulation and stakeholder interviews. The specific simulation 
and interview methodologies are described in Sections 4.1 and 5.1, respectively.

Literature review (RQ 1-2)
A structured literature review was conducted to establish the theoretical basis for occupant-centred 
passive cooling in healthcare buildings. The review synthesises knowledge on passive cooling 
mechanisms, thermal comfort theory and healthcare-specific indoor environmental requirements.
 
The review serves three main purposes. Firstly, it defines the building-physics principles underlying 
passive cooling, including heat gain prevention, heat modification and heat dissipation. Second, it 
examines how thermal comfort theory can be applied to healthcare users with different metabolic 
rates, clothing insulation, exposure durations and adaptive capacities. Third, it translates these 
principles into quantitative performance indicators, including PMV, SET and user-specific comfort 
limits, which inform the subsequent simulation assessment.
 
The literature search was conducted iteratively using Scopus, Web of Science, ScienceDirect, 
SpringerLink and the TU Delft Repository. Professional and regulatory sources, including KNMI, RVO, 
RIVM, ASHRAE, CIBSE and Dutch standards such as BBL, BENG, ISSO 74 and NTA, were consulted 
where design or regulatory context was required. Search terms were clustered around passive 
cooling mechanisms, air movement, healthcare typologies, Dutch climate conditions, regulatory 
frameworks and thermal comfort models (Appendix A). Sources were selected based on peer-review 
status or institutional authority, methodological transparency, publication date and relevance to 
passive cooling, healthcare environments and occupant-level comfort assessment.

Definition of user profiles and programme of requirements (RQ2)
To enable occupant-centred assessment, three healthcare user profiles are defined: staff, mobile 
patients and bedridden patients. For each profile, clothing insulation, metabolic rate, exposure 
duration and adaptive capacity are derived from literature and regulatory guidance. These parameters 
are translated into user-specific comfort boundaries using established indices, including PMV and 
SET, and form the performance criteria for the simulation analyses.
 
Simulation-based evaluation of passive and hybrid cooling performance (RQ 3-4)
A representative Erasmus MC case-study model is developed, focusing on standard patient rooms and 
24-hour care zones. The model reflects typical spatial and façade characteristics of Dutch hospital 
buildings and serves as the reference configuration for the simulation study.
 
Dynamic thermal simulations are performed in EnergyPlus through Rhino/Grasshopper and 
Honeybee, allowing parametric control over geometry, façade configuration and ventilation-related 
variables. The detailed simulation methodology, including assumptions, input parameters, boundary 
conditions, software workflow and scenario definitions, is described in Section 4.1.
 
The simulation study evaluates free-floating, mechanically cooled, passive and hybrid scenarios 
under projected 2050 climate conditions using morphed EPW weather files. Performance is assessed 
through operative temperature, cooling demand, overheating risk, air velocity and user-specific 
comfort responses. The analysis specifically examines whether improved passive conditions and 
occupant-level air movement through natural ventilation or local fans can support higher mechanical 
cooling setpoints while maintaining comfort. This positions passive cooling not as a full replacement 
for mechanical systems, but as part of a hybrid passive-active cooling approach. The results identify 
when passive measures can reduce active cooling dependency, where mechanical fallback remains 
necessary and how these findings can inform later design guidance.

1.6  Research methodology

1.  INTRODUCTION
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1.  INTRODUCTION

Design integration and implementation analysis (RQ5)
To connect the technical findings to design practice, stakeholder interviews are conducted 
with professionals involved in the design, assessment and operation of hospital and healthcare 
environments. The interviews include stakeholders from healthcare real estate, building services 
engineering, architecture, indoor environmental quality and related decision-making roles.
 
The interviews consist of two parts. The first part is semi-structured and explores current cooling 
practices, experiences with passive cooling, thermal comfort governance, design responsibilities 
and decision-making processes in healthcare projects. This part provides insight into how passive 
cooling is currently understood, at which stages of the design process it is considered, and which 
institutional or technical constraints influence its implementation.
 
The second part is structured and focuses on the evaluation of the implementation barriers and 
potential drivers. Participants complete a relative ranking exercise while thinking aloud to understand 
their reasoning. The qualitative and quantitative findings are combined to understand decision-
making patterns in healthcare design practice.
 
The findings from the simulations and interviews are combined into design-oriented guidance 
for early-stage decision-making. This synthesis links user-specific comfort boundaries, spatial 
mechanisms for indoor air movement and thermal robustness outcomes with stakeholder-based 
insights into implementation barriers, drivers and process conditions. The final output is a design-
support tool that helps stakeholders identify under which conditions passive cooling strategies can 
be responsibly integrated into healthcare buildings while reducing dependence on active cooling 
systems.

Use of artificial intelligence
Artificial intelligence was used as a supporting tool in this thesis, primarily to check spelling and 
grammar, refine Python code for the visualisation of simulation results, and discuss possible 
approaches for diagrams and figures. All figures in this thesis were ultimately designed and produced 
entirely by the author.

Fig. 1.7: Schematic overview of research methodology. (Author's work)
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LITERATURE REVIEW
The literature review establishes the building-physics basis for passive and hybrid cooling 
in healthcare environments. It links heat gains, thermal storage, heat dissipation and air 
movement to occupant-level thermal comfort, and defines the comfort boundaries, design 

scope and evaluation criteria used in the subsequent simulation study.

2
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2.  LITERATURE REVIEW

 
Since 2020, recent literature has shown a strong increase in research on passive cooling strategies 
(Maghami et al., 2025). Simulation studies in temperate maritime climates comparable to the Dutch 
context indicate that relatively simple design measures can substantially reduce cooling demand. 
Building-form optimisation can improve energy performance by around 20% (Lu et al., 2019), while 
combinations of glazing optimisation, solar shading and natural ventilation can maintain acceptable 
summer comfort for up to 90% of occupied hours in Dutch high-rise buildings (Raji et al., 2017). 
Similar reductions in cooling demand are reported for cross-ventilation, night flushing and thermal 
mass integration (Raji et al., 2019). International studies report comparable magnitudes, with natural 
ventilation reducing cooling energy use by up to 40% and fixed shading by approximately 25% (Zhang 
et al., 2019).

Despite this potential, reported performance varies widely. Passive cooling effectiveness is highly 
context dependent, as strategies influence multiple components of the building heat balance and 
are typically evaluated relative to project-specific reference scenarios. Their performance depends 
strongly on climatic conditions, solar exposure, building geometry and diurnal temperature variation, 
which complicates comparison between studies (Prieto Hoces et al., 2018). 

Although uncertainty in building design has been widely studied, limited insight exists into how 
early-stage uncertainties propagate through passive cooling strategies and affect energy use, 
thermal comfort and long-term performance, particularly in low-energy and healthcare buildings 
(Kotireddy et al., 2019). Existing research typically addresses uncertainties in isolation, focusing on 
phenomena such as night ventilation performance, daylight variability, radiative cooling or wind-
driven ventilation sensitivity, while their combined effects remain insufficiently quantified. Similarly, 
few studies provide actionable guidance for managing anticipated and unanticipated uncertainties 
in early design (Kotireddy et al., 2019). Early-stage design-support approaches can provide rapid 
performance feedback and support energy-efficient decision-making. However, they rarely address 
passive cooling strategies or the specific constraints of healthcare environments (Attia et al., 2018). 
Appendix B provides a preliminary overview of the design uncertainties involved in passive design 
strategies.

2.1 Passive cooling potential and design uncertainty in healthcare buildings

Fig. 2.1: MacLeamy’s curve, redrawn and 
adapted from MacLeamy (2004).

Fig. 2.2: Conventional design process for healthcare buildings, 
redrawn and adapted from Gittler and Lam (2025).
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Passive cooling mechanisms influence indoor environmental conditions by acting directly on the 
fundamental heat-transfer processes that govern the building heat balance (Konstantinou & Prieto 
Hoces, 2018). External climatic drivers such as solar radiation, outdoor air temperature (Ta,out) and 
wind act on the building envelope, which determines solar gains (Qsolar), transmission losses (Qtrans) 
and ventilation potential (Qvent). These heat gains (Qgains) and losses (Qlosses) are subsequently buffered, 
delayed or redistributed through thermal mass and spatial configuration, resulting in indoor 
conditions. Only when these processes are insufficient to maintain comfort within defined limits, 
additional cooling is needed. Cooling demand is a consequence of the heat balance, and passive 
strategies intervene in this balance. Fig. 2.3 schematically illustrates these interactions, emphasising 
that passive cooling strategies intervene at multiple stages of the heat balance rather than at a single 
point. From a building-physics perspective, this relation can be expressed through a simplified heat 
balance in line with ISO 52016-1:

2.2  Building heat balance and passive cooling mechanisms

Eq. 1

Fig. 2.3: Simplified heat balance in a schematic section. (Author's work)

Eq. 2

Passive cooling mechanisms can be classified according to the dominant physical process by which 
they act on the described heat balance. Following the internationally recognised classification of 
Santamouris (2012), also adopted in recent frameworks such as IEA Annex 80 (2021), a distinction 
is made between heat-gain prevention, heat-gain modification and heat-gain dissipation (Fig. 2.4). 

Fig. 2.4: Abstract principles of heat-gain prevention, modification and dissipation. (Author's work)

Prevention Modification Dissipation

2.  LITERATURE REVIEW
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2.2.1  Heat-gain prevention mechanisms
Prevention mechanisms aim to limit the amount of 
heat entering the building (Fig. 2.5). For cooling-
oriented design, these mechanisms determine 
how much thermal load the building must 
dissipate later and therefore directly influence 
both Qcool,annual and Qcool,peak. Heat transfer through 
the glazing by conduction plays a secondary role 
compared to Qsolar, but still contributes to the 
overall heat balance during warm periods.

For opaque elements this is achieved by reducing 
conductive heat transfer (Qcond) through the 
envelope. This is governed by the overall heat 
transfer coefficient (U), which relates heat flow 
through a building element to the temperature 
difference across it. In cooling-dominated periods, 
low U-values limit heat inflow through walls, roofs 
and floors and reduce the thermal stress.

Transmission heat gains can be calculated using 
the transmission heat transfer coefficient (HT) 

2.  LITERATURE REVIEW

which includes all planar elements, linear thermal bridges and point thermal bridges (Van Der 
Linden et al., 2024; Medved et al., 2022). These parameters are directly controlled by design choices 
such as façade layout, insulation levels and construction detailing.

Infiltration forms an additional heat transfer pathway through uncontrolled air movement. Airtight 
construction reduces this pathway. In the context of passive cooling, this determines whether 
ventilation heat transfer acts as a cooling potential or becomes an additional heat gain. The infiltration 
rate is uncertain, as it depends on construction quality. (Van Der Linden et al., 2024). 

Orientation and solar exposure 
The incident irradiance (Idir) on a building depends strongly on orientation, sun angle and sky 
conditions. South façades receive predictable high-angle sun, east and west façades receive low-angle 
morning and evening sun that penetrates deeply and causes higher indoor Ta. Prieto Hoces et al. (2018) 
show that east- and west-oriented façades in mid-latitude climates experience disproportionately high 
Qcool due to low-angle solar incidence. Dutch simulation studies similarly show that east-west façades 
typically dominate overheating hours unless controlled by shading (Raji et al., 2017). Large east- and 
west-facing window areas therefore create diurnal temperature swings. Lomas and Porritt (2017) 
report that overheating risk in UK nursing homes and hospitals is strongly orientation-dependent, 
with east- and west-facing patient rooms posing the greatest risk.

Window-to-wall ratio & glazing type
The window-to-wall ratio (WWR) and glazing type jointly determine the transparent part of the façade 
and its thermal, solar and visual performance. Their effect is governed by the contrast between 
glazing and opaque wall elements in terms of U-value, solar transmittance (g or SHGC), visible light 
transmittance (VLT) and interior surface temperature, which also affects radiant comfort. Increasing 
WWR generally raises  Qcool,annual and peak Tindoor, while reducing heating demand only marginally (Wu 
et al., 2021). 

Fig. 2.5: Abstract window cross-section showing heat-gain 
prevention mechanisms, Eqs. 3–6. Adapted and redrawn from 

Van Der Linden et al. (2024).
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Glazing type modifies this balance through the U-value, g-value and VLT. Modern low-emissivity 
insulated glazing can reduce Qcond while still allowing daylight and solar transmission (Van Der Linden 
et al., 2024). In temperate climates, studies indicate that for highly glazed façades, reducing the g-value 
has a stronger effect on cooling demand and overheating than further U-value optimisation (Raji et 
al., 2017; Raji et al., 2019; Wu et al., 2021). However, very low g-values may reduce daylight availability 
and visual comfort, making glazing selection a trade-off between cooling reduction, radiant comfort 
and daylight performance.

External shading
External shading reduces the effective solar transmittance of the façade without altering the glazing 
itself. Horizontal overhangs block high summer sun, while vertical fins limit low-angle morning 
and evening sun (Van Der Linden et al., 2024). Because solar energy is blocked before it enters the 
glazing, external shading is more effective than internal shading in limiting heat gains. Prieto Hoces 
et al. (2018) show that in mid-latitude climates external shading can reduce Qcool,peak by 40–65%, with 
the strongest effects on east- and west-facing façades. Dutch simulation studies similarly identify 
shading as one of the most effective passive measures for reducing overheating (Raji et al., 2017; Raji 
et al., 2019). This is also confirmed by nursing-home studies in Cfb climates (Lomas & Porritt, 2017; 
Porritt et al., 2012).

2.2.2  Heat-gain modification mechanisms
Modification mechanisms do not primarily reduce heat gains, but alter the way a building responds to 
thermal loads over time. These mechanisms influence peak temperatures, temperature fluctuations 
and the timing of heat release and are shown conceptually in Fig. 2.6 (Konstantinou & Prieto Hoces, 
2018).

Fig. 2.6: Simplified schematic overview of heat-gain modification in a building section. (Author's work)

Eq. 7

Eq. 8

Eq. 9

2.  LITERATURE REVIEW

Thermal mass
Thermal mass refers to the capacity of building materials to store and release heat. This capacity is 
quantified by thermal capacitance, which depends on material density and specific heat capacity and 
determines the extent to which materials buffer short-term thermal loads (Medved et al., 2022). Its 
dynamic effect is commonly described through time lag and decrement factor, indicating the delay 
and reduction of temperature peaks. Thermal mass does not remove heat gains, but redistributes 
them over time, reducing peak loads only when combined with effective heat dissipation mechanisms 
(Konstantinou & Prieto Hoces, 2018; Maghami et al., 2025).
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Convective heat dissipation
Convective heat dissipation removes indoor heat 
by replacing or redistributing warm air through 
ventilation. In passive cooling, this is mainly governed 
by natural ventilation, driven by wind-induced pressure 
differences across the façade and buoyancy forces 
caused by indoor–outdoor temperature differences. 
Fig. 2.7 illustrates this principle.

Wind-driven ventilation occurs when external wind 
pressures force air through openings in the building 
envelope. The resulting airflow rate depends on wind 
speed, opening area and discharge coefficients, which 
are affected by early-stage design parameters such 
as building orientation, façade porosity and window 
configuration.
 
Buoyancy-driven ventilation, or stack flow, results 
from density differences between warm indoor air and 
cooler outdoor air. The driving pressure depends on the 
vertical separation between openings and the indoor–
outdoor temperature difference (Allard & Santamouris, 
1998). The volumetric airflow rate can be approximated 
by Eq. 11:

Fig. 2.7: Simplified schematic overview of convective heat 
dissipation, Eq. 10. (Author's work)

2.2.3  Heat-gain dissipation mechanisms
Heat dissipation encompasses all methods of removing heat and transferring it to another location 
(often the exterior).

2.  LITERATURE REVIEW

where Q is the airflow rate, Cd the discharge coefficient, A the opening area, ΔP the pressure 
difference across the opening, and ρ the air density. For stack-driven ventilation, ΔP is related to 
the temperature difference and height difference between openings. High- and low-level openings 
can therefore increase stack potential, but this mechanism weakens during heatwaves when indoor–
outdoor temperature differences decrease.

Opening and space geometry
Local air movement depends on opening geometry, airflow path, room depth and stratification. 
Opening area, position and shape influence jet velocity, penetration depth and airflow direction. 
Constricted openings can increase local velocity through the Venturi effect, while the Coandă effect 
can guide incoming air along ceilings or walls before it reaches the occupied zone. These principles 
allow façade design to influence occupant-level cooling rather than only total air exchange (Teng et 
al., 2025; Aflaki & Jarrahi, 2025).
 
Room geometry further modifies ventilation effectiveness and thermal exposure. Greater room 
depth generally reduces air velocity away from façade openings due to jet decay, mixing and flow 
resistance, while also changing solar penetration and radiant heat gains. At building scale, deep-plan 
configurations are more weakly coupled to outdoor conditions and may reduce natural ventilation 
potential, whereas shallow plans support daylight and cross-ventilation but increase façade area and 

Eq. 11 
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transmission heat exchange (Konis et al., 2016; Raji et al., 2019). Building compactness therefore 
affects the balance between solar exposure, ventilation potential and transmission losses (Maghami 
et al., 2025).

Ceiling height affects buoyancy-driven airflow and thermal stratification. Higher rooms can increase 
stack pressure and allow warm air or contaminants to accumulate above the occupied zone, 
supporting removal through high-level exhaust openings (Hunt et al., 1999). However, excessive 
stratification may reduce effective air movement at bed level and introduce vertical temperature 
gradients that conflict with comfort criteria.

Airflow path 
In healthcare environments, airflow design must also address infection control. Ventilation rate 
and air distribution influence contaminant dilution and transport. Shen et al. (2021) estimated that 
100% outdoor-air ventilation can reduce airborne infection risk by approximately 27%, although this 
reduction depends on the specific room and exposure conditions. Airflow is generally recommended 
from cleaner to less clean zones, while vair around 0.2 m/s may support upward particle transport 
(Nourozi et al., 2024). Displacement ventilation can reduce infection risk, but may also create particle 
accumulation near staff breathing height. Filtration requirements, such as staged filtration using 
MERV 7 followed by MERV 13 or 14 filters, further constrain façade design, airflow paths and the 
feasibility of fully passive ventilation concepts (ASHRAE et al., 2020).

Besides mean vair, turbulence intensity (TI) affects draught perception and local thermal discomfort. 
ISO 7730 includes TI in the DR formulation, indicating that higher turbulence levels increase the 
probability of draught discomfort (Eq. 13). Although this study evaluates elevated vair mainly through 
mean vair and SET-based comfort indices, turbulence is acknowledged as relevant, particularly for 
bed-bound patients whose face may remain exposed to airflow.

Where TI denotes turbulence intensity, σv the standard deviation of local velocity fluctuations, v  the 
local mean air velocity, DR the predicted percentage of occupants dissatisfied due to draught and Ta 
the local air temperature.

Eq. 12 and 13

2.  LITERATURE REVIEW

Fig. 2.8: Typical logarithmic power spectrum curves of (a) natural 
wind and (b) mechanical airflow. Adapted from Q. Ouyang et al. 

(2006).
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Latent heat dissipation (building scale)
Latent heat dissipation refers to cooling mechanisms 
in which thermal energy is removed through phase 
change rather than through a temperature difference. 
In building physics this is most commonly associated 
with the evaporation of water, whereby sensible heat 
is converted into latent heat (Medved et al., 2022). 
Because the latent heat of evaporation of water is 
very large (approximately 2.5 MJ per kilogram), 
even small amounts of evaporation can in principle 
provide significant cooling power (Van Der Linden 
et al., 2024; Medved et al., 2022). Other latent heat 
dissipation methods are wetted surfaces, PCM, or 
evapotranspiration from vegetation. However, the 
effectiveness of all evaporative processes is strongly 
dependent on humidity and airflow. At high relative 
humidity, evaporation rates decrease rapidly, limiting 
cooling potential (Medved et al., 2022). This makes 
latent cooling mechanisms highly climate-dependent 
and generally less reliable in temperate, humid 
climates such as the Netherlands.

Ground-coupled heat dissipation
Ground-coupled heat dissipation refers to heat 
transfer from the building to the soil by conduction. 
Because soil has a large thermal mass and slow 
temporal temperature variation, it can act as a heat 
sink during warm periods. Heat transfer occurs either 
directly through structural contact or indirectly via 
air or water paths in contact with the ground. Its 
effectiveness depends on soil properties, moisture 
content, depth and the duration of heat exchange 
(Konstantinou & Prieto Hoces, 2018; Maghami et al., 
2025).

Radiative sky cooling
Radiative cooling relies on net long-wave radiation 
from a surface to the sky through the 8–13 μm 
atmospheric window, in which the atmosphere is 
relatively transparent (D. Zhao et al., 2019). Under 
favourable conditions, net cooling powers of 40–80 
W/m² can be achieved. However, cloud cover, water 
vapour and parasitic convective and conductive heat 
fluxes substantially reduce this potential, especially 
in windy and humid climates such as the Netherlands 
(D. Zhao et al., 2019).

Fig. 2.9: Simplified schematic overview of latent heat 
dissipation, Eq. 14. (Author's work)

2.  LITERATURE REVIEW
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Fig. 2.10 Simplified schematic overview of ground-
coupled heat dissipation, Eq. 15. (Author's work)
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2.  LITERATURE REVIEW

Hybrid cooling strategies
The literature identifies a grey zone between passive and active cooling. In this research, these 
approaches are described as low-exergy systems, following Givoni (1994), Kalz and Pfafferott (2014). 
Examples include small fans, pumps and radiant panels, which operate with limited energy input 
and small temperature differences while supporting passive heat exchange mechanisms.
 
Low-exergy systems are therefore not treated as substitutes for passive strategies, but as supportive 
measures that can improve their robustness. Electric fans can improve thermal comfort under warm 
conditions by increasing convective and evaporative heat loss, while radiant panels can stabilise 
thermal conditions during heatwaves without introducing draught or increasing infection risk (Tang 
et al., 2022; Hoffmann et al., 2021; Meade et al., 2024). Personalised combinations of ventilation and 
radiant systems have also shown potential in patient rooms, although their effectiveness depends on 
spatial configuration and interaction with background ventilation (Yuan et al., 2021).
 
In healthcare environments, direct occupant control over ventilation is often limited, as windows 
and ventilation devices may be operated by staff or restricted by safety requirements. Since 
perceived control can improve thermal satisfaction (Kwon et al., 2018), passive and hybrid strategies 
must provide predictable airflow conditions while balancing convective cooling against draught risk, 
particularly for immobile patients with limited adaptive capacity.

Climate dependence of passive mechanisms
Passive heat dissipation mechanisms are strongly climate-dependent. Natural ventilation can reduce 
annual cooling demand in warm-dry climates, but is less reliable in temperate humid regions and 
may increase cooling demand in warm-humid conditions due to dehumidification requirements 
(Prieto et al., 2018). In the Dutch temperate maritime climate, small indoor–outdoor temperature 
differences during heatwaves, variable wind conditions and high humidity limit the reliability of 
buoyancy- and wind-driven cooling (Raji et al., 2019;  Beck et al., 2018; KNMI, 2023).
 
Climate change further reduces passive cooling potential by increasing average temperatures, 
heatwave frequency and night-time temperatures, thereby weakening night ventilation and thermal 
mass activation (Hamdy et al., 2017; Laouadi et al., 2023). Regional differences remain relevant: 
coastal locations may benefit from higher wind availability, while inland and urban contexts face 
stronger overheating peaks and UHI effects (KNMI, 2023).
 
Well-insulated buildings in moderate climates are increasingly prone to overheating without effective 
solar control and ventilation strategies (Hamdy et al., 2017). Although future climate projections 
strongly affect absolute overheating risk, studies indicate that the relative performance ranking of 
envelope-based solar control measures often remains stable (Zhang et al., 2021; Heiranipour et al., 
2025; Liu et al., 2023). In this study, climate is therefore treated as an external boundary condition 
that affects performance magnitude rather than design hierarchy, represented through a fixed future 
weather scenario for 2050 instead of probabilistic climate modelling.

Overview of passive strategies
The passive cooling strategies identified in the literature are summarised in Table 2.1. The table 
provides an overview of relevant applications and mechanisms, but should not be interpreted as an 
exhaustive classification, as additional forms, combinations and project-specific adaptations remain 
possible.
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Table  2.1: Categorisation and explanation of individual passive cooling strategies. (Author's work)

2.  LITERATURE REVIEW
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Thermal comfort describes occupants’ perception of the thermal environment and is defined as 
“the condition of mind which expresses satisfaction with the thermal environment” (Fanger, 1970). 
This definition underpins widely used standards such as ISO 7730 and ASHRAE Standard 55. In this 
study, thermal comfort literature is used to define simulation criteria and user profiles for healthcare 
environments, where thermal perception may differ substantially between staff, mobile patients and 
immobile patients.
 
In the Netherlands, the Besluit Bouwwerken Leefomgeving (BBL) defines minimum legal requirements 
for indoor environmental performance, but these thresholds do not necessarily ensure acceptable 
conditions for vulnerable healthcare occupants. European and Dutch guidance for elderly or 
vulnerable users is primarily provided by organisations such as CEN, WHO and REHVA, and by the 
Programma van Eisen Gezond Binnenklimaat Langdurige Zorg and its underlying studies (Boerstra 
et al., 2021; Boerstra et al., 2024). Current requirements are often expressed through indoor Ta and 
exceedance hours, while healthcare-specific comfort evidence, particularly for differences between 
vulnerable occupant groups, remains limited compared with offices, housing and schools (Bouzidi 
et al., 2021). Appendix D summarises temperature recommendations from relevant organisations 
and studies.
 
A distinction is required between thermal comfort and thermal neutrality. Thermal comfort refers 
to subjective satisfaction with the thermal environment, whereas thermal neutrality describes a 
physiological heat balance between the body and its surroundings (Zhao et al., 2020). Although both 
conditions may coincide, occupants can experience comfort despite small deviations from thermal 
neutrality.

Thermal comfort results from the interaction between environmental conditions and the human 
heat balance. The following section therefore discusses how the body exchanges heat with its 
environment and how air temperature (Ta), mean radiant temperature (Tr) and air velocity (vair) 
influence thermal perception.

2.3 Physiological heat balance of human body and thermal comfort

2.3.1 Physiological heat balance of human body
Humans maintain core body temperature within a narrow range around 36.5 °C by balancing 
metabolic heat production with environmental heat exchange (Zhao et al., 2020). Heat is transported 
from the body core to the skin through blood circulation and dissipated at the skin surface through 
radiation, convection, evaporation and, to a lesser extent, conduction (Zhao et al., 2020). These 
mechanisms are commonly represented by the steady-state human heat balance equation shown in 
Fig. 2.11.  Where M is metabolic heat production, W is mechanical work, E is evaporative heat loss, 
C is convective heat loss, R is radiative heat loss, Pa  ambient water vapour pressure , and Ta the air 
temperature. In comfort conditions, the body is assumed to be in steady state.

Within typical Dutch indoor humidity ranges of 30–70%, humidity generally has less influence on 
thermal sensation than Ta, mean Tr and vair. However, it remains physiologically relevant because it 
affects evaporative heat loss and is therefore included in heat-balance models. Together with clothing 
insulation (CLO) and metabolic rate (MET), these environmental parameters form the basis of most 
thermal comfort models used in building performance analysis (Fanger, 1970).

2.  LITERATURE REVIEW
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net heat to be dissipated

Latent heat loss through respiration.

latent heat loss through skin diffusion Regulated sweating

Sensitive heat loss through respiration.

Equation 18

Fig.  2.11: Human heat balance & Fanger parameters. (Author's work)

2.  LITERATURE REVIEW

��������������

�������������������

������
��������

�����������


�������	�����
��
��������

�����������
�	��


��

��

��

�

��

��

��

���

���


�������
����


�������

������
�����

����

���	

�����������������������
���������������
����������

������
��

�
����
��������	������
�������������
��

��������������������������
���
����������������������

�����������������������������
�������������������

��������������������������
��������������������������

�������������������������������
�������������������

�������������������������
��
���������������������

��
�����������������������
���
���������������

��������
��������������������
����������������������������

��������������



28

With required mean skin temperature:

Eq. 14

Eq. 15

Rather than adopting fixed MET values from ISO 7730, metabolism can be estimated using resting 
energy expenditure (REE) and physical activity level (PAL). REE represents baseline heat production 
at rest, while PAL expresses total energy expenditure relative to REE. Typical PAL values range from 
approximately 1.2 for bedridden occupants to 2.0 or higher for physically active individuals (Zhang 
et al., 2020). 

Heat balance of vulnerable occupants 
Rising ambient temperatures activate vasodilation and increase skin blood flow to support heat 
dissipation. Prolonged heat exposure can therefore increase cardiovascular strain, particularly for 
occupants with reduced thermoregulatory capacity (Zhao et al., 2020).

Vulnerable occupants may have an altered heat balance due to ageing, chronic illness or medication 
use, which can reduce sweating efficiency, vasodilatory response and cardiovascular reserve (Meade 
et al., 2020; Yu Tian, 2023). Consequently, heat stress thresholds may be reached earlier than predicted 
by standard comfort models developed for healthy adults (Boerstra et al., 2023).

For bed-bound patients, bedding and limited movement further modify heat exchange. Zhang et al. 
(2020) therefore proposed an adapted heat balance formulation for hospital inpatients, incorporating 
patient-specific MET and the total thermal resistance of the body–bedding system. For lying patients, 
this total resistance (RT) includes CLO, bedding effects and posture-dependent body coverage. The 
modified heat balance equation is defined as:

Eq. 16

Eq. 17, 18

Eq. 19

Eq. 20

For lying patients, the operative temperature can then be expressed as:

where the convective heat exchange term is expressed as:

2.  LITERATURE REVIEW

Eq. 19 and 20 show that the TO required for thermal neutrality depends on the total thermal 
resistance RT. When RT is underestimated, the term RT (M - C) becomes too small and the predicted 
TO may approach skin temperature values of approximately 34–35 °C, which is unrealistic for indoor 
environments. A practical plausibility condition is therefore required:

Eq. 21
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Fig.  2.12: a. Comfort diagrams for seated patients in summer (0.6clo, airspeed ≤ 0.15 m/s). b. Comfort diagrams for lying patients in 
summer (1.9clo, airspeed ≤ 0.15 m/s) (H. Zhang et al., 2020).

Seated patients Bedridden patients

2.  LITERATURE REVIEW

Ruggiero et al. (2022) demonstrate this limitation in a case study comparing north- and south-facing 
hospital patient rooms in Italy. Although indoor temperatures remained within the conventional ISO 
7730 summer comfort range of approximately 24.5 °C ± 1.5 °C, more than 50% of the calculated PMV 
values for bedridden patients fell outside the proposed comfort zone. This indicates that temperature 
compliance alone does not ensure thermal comfort for hospitalised patients, particularly in rooms 
with high solar exposure.
 
Conventional temperature-based control is therefore insufficient for patient rooms. Thermal 
discomfort may result from an imbalance in patient-specific heat exchange rather than elevated Ta 
alone. 

If this condition is not met, evaporative heat transfer dominates the heat balance and the 
predicted TO becomes physically inconsistent (Zhang et al., 2020). This is relevant because 
patient-specific thermal neutrality can be derived from actual  MET and bedding resistance 
rather than standard sedentary assumptions. Zhang et al. (2020) show that small metabolic 
differences already affect neutral TO: for example, a lying patient with 1.9 CLO and M=40 W/m2 
has a neutral TO of 24.8 °C, approximately 0.5 °C lower than a healthy sleeper under the same insulation 
conditions. 

Older adults are also more sensitive to cold surfaces and radiant asymmetry, particularly near poorly 
insulated or sun-exposed façades (Boerstra et al., 2021). Although reported comfort temperatures for 
elderly users vary, studies consistently indicate a preference for warmer and more stable conditions 
than for staff or healthy adults (Yuan et al., 2021; Tartarini et al., 2018).
 
For bedridden patients, bedding and posture substantially affect heat dissipation. Zhang et al. (2020) 
show that the total thermal resistance of the patient–bed system limits convective and radiative heat 
loss, even at low  MET values. As illustrated in Fig. 2.12, TO requirements therefore differ between 
seated and bed-bound occupants, making bedding configuration an important parameter in patient-
specific thermal comfort assessment.
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Non-uniform thermal environments
Thermal comfort and thermal neutrality may diverge in spatially non-uniform environments, 
where local air movement, radiant asymmetry and vertical temperature gradients challenge the 
homogeneous conditions assumed in most comfort models. Solar radiation is a key source of such 
variability, requiring distinction between long-wave radiation from surrounding surfaces and short-
wave solar radiation transmitted through glazing (Hodder & Parsons, 2006). Direct solar exposure 
can substantially increase occupant-level radiant heat load; experimental studies show that an 
additional radiant exposure of approximately 200 W/m² can shift thermal sensation by about one 
scale unit (Hodder & Parsons, 2006).

Passive and hybrid cooling strategies can also create non-uniform conditions. Natural ventilation 
produces location-dependent air velocities, displacement ventilation may generate vertical 
temperature gradients, and radiant systems can introduce surface temperature asymmetry. While 
limited non-uniformity may improve perceived comfort, thermal sensation can deviate from 
predictions based on uniform heat-balance models (Zhang et al. 2020; Schellen et al., 2013). 
Schellen et al. (2013) reported significant differences between model predictions and subjective 
responses under passive convective cooling, indicating that local conditions affect comfort 
beyond averaged environmental parameters. Because uniform indoor conditions cannot satisfy 
all healthcare users equally, micro-climatisation and individual comfort systems may provide an 
important complementary strategy.

2.  LITERATURE REVIEW

2.3.2 Influence of elevated air speed on human body heat balance 
Elevated vair affects the human heat balance by increasing convective and evaporative heat exchange 
between the body and its environment. Convective heat loss is governed by the convective heat 
transfer coefficient, which increases with vair: ( ). As vair  rises, heat transfer from the clothing or 
skin surface to the surrounding air increases, improving sensible heat dissipation without necessarily 
reducing indoor Tair. 

Air movement also supports evaporative cooling. Through the Lewis relation, evaporative heat loss is 
linked to the evaporative heat transfer coefficient:

		  C = hc(Tcl - Ta)		  E = whe(psk,sat - pa)		  he = 16.5 hc

Where w is skin wettedness and he the evaporative heat transfer coefficient. Since he is coupled to 
convective heat transfer, increased vair enhances sweat evaporation and can reduce Tsk and physiological 
heat strain. Air movement therefore does not primarily cool the space, but extends the range of 
ambient conditions under which occupants can maintain thermal comfort.
 
Controlled experiments show that higher vair values can reduce thermal dissatisfaction, particularly 
at elevated temperatures (Song et al., 2021). In occupant-controlled environments, increased vair may 
raise the upper acceptable TO by approximately 2 °C. However, most evidence is based on climate 
chamber studies with healthy adults under uniform conditions, limiting direct transferability to 
healthcare environments. Table 2.2 gives a brief comparison of different studies on increased vair  and  
TO.

ASHRAE 55 therefore distinguishes between spaces with and without occupant control over air 
movement. Higher vair values are allowed when occupants can adjust vair, whereas non-controlled 
environments are limited by SET-based criteria dependent on TO. This distinction is critical for passive 
ventilation, where air movement is often determined by façade design and outdoor conditions.

Eq. 22, 23, 24
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2.3.3 Thermal comfort models
Several thermal comfort models have been developed to predict occupants’ perception of indoor 
environments. This section reviews the models most relevant to passively cooled healthcare settings, 
where assumptions regarding activity, clothing and control are critical. 

Yuan et al. (2021) reviewed 170 healthcare studies and found substantial variation in applied comfort 
metrics, including PMV (19%), TSV (16%), operative temperature (14%), PPD (10%) and other indices 
(41%). This indicates that no single model is universally used for healthcare environments. Moreover, 
model selection can substantially affect estimates of overheating and energy-saving potential, as 
also shown for natural ventilation assessments by Prieto et al. (2018). Comfort model choice and 
underlying assumptions must therefore be explicitly justified.
 
Conventional comfort models may also underestimate discomfort in healthcare settings, as patients 
often differ from the healthy adult populations on which these models are based (Bouzidi et al., 2021; 
Larriva et al., 2022).

PMV/PPD (ISO 7730, ASHRAE 55)
The Predicted Mean Vote (PMV) model is based on the steady-state human heat balance and expresses 
the imbalance between metabolic heat production and environmental heat loss on a seven-point 
thermal sensation scale (Fanger, 1970). It predicts the average thermal sensation of a large group of 
healthy occupants as a function of CLO, Ta, Tr, vair, pa and MET. The associated Predicted Percentage 
Dissatisfied (PPD) is subsequently derived from PMV (Fanger, 1970). Both formulas are in Appendix 
C.

Within the PMV framework, long-wave radiation from surrounding surfaces and short-wave solar 
exposure are represented through a spatially averaged  Tr, with solar radiation typically translated 
using effective radiant field (ERF) calculations. PMV therefore assumes a homogeneous thermal 
environment and does not explicitly resolve local radiant asymmetry, draught or vertical temperature 
gradients; these are treated separately in standards such as ISO 7730 and ASHRAE 55.
 
Air velocity enters PMV primarily through the convective heat transfer coefficient. However, the 
classical formulation only partly captures the additional evaporative cooling potential of elevated vair 
under warm conditions. ASHRAE 55 therefore includes an elevated vair allowance, recognising that 
higher air velocities can offset higher TO values and extend the acceptable comfort range.

2.  LITERATURE REVIEW

Study
Air supply 
device

Air speed range 
(m/s)

Acceptable operative 
temperature (°C)

Key implication

Tanabe (1987, 
1989)

Wind box 0.3 – 1.6 26.3 – 31.3
Higher air speed extends upper comfort 
temperature

Rohles (1983); 
Scheatzle (1989)

Ceiling fan ~1.0 28 – 29.5
Ceiling fans allow comfort at higher 
temperatures

Ji (2003) Ceiling fan 0.2 – 0.7 27.1 – 30.1 Moderate air movement improves warm comfort

Chow (2010) Tower fan 0.5 – 3.0 25.9 – 30.4
Wide velocity range increases acceptable 
temperature band

Pasut (2014); 
Zhai (2015)

Ceiling fan 0.1 – 1.2 26 – 30
Elevated air speed compensates for higher 
indoor temperature

Huang (2013) Floor fan 0 – 2.0 28 – 32
Strong air movement substantially increases 
comfort temperature

He (2018) Desk fan 1.5 – 2.3 26 – 30
Local airflow enables comfort without lowering 
setpoint

Zhao (2023) Floor fan 0 – 1.6 26.3 – 31.3
Acceptable temperature increases 
progressively with velocity

Table  2.2: Comparative overview of studies investigating the relationship between elevated air velocity and 
acceptable operative temperature. (partly adapted from Zhou et al. (2023))
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Thermal sensation vote (TSV)
Thermal Sensation Vote (TSV) is an empirical comfort indicator based on subjective responses on 
the ASHRAE seven-point scale (Fanger, 1970). Unlike calculated heat-balance models, TSV reflects 
perceived thermal state and can therefore include lived responses to draught, solar patches, 
stratification and other non-uniform effects.
 
However, TSV cannot be derived directly from simulations without experimental or field-study 
calibration. It is therefore not used as a primary metric in this research, which relies on predictive 
simulation. Moreover, subjective sensation does not necessarily indicate physiological strain, and 
comparisons with PMV show increasing divergence at elevated vair because PMV only partly captures 
evaporative cooling under warm conditions.

Differentiation in model outcomes
Ruggiero et al. (2022) assessed thermal comfort in hospital environments while accounting for 
bedding, CLO and reduced patient activity. For conditions with less than 20% dissatisfied occupants, 
they identified acceptable temperature ranges of approximately 21.8–27.9 °C for patients, 22.0–27.1 
°C for visitors and 24.1–25.6 °C for medical staff. Their findings indicate that PMV alone may be 
insufficient for hospital settings, as patient comfort can also be affected by psychological expectations 
and contextual factors. 

SET (standard effective temperature)
SET is based on the two-node thermophysiological model by Gagge, which represents the body as a 
core and skin compartment (Gagge et al., 1971):

Heat is transferred between these compartments and exchanged with the environment through 
convection, radiation and evaporation. SET is defined as the Tair in a reference environment, typically 
at 50% RH and low vair, that produces the same Tsk and sweat rate as the actual environment.

Compared with PMV, SET is more sensitive to elevated vair  because it explicitly accounts for evaporative 
heat loss through sweating. However, as with PMV, spatially non-uniform radiation or airflow must 
be simplified into representative input values, meaning that local discomfort phenomena are not 
directly predicted. Recent literature suggests that a SET of 28 °C may indicate an upper limit for safe 
thermal exposure under standardised conditions, although further validation is required (Huizenga 
et al., 2024). This value should therefore be interpreted as a potential heat-stress threshold rather 
than a comfort temperature.

Adaptive comfort model
The adaptive comfort model is empirically derived and relates indoor comfort temperature to recent 
outdoor climatic conditions rather than to a physiological heat balance (de Dear et al., 1998; van 
Paassen, 2004; Larriva et al., 2022).

Acceptable temperature bands are defined around a neutral TO, assuming that occupants can adapt 
behaviourally and psychologically to outdoor conditions. Its applicability to healthcare environments 
is therefore limited, particularly for sedentary, dependent or bed-bound occupants with restricted 
adaptive capacity. Air velocity and radiant exposure are treated only indirectly, while spatial non-
uniformity and local discomfort are not explicitly addressed. The model is therefore less suitable for 
assessing patient-room comfort under passive or hybrid cooling scenarios.

2.  LITERATURE REVIEW

Eq. 26

Eq. 25
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They therefore applied a broader adaptive approach than ASHRAE 55 to define upper and lower 
temperature limits:

					     Tup = 0.11 Tpma + 23.95
					     Tlow = 0.11 Tpma + 18.95

Where Tpma  represents the running mean outdoor temperature over the previous 30 days. Derks et al. 
(2018) found that nurses in hospital wards often perceived typical indoor temperatures of 20–25 °C as 
slightly warm, with reported reductions in work performance. The calculated neutral temperature 
for nursing staff was approximately 21.8 °C, while temperatures approaching 24–25 °C were associated 
with increased dissatisfaction. These studies show that patients and staff may require different 
thermal conditions due to differences in activity level, exposure duration and adaptive capacity. Derks 
et al. (2018) therefore propose zonal conditioning in hospital wards, with warmer patient rooms and 
cooler staff-dominated or circulation areas.

Eq. 27

2.  LITERATURE REVIEW

2.4  LITERATURE REVIEW  SUB-CONCLUSIONS
The reviewed literature shows that thermal comfort in hospital patient rooms cannot be assessed 
reliably through air temperature or cooling demand alone. Healthcare-specific studies indicate 
that comfort assessment depends on the selected comfort model, the assumed user profile and the 
distinction between patients and staff. Yuan et al. (2021) show that healthcare studies apply a wide 
range of indicators, including PMV, TSV, TO and PPD. This supports the multi-metric approach used 
in this research, combining Ta, TO, SET, local vair and user-specific assumptions for MET, CLO and 
bedding insulation.
 
The strongest patient-specific evidence is provided by Zhang et al. (2020) and Ruggiero et al. (2022). 
Zhang et al. (2020) show that bedridden patients require a different heat-balance approach because 
reduced activity, lying posture and bedding insulation affect heat dissipation. Ruggiero et al. 
(2022) further demonstrate that patient rooms can remain within conventional ISO 7730 summer 
temperature ranges while a substantial share of calculated PMV values for bedridden patients falls 
outside the proposed comfort zone. Temperature compliance is therefore not sufficient as a proxy 
for patient comfort.
 
The literature also shows that patients and staff may require different thermal conditions. Ruggiero 
et al. (2022) report different acceptable temperature ranges for patients, visitors and medical staff, 
while Derks et al. (2018) found that nurses may already perceive typical ward temperatures of 20–25 
°C as slightly warm. This supports an occupant-differentiated evaluation instead of a single zone-
average comfort assessment.
 
Ventilation-driven air movement is relevant because increased vair can improve convective and 
evaporative heat loss without necessarily reducing indoor Ta. Studies on elevated vair indicate that 
fans and local airflow can increase acceptable TO ranges under warm conditions. However, most 
evidence is based on healthy adults in controlled settings, so its transferability to vulnerable hospital 
patients remains uncertain. SET is therefore used to assess air-speed effects, while the interpretation 
remains cautious for bedridden or clinically restricted users.
 
These findings define the simulation framework used in the following chapters. Solar-control 
measures are assessed as heat-gain prevention strategies, while natural ventilation and local air 
movement are assessed as heat-dissipation and occupant-cooling mechanisms. The discussion 
should return to three literature-based issues: whether temperature-based indicators underestimate 
discomfort for bedridden patients, whether passive and hybrid strategies affect patients and staff 
differently, and whether SET provides a defensible but simplified representation of air-speed effects 
in patient rooms.
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CASE STUDY DESCRIPTION
This chapter defines the case study used to evaluate passive and hybrid cooling strategies. It 
describes the healthcare context, selected patient room type and relevant spatial, functional 
and technical requirements. These parameters form the boundary conditions for the 
simulation model, including geometry, user profiles, internal loads, ventilation assumptions 
and comfort criteria, and translate the theoretical framework into simulation scenarios.

3
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A Dutch hospital extension in the schematic design phase 
is used as representative case study. This phase provides a 
suitable context for analysing early-stage passive cooling 
performance, as key parameters such as façade composition, 
WWR, solar control, and ventilation concept remain 
adjustable. While the main building volume and preliminary 
floor plans have been defined, façade detailing and spatial 
dimensions are still under development and can therefore be 
treated as design variables.
 
The case study concerns the Erasmus MC expansion on the 
southwest side of the existing complex, forming part of the 
wider 2050 masterplan (Appendix E). The new patient wing 
accommodates several healthcare functions, including 
psychiatry and the relocated Sofia Children’s Hospital. The 
building follows a systematic 12-storey structure with a 
maximum height of approximately 45 m. A representative 
low-risk inpatient area on level 6 was selected, containing 
standard patient rooms. The façade is oriented southwest 
towards ’s-Gravendijkwal and has largely unobstructed 
exposure, with limited nearby obstruction from surrounding 
buildings (Fig. 3.1 and 3.2).
 
A preliminary climate analysis was conducted using morphed 
2050 EPW weather data from Heiranipour et al. (2024), based 
on De Bilt measurements (Appendix F). The dataset contains 
246 annual hours above 25 °C, a peak outdoor temperature 
of 34.2 °C, an annual mean temperature of 12.8 °C and a 
mean RH of 78.6%. During summer daytime hours (June 
until August), the average outdoor temperature is 22.4 °C, 
with approximately 55 cooling degree days above 23 °C. At 
the scale of building performance simulation, differences 
between De Bilt and Rotterdam are considered acceptable for 
regional climate representation. However, the dense urban 
setting may locally increase overheating risk through UHI 
effects.
 
Site-specific data from Atlas Leefomgeving indicate an average 
UHI intensity of approximately +1.8 °C, moderate air pollution 
levels (8 µg PM2.5/m³ and 20 µg NO₂/m³), environmental 
noise around 53 dB and limited vegetation cover within 500 
m. These conditions describe an urban healthcare context 
with restricted vegetative cooling potential and increased 
sensitivity to overheating.
 
The simulation model is based on a representative standard 
patient room located in the middle of the ward (Fig. 3.3). The 
room is part of a linear sequence of inpatient rooms along 
a corridor and has approximate dimensions of 4.2 m by 6.5 
m, including the bathroom. This room type is used as the 
reference geometry for the subsequent simulation scenarios.

3.  CASE STUDY DESCRIPTION

3.1 Case study description - Erasmus MC SPOT

Fig. 3.2: 3D volume study of the Erasmus MC 
expansion, with the case-study wing marked in 

blue. Adapted from Erasmus MC (2026).

Fig. 3.1: 2D plan view of the current Erasmus 
MC situation. (Author’s work)

Fig. 3.3: Case-study floor plan of building 
level 6, with the representative patient room 
highlighted in blue. Adapted from Erasmus 

MC (2026).
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3.2 User profiles
Healthcare buildings accommodate users with distinct physiological capacities, activity levels and 
exposure patterns. To support an occupant-centred assessment, three user profiles are defined for 
the case study: mobile patients, bedridden patients and staff. These profiles represent increasing 
levels of thermal vulnerability and decreasing adaptive capacity, as summarised in Fig. 3.4. Visitors 
are excluded from the analysis, as their health status and adaptive capacity are assumed to be closer 
to staff than to hospitalised patients.
 
Staff are treated as healthy adults with intact thermoregulation and relatively high  MET values due to 
care-related activities. Mobile patients represent an intermediate group, retaining some behavioural 
adaptation while potentially experiencing reduced thermoregulatory capacity due to illness, fatigue, 
dehydration or medication. Bedridden patients form the most vulnerable group, because prolonged 
bed rest, limited movement and bedding insulation reduce heat dissipation. For this group, bedding 
and postures have been included in the CLO value.
 
Sleeping occupants and children under the age of ten are excluded because both require separate 
heat-balance assumptions. Sleep alters MET and thermoregulatory thresholds, while children differ 
from adults in body proportions, sweating capacity, vasomotor control, clothing dependence and 
exposure to local airflow (Almagro-Lidon et al., 2024; Zheng et al., 2024). Age and gender effects are 
acknowledged but treated as secondary to health condition, mobility, CLO and  MET.

3.  CASE STUDY DESCRIPTION

Fig. 3.4: Summary of user profiles. (Author’s work) 
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3.3 Programme of requirements
The Erasmus Programme of Requirements for a regular patient room forms the baseline for the 
model, supplemented by literature-based criteria for evaluating occupant-level passive and hybrid 
cooling performance. Where the research applies stricter criteria than the PvE, such as SET limits, 
draught risk, local air velocity and solar exposure at bed level, these are treated as evaluation criteria 
rather than project requirements. This distinction is important because the original PvE primarily 
defines room performance at system and building level, whereas this research evaluates thermal 
comfort at occupant level for staff, mobile patients and bedridden patients. The complete programme 
of requirements for the simulation of the case study is shown in Table 3.1.

3.  CASE STUDY DESCRIPTION

Category Requirement / criterion Value / target Basis
Room type Patient room type Regular single-patient room Erasmus MC PvE
Room function Medical use classification G1 Erasmus MC PvE
Floor area Minimum room area ≥ 23 m², excluding sanitary space Erasmus MC PvE
Occupancy Number of persons 3 persons Erasmus MC PvE
Clear height Minimum clear room height 3000 mm Erasmus MC PvE
View External visual connection View of horizon or sky Erasmus MC PvE
Privacy Visual privacy and supervision Privacy with possibility of visual 

supervision
Erasmus MC PvE

Transparency Façade / room transparency As transparent as possible, with rapid 
blinding option

Erasmus MC PvE

Daylight Daylight access Required Erasmus MC PvE
General illuminance General lighting level 300 lux Erasmus MC PvE
Examination illuminance Local examination lighting 1000 lux Erasmus MC PvE
Glare Glare rating UGR 19 Erasmus MC PvE
Thermal comfort class Comfort class NEN-ISO 7730 class B Erasmus MC PvE
Summer temperature Indoor summer temperature 21–25 °C, class A Erasmus MC PvE
Winter temperature Indoor winter temperature 20–24 °C + individual control, class A Erasmus MC PvE
Relative humidity Indoor RH range 30–70% Erasmus MC PvE
Ventilation rate Air change rate 3 ACH Erasmus MC PvE
Ventilation rate per person Outdoor air supply 60 m³/h per person Erasmus MC PvE
CO₂ control Demand-controlled ventilation CO₂-dependent ventilation, +450 ppm Erasmus MC PvE

Air filtration Filter requirement ISO ePM1 > 80% Erasmus MC PvE
Ventilation control Occupancy or demand-based 

detection
Required Erasmus MC PvE

Pressure hierarchy Room pressure Negative pressure Erasmus MC PvE
Leakage class Air leakage class L1, leakage factor 0.027000 Erasmus MC PvE
Equipment load Internal equipment load 10 W/m² Erasmus MC PvE
Acoustic comfort Building services sound pressure level ≤ 30 dB Erasmus MC PvE

External noise Indoor sound pressure due to external 
noise

≤ 40 dB LAeq Erasmus MC PvE

Airborne sound insulation to 
corridor

DnT,A to circulation areas ≥ 33 dB(A) Erasmus MC PvE

Airborne sound insulation to 
occupied rooms

DnT,A to occupied rooms ≥ 42 dB(A) Erasmus MC PvE

Stratification Vertical air temperature difference ≤ 2 K/m ISO 7730 / comfort literature

Radiant asymmetry Warm ceiling / cool ceiling / warm wall 
/ cool wall

≤ 5 K / ≤ 14 K / ≤ 23 K / ≤ 10 K ISO 7730 / ASHRAE comfort criteria

Physiological heat strain SET threshold SET ≤ 27 °C Research criterion, based on 
conservative interpretation of heat-
stress literature

Draught risk Patient-zone draught risk DR < 10% ISO 7730 / patient vulnerability
Patient-zone air velocity Bed-level airflow Low, stable and spatially uniform Literature review / patient 

vulnerability
Staff-zone air velocity Staff circulation airflow Higher summer air speeds acceptable Literature review / elevated air 

speed comfort
Purge ventilation Peak overheating ventilation capacity Approx. 6 dm³/s/m² floor area Literature / ventilation guidance

Airflow path Ventilation organisation Façade inlet to high-level exhaust, 
avoiding short-circuiting

Literature review / passive 
ventilation principles

Solar control External solar shading Prioritised on sun-exposed façades Literature review
Bed solar exposure Direct solar radiation on patient bed Avoided Literature review / occupant-level 

radiant comfort
Hybrid cooling Mechanical fallback Passive and hybrid concept should 

reduce, not replace, active cooling
Research objective

Table 3.1: Programme of Requirements for the case study simulation, partly based on the Erasmus MC Programme of Requirements, 
supplemented with literature-based criteria.
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ENERGY AND THERMAL COMFORT PERFORMANCE
This chapter evaluates the thermal comfort and energy performance of the case study through 
simulation. It defines the model setup, climate data, scenarios, comfort indicators and energy-
related KPIs, before presenting results for the free-floating case, HVAC baseline, passive 
envelope measures, natural ventilation, local air movement and hybrid cooling. The scenario 
comparison quantifies how passive and hybrid strategies affect occupant-centred comfort, 
cooling demand and cooling setpoint flexibility under projected 2050 climate conditions.

4
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The simulation study evaluates how passive and hybrid 
cooling strategies at patient-room scale affect occupant-
centred thermal comfort, cooling demand and setpoint 
flexibility under projected 2050 summer conditions. The 
analysis focuses on three mechanisms: solar heat-gain 
reduction, natural ventilation and occupant-level air 
movement. 

The simulation forms the quantitative link between the 
theoretical framework and the design implications. It 
translates healthcare-specific user vulnerability and the 
limitations of temperature-based control into performance 
indicators (KPIs). 
 
The workflow proceeds from case-study inputs to post-
processed performance indicators, as shown in Fig. 4.1. 
Patient-room geometry, construction properties, user 
profiles, surrounding context and future weather data 
are defined parametrically in Rhino 8 and Grasshopper. 
Ladybug Tools are used for climate data processing, while 
Honeybee translates the model into EnergyPlus, including 
constructions, schedules, internal loads, ventilation 
assumptions and HVAC settings. EnergyPlus calculates 
hourly zone heat balance outputs. These outputs are 
combined with user-specific  MET and CLO to calculate 
comfort indicators such as SET and PPD. Python is then used 
for occupant-level vair calculations, control logic, scenario 
comparison and visualisation; Visual Studio Code serves 
only as the coding environment. 

Full Grasshopper script is shown in Appendix K.

4.1 Simulation objective and methodology

Fig. 4.1: Simulation workflow energy and thermal 
comfort performance (values for * can be found in Table 

3.1). (Author’s work)

4. ENERGY AND THERMAL COMFORT PERFORMANCE
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4. ENERGY AND THERMAL COMFORT PERFORMANCE

Table 4.1: Fixed inputs for the performance simulation of the case study.

Parameter Input value
CLO (Rt) 1.43 Bedridden + awake + underwear + short pajamas + 48% 

coverage bed sheet
Patient room 
dimensions

4.2 m × 6.5 m

MET 1.057 Age: 45, Weight: 72kg, Height: 1.70m PAL: 1.2 Building level Level 6, approximately +20 m
Posture Supine Floor area 27.3 m²
SHARP 90 Sunlight on side of face Orientation South-west
Sensor point (B) Bed position Occupancy density 0.25 persons/m²

Lighting load 3.8 W/m²
Equipment load 10.0 W/m²

CLO 0.46 Sitting + awake + underwear + short pajamas + none coverage Infiltration rate 0.0003 m³/s/m³

MET 1.23 Age: 45, Weight: 72kg, Height: 1.70m PAL:1.4 Construction type Mass
Posture Seated Exterior wall build-up Stucco – concrete – insulation – gypsum
SHARP 180 Sunlight on back of the body Interior wall build-up Gypsum board – air gap – gypsum board
Sensor point (A) Window position Weather data EPW 2050, Heiranipour

CLO 0.64  undewear + headgear + Coat + Trousers + Socks + clogs + 
gloves

MET 1.8 Age: 45, Weight: 72kg, Height: 1.70m PAL:1.8
Posture Standing
SHARP 90 Sunlight on side of face
Sensor point (C) Staff zone

Bedridden patient

Mobile patient 

Staff

Fig. 4.2: Simulation model overview: (a) isometric view of the southwest Honeybee model with adiabatic boundary surfaces; (b) 
wireframe plan with sensor points at the window location, bed position and staff zone; (c) simulation context.

A B

C

The model was intentionally simplified to remain feasible within the scope of this thesis; a detailed 
overview of simplifications and assumptions is provided in Appendix J. The analysis focuses on one 
representative patient room where adjacent spaces are included only where thermally relevant, 
while remaining boundaries are treated as adiabatic. Sanitary spaces, detailed furniture, medical 
equipment geometry and open-door airflow are excluded.
 
The model uses simplified construction assumptions, deterministic occupancy schedules and well-
mixed thermal zones, consistent with the EnergyPlus single-node zone air model. Natural ventilation 
and local air-speed effects are represented through simplified airflow assumptions (Appendix M) 
and post-processed comfort calculations. HVAC operation is modelled with ideal loads and fixed 
setpoints, excluding system dynamics, part-load behaviour and control delays. Consequently, the 
results should be interpreted as comparative scenario outcomes rather than exact predictions of real 
patient-room performance.

Model Simplifications and Input Parameters
The simulations use fixed input values for user profiles, occupancy, room geometry, constructions, 
internal loads and building-physics assumptions, as defined in Section 3.3 and Appendix G. 
Occupancy schedules are provided in Appendix H. These inputs remain constant across all scenarios 
to isolate the effect of the selected design and control variables: WWR, glazing composition, façade 
U-value, HVAC setpoints, fixed external shading and operable window control. These variables are 
linked to the scenario structure in following sections. Thermal comfort is assessed using the user 
profiles defined in Section 3.2. MET and CLO values are kept constant within each profile, and the 
corresponding input values and sensor locations are summarised in Table 4.1.
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KPI 1: Average SET per user group
Measures the average perceived thermal condition 
for each user group over the analysed summer 
period.  Where u represents the user group: 
mobile patient, bedridden patient or staff.

KPI 2: SET exceedance hours
Counts the number of hours in which the selected 
SET threshold is exceeded. This is the main 
overheating-risk indicator.

KPI 3: Average TO
Describes the room-level thermal condition and is 
mainly used to compare passive envelope variants 
and internal load reductions.

KPI 4: Natural ventilation availability 
Quantifies whether natural ventilation is available 
as a driving force. It captures wind-direction 
dependency and intermittency.

KPI 5: Occupant-level air-speed effect
Measures how much local air movement 
reduces perceived heat stress beyond the 
effect of lowering TO.

KPI 6: Hybrid setpoint flexibility 
Determines how far the cooling setpoint can 
be raised while maintaining equal or improved 
comfort compared with the HVAC baseline.

KPI 7: Active cooling hours
Counts the number of hours during which active 
cooling is required.

KPI 8: Fan operation hours
Estimates how many hours local fans would 
operate under the assumed PMV-based control 
strategy. This KPI is needed for fan electricity 
calculations and for assessing practical feasibility.

KPI 9: Qcool  reduction
Quantifies the reduction in thermal cooling load. 
In the ideal-loads model this represents the heat 
that must be removed, not final electricity use.

4. ENERGY AND THERMAL COMFORT PERFORMANCE

Eq. 28

Eq. 29

Eq. 30

Eq. 31

Eq. 32

Eq. 33

Eq. 34

Eq. 35

Eq. 36

Key performance indicators (KPIs)
The simulation results are evaluated using a set of key performance indicators that link occupant-
centred thermal comfort to passive design performance and residual cooling demand. These KPIs 
allow the scenarios to be compared consistently across user groups, climate files and cooling 
strategies. 
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1. Free-floating (intrinsic thermal exposure 
baseline)
A basic shoebox model without active systems or 
passive design measures is used as a reference. 
This scenario illustrates indoor thermal conditions 
under future climate in NL and provides insight 
into heat accumulation.

WWR: 			   0.34
Window: g-value		  0.4
U-value			   1.20 W/m2-k
Exterior window:		 HR++
HVAC:			   None
Shades:			   None

2. HVAC baseline
The same geometry is maintained, but thermal 
comfort is ensured through a conventional HVAC 
system. No passive interventions are included. 
This scenario reflects current design practice and 
serves as the main benchmark for comparison.

WWR: 			   0.34
Window: g-value		  0.4
U-value			   1.20 W/m2-k
Exterior window:		 HR++
HVAC:		   	 Summer setpoint 24°C
Shades:			   None
Openable windows	 none

3. Passive envelope
Reducing the solar heat gain by reducing WWR, 
installing fixed external shades and upgraded 
glazing while considering consistent visual 
comfort. The calculated WWR and shading depths 
are provided in Appendix L.

WWR: 			   0.16
Window: g-value		  0.3
U-value			   1.00 W/m2-k
Exterior window:		 Solar G
HVAC:		   	 None
Shades:	 		  Horizontal + vertical
Openable windows	 none

6.5 m

3.0 m

4.2 m

A

B
C

6.5 m

3.0 m

4.2 m

A

B
C

6.5 m

3.0 m

4.2 m

A

B
C

2.0 m

1.0 m

0.45 m

0.3 m

Simulation scenarios
The drawings in this section are simplified abstractions of the patient room, used solely to illustrate 
scenario concepts and variable changes. For clarity, the room is shown in isolation and should not be 
interpreted as a full representation of the case study. In each scenario, parameters changed relative 
to the reference case are indicated in bold. 

4. ENERGY AND THERMAL COMFORT PERFORMANCE

Fig. 4.3b: Baseline patient-room configuration with ceiling-based 
HVAC supply and corridor-side extract airflow. (Author’s work)

Fig. 4.3c: Passive envelope scenario with reduced WWR, fixed ver-
tical and horizontal external shading, and solar-control glazing. 

(Author’s work)

Fig. 4.3a: Free-floating scenario without active or passive cooling 
measures. Position A represents mobile patients, B bedridden 

patients and C staff. (Author’s work)
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Fig. 4.4c: Hybrid scenario combining all passive measures, local 
fans and HVAC operation with higher temperature setpoints. 

(Author’s work)

Fig. 4.4b: Local fan scenario with additional airflow for staff and 
a bed-integrated fan for the bedridden patient. (Author’s work)

Fig. 4.4a: Natural ventilation scenario with openable windows 
and an opening factor of 0.2, including sensible and latent heat 

removal. (Author’s work)
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4. Natural ventilation 
Operable windows are assessed as a natural 
ventilation strategy for heat dissipation. 
Behavioural schedules are used to control window 
opening, and both sensible heat removal and air-
speed-related comfort effects are analysed. The 
estimation of vair is explained in Appendix M.

WWR: 			   0.16
Window: g-value		  0.3
U-value			   1.00 W/m2-k
Exterior window:		 Solar G
HVAC:		   	 None
Shades:			   Horizontal + vertical
Opening fraction: 	 0.2
Opening rules:		

5. Additional local fans 
Local fans are used as a demand-based strategy to 
provide controlled occupant-level air movement 
when PMV exceeds 0.7.

WWR: 			   0.16
Window: g-value		  0.3
U-value			   1.00 W/m2-k
Exterior window:		 Solar G
HVAC:		   	 None
Shades:			   Horizontal + vertical
Fan operation:		

6. Hybrid operation 
HVAC with custom setpoints is added to remove 
residual heat. This is where all scenarios come 
together to analyse setpoint flexibility.

WWR: 			   0.16
Window: g-value		  0.3
U-value			   1.00 W/m2-k
Exterior window:		 Solar G
HVAC:		   	 Min EHVAC,new
			   | SETnew - SETbase| < εSET
Shades:			   Horizontal + vertical
Fan operation:		

4. ENERGY AND THERMAL COMFORT PERFORMANCE



44

4. ENERGY AND THERMAL COMFORT PERFORMANCE - RESULTS

4.2.1 HVAC baseline performance under current and future climate conditions 
The dry-bulb temperature profiles in Fig. 4.5 show that the 2050 weather file is generally warmer 
than the 2025 file, although the difference varies throughout the summer period. The 2050 dataset 
retains the hourly fluctuation pattern of the reference climate file, but shifts the temperature level 
upwards according to the future climate scenario. This is also reflected in the daytime averages: the 
dry-bulb temperature increases from 19.6°C to 22.4°C, the global horizontal radiation increases from 
412.0 Wh/m² to 439.6 Wh/m², and the wind speed decreases from 4.3 m/s to 3.7 m/s (Appendix N.1). 
As a result, warm episodes become more frequent and persistent, with several peaks exceeding 30°C. 

Fig. 4.5: Hourly dry-bulb temperature from 1 June to 31 August for 2025 and 2050 weather scenarios.

The two SET graphs in Fig. 4.6 and 4.7 compare the three user groups for the year 2025 and 2050. 
In the HVAC baseline scenario using 2025 weather data in Fig. 4.6, the mobile patients show an 
average SET of 22.6°C and no exceedance hours above 27°C. Although this remains below the selected 
threshold, it indicates relatively cool summer conditions for this group, which is reflected in the fact 
that the PPD exceeds 10% during 77% of the time (Appendix N.2). For bedridden patients, the average 
SET is 27.9°C, with 1763 exceedance hours. For staff, the average SET is 27.2°C, with 1401 exceedance 
hours. In both latter cases, discomfort is primarily associated with slightly warm conditions, with 
PPD values above 10% during 29.4% and 25.3% of the time respectively (Appendix N.2).

When the same baseline is evaluated using morphing-based 2050 weather data in Fig. 4.7, the 
average SET increases by 2.57°C for mobile patients, 1.81°C for bedridden patients, and 2.96°C for 
staff compared to 2025. This is accompanied by a 23.9% increase in exceedance hours for bedridden 
patients and a 57.0% increase for staff. For mobile patients, exceedance above 27°C remains absent 
and the share of hours with PPD above 10% decreases to 4.2%. This can largely be explained by the 
relatively low CLO of this group, which causes the same indoor environment to be perceived as 
cooler than by bedridden patients and staff.

SET follows the general outdoor temperature profile, but is moderated by the HVAC baseline 
assumptions. Weather-driven peaks produce short-term increases in SET, while cooler periods 
reduce thermal exposure. The response differs by user group: mobile patients remain below the 
27°C threshold, whereas bedridden patients and staff remain close to or above this threshold during 
substantial parts of the summer. 

1 August and 3 June, shown in Fig. 4.8, indicate that increases in TO and SET are most pronounced 
at night and in the late afternoon. This is consistent with projected future climate conditions and 
literature, showing reduced day–night temperature differences and increased solar intensity. The 
late-afternoon peak is especially relevant for the southwest façade, where low-angle solar radiation 
may increase heat gains and occupant-level radiant exposure.

4.2 Simulation results



45

4. ENERGY AND THERMAL COMFORT PERFORMANCE - RESULTS

Fig. 4.6: Hourly SET from 1 June to 31 August for the HVAC baseline scenario using the 2025 EPW weather file, shown for mobile 
patients, bedridden patients and staff.

Fig. 4.7: Hourly SET from 1 June to 31 August  for the HVAC baseline scenario using the 2050 EPW weather file, shown for mobile 
patients, bedridden patients and staff.

Fig. 4.8: Hourly SET and (TO) for the HVAC baseline mobile-patient profile on 1 August (left) and 3 June (right), shown for the 2025 
and 2050 weather scenarios. Critical hours provided in Appendix I.
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Fig. 4.9: Hourly SET over summer period  for the freefloating and passive envelope scenario using EPW data file 2050, showing mobile 
patients.

Although the passive envelope substantially reduces transmitted solar gains, its effect on thermal 
comfort remains limited as shown in Fig. 4.9. In the free-floating scenario, internal gains from 
lighting and medical equipment total approximately 13.7 kWh/m², making them larger than the 
transmitted solar gains and therefore a dominant contributor to the room heat balance. Even after 
an approximately 80% reduction in transmitted solar radiation in the passive envelope scenario 
(Appendix N), the hourly SET profile shows only minor improvement (Fig. 4.9). This indicates that 
internal heat gains become the dominant thermal load under continuous occupancy.
 
Fig. 4.9 shows that TO remains well above the outdoor dry-bulb temperature for most of the summer 
period. The indoor thermal state is therefore not governed by outdoor temperature alone, but also 
by accumulated internal heat and thermal storage. SET exceeds TO, reflecting the combined effect of 
elevated indoor temperatures, limited heat dissipation and user-specific parameters. Without active 
cooling or effective passive heat removal, heat accumulates over time, reinforced by 24/7 occupancy 
and the delayed release of heat stored in the concrete structure.

4. ENERGY AND THERMAL COMFORT PERFORMANCE - RESULTS 

4.2.2 Effect of a passive envelope and dominance internal heat gains

The passive envelope alone therefore has limited capacity to improve thermal comfort under 
high internal gains and continuous occupation. This result should be interpreted as a stand-alone 
measure in a simplified free-floating setup. Since no active cooling, night ventilation or adaptive 
heat removal is included, the scenario primarily reveals the relative importance of internal and solar 
gains. In combination with ventilation or adaptive HVAC control, the reduction in solar gains may 
still provide a larger comfort benefit.
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Sensitivity to internal heat gains
To isolate the influence of internal heat gains, Fig. 4.10 compares adjusted heat-load assumptions 
within the passive-envelope scenario. This sensitivity test is used only to understand the relative effect 
of internal gains; all subsequent scenarios use the original internal load assumptions as proposed in 
the programme of requirements (Table 3.1). Each line represents one modified parameter: reduced 
equipment load, reduced occupancy or lightweight timber construction. Lighting was also tested, 
but its effect was too small to include meaningfully.

Reducing equipment load has the strongest effect on To . A 50% reduction in equipment use lowers 
the average To  from 38.88°C to 35.59°C and the maximum To from 44.05°C to 40.01°C , while the timber 
construction and fewer people remain close to the reference case, with an average To of 38.21°C and 
38.62°C. This indicates that equipment-related heat gains dominate the internal heat balance in this 
setup.
 
The temporal pattern remains similar across all variants, indicating that external climate conditions 
determine the timing of heat build-up, while internal gains mainly shift the temperature level. The 
equipment-reduction case remains consistently lower throughout summer, suggesting a structural 
reduction in heat accumulation. The timber construction shows slightly higher peak temperatures, 
likely due to lower thermal storage and reduced damping. Overall, the analysis confirms that internal 
heat-load management, particularly from medical and electrical equipment, is a critical precondition 
for effective passive cooling in continuously occupied patient rooms.

Fig. 4.10: Hourly To over the summer period for the passive-envelope scenario with reduced internal heat gains.
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Natural ventilation potential 
The wind-speed graphs in Fig. 4.11 and Fig. 4.12  show that the potential for natural ventilation 
is highly intermittent. While the weather station records wind during most hours of the analysed 
summer period, the calculated vair at the window is frequently zero. In total, 845 hours, corresponding 
to 38.3% of the analysed period, show no effective vair at the window of the south-west facade patient 
room. This indicates that the availability of natural ventilation is not determined by outdoor vair alone, 
but strongly depends on whether the wind direction creates a useful Δp across the façade opening.

The time-series of vair,window in Fig. 4.12 further shows that ventilation potential occurs mainly in 
short, irregular episodes rather than as a continuous driving force. The average calculated vair,window 
is 0.64 m/s, while the maximum reaches 3.80 m/s. This suggests that openable windows can provide 
significant airflow during favourable wind conditions, but cannot be relied upon as a stable ventilation 
mechanism throughout the full summer period.

The selected extreme days in Fig. 4.13 illustrate this variability. On the lowest average-wind day, 
calculated vair, window remains zero, indicating no wind-driven ventilation potential. The highest peak-
wind day shows a short afternoon increase, whereas the highest average-wind day provides more 
sustained airflow throughout the day. This distinction is relevant for the subsequent analysis, as 
sensible and latent heat removal through open windows depends not only on the magnitude of 
vair,window, but also on its timing and duration.

4. ENERGY AND THERMAL COMFORT PERFORMANCE - RESULTS

4.2.3 Effect of natural ventilation on occupant thermal comfort 

Fig. 4.11: Outdoor vair at measuring location in De Bilt over the summer period

Fig. 4.12: Hourly vair,window over the summer period
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Fig. 4.13: Hourly wind speed for three critical days within the summer period.

Sensible versus latent heat removal 
The vair values for the various occupant locations have been calculated using the calculation in 
Appendix M, and the results for the various users are shown in Appendix N.5. The effect of natural 
ventilation on SET was assessed in two steps and explained here for the mobile patient because they 
are located closest to the window and experience the most natural airflow. The results for the other 
users can be found in Appendix N.8 and N.10. First, only sensible heat removal was included by 
reducing the TO through window-driven ventilation (Fig. 4.14). In this case, the average SET decreases 
to 30.99°C, but 1981 hours still exceed the 27°C threshold. This shows that sensible cooling alone 
reduces part of the thermal load, yet it is insufficient to maintain acceptable thermal comfort during 
most of the summer period.

Fig. 4.14: Hourly SET for mobile patients over the summer period, including sensible heat removal through ventilation.

Fig. 4.15: Hourly SET for mobile patients over the summer period, including sensible and latent heat removal through ventilation.
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Fig. 4.16: Delta SET between sensible heat removal and sensible + latent heat removal over the summer period for scenario 
natural ventilation.

4. ENERGY AND THERMAL COMFORT PERFORMANCE - RESULTS

In the second step, the calculated vair at the window was translated to the patient location according 
to  the estimation described in Appendix M. This local vair was then included as an additional input 
parameter in the SET calculation. Compared with the sensible-only case, Fig. 4.15 shows that the 
average SET decreases further to 30.12°C and the number of exceedance hours is reduced to 1478. 
The improvement therefore results not only from lower TO, but also from increased convective and 
evaporative heat loss at human body level.

The hourly SET difference between both calculations in Fig. 4.16 shows that this additional air-speed 
effect is highly variable. The average reduction is 0.87°C, but during favourable wind conditions the 
difference reaches up to approximately 4.5°C. At many hours, however, the difference is close to 
zero, which corresponds to periods with little or no effective airflow at the window. This confirms 
that the comfort benefit of openable windows is intermittent: natural ventilation can substantially 
reduce perceived heat stress during wind-driven periods, but its performance depends strongly on 
the timing and magnitude of available airflow.
 
Overall, the results indicate that latent and convective heat removal at occupant level are relevant 
for the perceived thermal comfort of mobile patients. Nevertheless, natural ventilation alone 
does not bring the SET consistently below the comfort threshold. Its main value lies in reducing 
peak discomfort and shortening the duration of exceedance hours, rather than providing a stable 
replacement for active cooling.

The dot plots in Fig. 4.17-4.19 clarify how local vair affects SET. Each point represents one hourly 
condition, with darker markers indicating higher vair at the occupant position. Across all user groups, 
SET generally increases with TO,  confirming that TO  remains the dominant driver of thermal exposure. 
However, at comparable TO, higher vair consistently correspond to lower SET values, indicating that 
air movement reduces perceived thermal load without necessarily lowering room temperature.
 
This effect is most pronounced for mobile patients. Several hours with TO, around 27–30°C shift 
towards or below the 27°C SET threshold under higher local vair, consistent with lower CLO and 
greater convective and evaporative heat-loss potential. For bedridden patients and staff, the same 
mechanism is visible but less sufficient to remain below the threshold. This is related to higher 
insulation and limited exposure for bedridden patients, and higher metabolic heat production for 
staff. Differences in room position further affect the local vair experienced by each group.
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The relatively flat upper boundary of the point cloud represents hours with little or no air movement. 
Under these conditions, SET is mainly governed by TO, and fixed occupant parameters, while 
sensitivity to small vair variations is limited. The darker points below this boundary therefore indicate 
hours in which natural ventilation provides an occupant-level cooling effect.
 
Overall, the results show that natural ventilation primarily modifies occupant heat exchange rather 
than directly reducing room temperature. The same TO, can therefore result in different SET values 
depending on local vair, occupant position, CLO and  MET.

4. ENERGY AND THERMAL COMFORT PERFORMANCE - RESULTS

Fig. 4.17: hourly SET and To   for mobile patient during the summer period.

Fig. 4.18: hourly SET and To   for bedridden patient during the summer period.

Fig. 4.19: hourly SET and To   for staff during the summer period.
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The PMV values in Fig. 4.20–4.22 represent the hybrid scenario after implementation of the preceding 
passive and natural ventilation measures, with the HVAC cooling setpoint increased to 26°C. Local 
fan activation is introduced as a final comfort correction to approach the comfort performance of the 
HVAC baseline. The fans are modelled as 15 W on/off devices, without variable speed control. When 
active, they provide a local air speed of 0.4 m/s, selected as a balance between perceptible comfort 
improvement and clinical constraints related to draught, hygiene and acceptability. A PMV threshold 
of 0.7 was selected instead of 0.5 to represent a more realistic control assumption, as occupants are 
unlikely to activate a fan immediately under slightly warm conditions.

The results show a clear user-dependent activation pattern. For mobile patients, the fan is not 
activated during most of the analysed summer period, as there are only 22 hours with PMV>0.7. This 
indicates that residual discomfort is limited for this profile and does not justify continuous local fan 
support under the chosen control assumptions. For bedridden patients, the fan is active during 1929 
of 2208 hours, reflecting the higher thermal vulnerability caused by bedding insulation and limited 
exposed body surface. For staff, fan activation increases to 2092 of 2208 hours, mainly due to higher 
metabolic heat production.

These results indicate that local fan demand is strongly profile-dependent. Mobile patients require 
little additional support, while bedridden patients and staff require fan operation during most of the 
summer period to compensate for the higher cooling setpoint. The results should be interpreted as 
a conservative control-based estimate of fan electricity use rather than as predicted user behaviour, 
since actual operation would depend on comfort preference, staff routines, draught perception, and 
noise.

4.2.4 Hybrid operation: effect of fan operation on occupant thermal comfort 
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Fig. 4.21: Local fan activation for bedridden patients based on PMV exceedance, using a 15 W on/off fan with an air speed of 0.4 m/s.

Fig. 4.22: Local fan activation for staff based on PMV exceedance, using a 15 W on/off fan with an air speed of 0.4 m/s.

Fig. 4.20: Local fan activation for mobile patients based on PMV exceedance, using a 15 W on/off fan with an air speed of 0.4 m/s.
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4.2.5 Hybrid operation: flexible HVAC setpoint
The final scenario evaluates the thermal comfort effect of the hybrid strategy described in the previous section: 
a mechanical cooling setpoint of 26°C, supplemented by local fan operation when additional occupant-level 
cooling is required. The resulting SET is compared with the HVAC baseline, which uses a 24°C cooling setpoint 
without local fan support or passive measures.
 
For mobile patients, the hybrid scenario remains close to the HVAC baseline, but performs slightly less favourably 
due to the higher cooling setpoint. The average SET increases from 25.12°C to 25.78°C, while exceedance above 
the 27°C threshold increases from 0 to 283 hours. This indicates that the baseline already provides acceptable 
thermal conditions for this user group, leaving limited benefit from additional air movement. Under the tested 
assumptions, the higher setpoint is therefore only partly compensated by the hybrid strategy.

For bedridden patients, the hybrid scenario reduces average SET from 29.71°C to 28.86°C, but exceedance above 
27°C remains almost unchanged, increasing slightly from 2185 to 2187 hours. This shows that local air movement 
can lower perceived heat stress, but is insufficient to bring this user group below the selected threshold for 
most of the summer period. The limited improvement is likely related to the high total insulation of the body–
bedding system and the reduced exposed body surface, which constrain convective and evaporative heat loss. 
For this group, targeted air movement may still provide local relief, but requires careful evaluation of draught 
risk, noise, hygiene and clinical acceptability.

For staff, the hybrid scenario shows the strongest improvement. Average SET decreases from 30.13°C to 
27.74°C, while exceedance above 27°C decreases from 2200 to 1760 hours. This confirms that elevated local vair is 
particularly effective for active occupants with higher metabolic heat production, as increased convective and 
evaporative heat loss can directly reduce perceived thermal stress. However, the remaining exceedance hours 
indicate that air movement alone does not fully resolve staff comfort under the tested 27°C setpoint.

Overall, the hybrid strategy shows that local fan-supported air movement can partly compensate for a higher 
mechanical cooling setpoint, but the effect is strongly user-dependent. The benefit is clearest for staff, moderate 
for bedridden patients and least favourable for mobile patients. Hybrid cooling should therefore not be 
interpreted as a uniform room-level solution, but as a targeted comfort strategy that depends on user position, 
activity level, clothing or bedding insulation and clinical acceptability.

4. ENERGY AND THERMAL COMFORT PERFORMANCE - RESULTS
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Fig. 4.23: Hourly SET plot over the summer period for the hybrid scenario mobile patient.

Fig. 4.24: Hourly SET plot over the summer period for the hybrid scenario bedridden patient.

Fig. 4.25: Hourly SET plot over the summer period for the hybrid scenario staff.
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4.2.6 Energy and cost reduction with a hybrid operation
Impact on cooling load and energy reduction
Raising the cooling setpoint from 24°C to 26°C substantially reduces the remaining cooling load. In 
the HVAC baseline, active cooling is required during 923 of 2208 hours (Fig. 4.26), corresponding to 
an ideal cooling load of 761.29 kWh (Fig. 4.28). In the hybrid scenario, active cooling decreases to 387 
hours (Fig. 4.27), with a remaining ideal cooling load of 239.21 kWh (Fig. 4.29). This corresponds to a 
reduction of approximately 58% in active cooling hours and 69% in ideal cooling load.
 
These values represent ideal cooling loads, not final electricity use, as discussed below. The 
EnergyPlus ideal loads approach calculates the heat that must be removed to maintain the setpoint, 
excluding system efficiency, distribution losses, part-load behaviour and fan electricity use.
 
The time-series results show that the HVAC baseline requires cooling more frequently and with higher 
peak loads, while the hybrid scenario produces shorter, less frequent and generally lower-intensity 
cooling periods. Cooling remains necessary during warmer episodes and periods with higher heat 
gains, but many moderate-load hours in the baseline disappear once the setpoint is increased. 
 
These results indicate that occupant-level air movement can reduce the mechanical cooling burden 
by maintaining part of the comfort effect through convective and evaporative heat loss rather than 
through lower room Ta. The operational energy reduction may differ from the ideal-load reduction, 
depending on HVAC efficiency and additional fan electricity use. The following section therefore 
evaluates the balance between reduced cooling load and fan operation.

4. ENERGY AND THERMAL COMFORT PERFORMANCE -  RESULTS

Fig. 4.27: Hourly active-cooling status for the Hybrid scenario, where 0 indicates no mechanical cooling and 1 
indicates active mechanical cooling.

Fig. 4.26: Hourly active-cooling status for the HVAC baseline scenario, where 0 indicates no mechanical cooling 
and 1 indicates active mechanical cooling.
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Fig. 4.29: Hourly plot cooling load for the hybrid operation scenario 

Fig. 4.28: Hourly plot cooling load for the HVAC baseline scenario.

Impact on cost reduction
The cooling-load results were converted into an indicative electricity and cost estimate. Cooling 
electricity was calculated by dividing the ideal thermal cooling load by an assumed COP of 4.0, while 
fan electricity was added directly as electrical consumption. The resulting values are summarised in 
Table 4.2.
 
The hybrid strategy reduces cooling-related electricity use from 190.32 kWh to 59.80 kWh, 
corresponding to a reduction of 130.52 kWh before fan operation is included. After adding the 
modelled fan electricity use of 60.65 kWh, based on 15 W fans and PMV-based on/off control, the net 
electricity reduction becomes 69.87 kWh for the analysed summer period. At an electricity price of 
€0.20–€0.40/kWh, this corresponds to an indicative saving of approximately €13.97–€27.95 per room, 
or €0.52–€1.04/m² for a 27 m² patient room.

A more realistic implementation may prioritise local fan support for bedridden patients, who 
remain in a fixed position, rather than for staff moving through the room. Under this assumption, 
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Parameter Unit Baseline HVAC Hybrid scenario Reduction
Cooling load kWh thermal 761.29 239.21 522.08
Assumed COP - 4.0 4.0

Electricity use for cooling kWh electric 190.32 59.80 130.52

Fan electricity use kWh electric 0.00 60.65 -60.65

Total electricity use kWh electric 190.32 120.45 69.87
Active cooling hours h 923 387 536

Electricity price Unit Baseline electricity cost Hybrid electricity cost Net saving
Low tariff €0.20/kWh €38.06 €24.09 €13.97
Medium tariff €0.30/kWh €57.10 €36.13 €20.96
High tariff €0.40/kWh €76.13 €48.18 €27.95

4. ENERGY AND THERMAL COMFORT PERFORMANCE - RESULTS

Table 4.2: First-order cost reduction estimation HVAC baseline scenario versus hybrid scenario

The simulation results should be interpreted as comparative scenario outcomes rather than exact 
predictions of patient-room performance. The model intentionally simplifies geometry, operation 
and airflow behaviour to isolate the relative effects of passive envelope measures, natural ventilation 
and hybrid air movement and to simulate the schematic design phase.

Simplifying geometries
The hospital layout was reduced to a single representative patient room with thermally relevant 
adjacent spaces and adiabatic boundary conditions, as described in section 4.1. This approach limits 
computational effort but simplifies interzonal heat exchange with surrounding rooms. In practice, 
adjacent spaces may dampen temperature peaks and alter cooling demand, meaning that the model 
may overestimate thermal extremes. A cluster model with multiple connected rooms would better 
represent these buffering effects.
 
Bathrooms were not modelled as separate thermal zones but included within the main room 
abstraction. This is expected to have limited influence on the main passive cooling trends, although 
moisture loads and local heat gains may be simplified. Interior doors were modelled as closed 
constructions, which is a more critical assumption for natural ventilation because it excludes 
corridor interaction and potential cross-flow. As a result, airflow rates and cooling potential may be 
underestimated in scenarios where open-door or leakage pathways would be relevant.
 
The façade was simplified by excluding window frames, thermal bridges and detailed material 
properties. This may slightly overestimate transparent area, solar transmission and daylight 
availability. External shading was represented as a solar-blocking geometry without detailed surface 
reflectance, which is acceptable for first-order thermal assessment but less robust for daylight 
evaluation. The surrounding urban context was not explicitly modelled for daylight because of limited 
nearby obstruction, while wind exposure was approximated through terrain correction factors. 
Explicit context modelling would improve accuracy, particularly for low-angle solar exposure and 
wind-driven ventilation, but would substantially increase model complexity.

4.3 Simulation discussion and limitations

fan electricity use decreases from 60.65 kWh to 29.27 kWh. The total hybrid electricity use would 
then decrease from 120.45 kWh to 89.07 kWh, resulting in a net electricity reduction of 101.25 kWh 
compared with the HVAC baseline. This corresponds to an indicative saving of approximately €20.25–
€40.50 per room, or €0.75–€1.50/m² for the analysed summer period.
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Analysis period and temporal resolution
The analysis was limited to the summer period from 1 June to 31 August with an hourly timestep. This 
focuses the assessment on peak cooling conditions but excludes cooling loads outside the summer 
period, so annual cooling demand is likely underestimated. It also limits evaluation of seasonal 
trade-offs. For example, smaller glazing ratios or lower g-values may reduce overheating in summer 
but also reduce passive solar gains and daylight availability in winter. A full-year simulation would 
therefore be required for final design assessment.
 
The hourly timestep provides a stable basis for building performance simulation but smooths short-
term variations in wind speed, solar exposure and window operation. This is particularly relevant 
for natural ventilation, where short-term gusts and wind-direction changes may strongly affect local 
air velocity. Consequently, peak ventilation effects and transient comfort responses are not fully 
captured. Finer temporal resolution or coupled airflow modelling would reduce this uncertainty, but 
at the cost of greater computational demand.

Façade optimisation approach
The passive envelope scenario is based on a simplified façade optimisation using solar-angle 
analysis and geometric reasoning. A multi-variable optimisation with Galapagos was attempted, but 
computational limitations prevented convergence for the combined parameters of WWR, shading 
depth, vertical shading and g-value. The selected façade should therefore be interpreted as a heuristic 
configuration rather than an optimal solution.
 
This uncertainty is relevant because façade parameters directly affect solar gains, daylight availability 
and cooling demand. The current configuration may over- or underperform compared with a true 
optimum, and the reported solar-transmittance reduction may not be achievable while simultaneously 
satisfying daylight and visual comfort requirements. A staged optimisation or reduced parametric 
design space would be needed to verify the balance between thermal and daylight performance.

Metabolic rates and clothing insulation values
The model uses fixed MET, CLO and bedding insulation values for the three user groups. This supports 
comparability across scenarios but simplifies behavioural and physiological variability. In reality, 
occupants may adapt through clothing changes, bedding adjustment, posture, fan use, movement 
through the room or perceived control. These adaptations are not represented.
 
This assumption is especially influential for bedridden patients. Their simulated comfort response 
depends strongly on the assumed total insulation of the body–bedding system, including the 48% 
bed coverage assumption. The results indicate that targeted air movement can reduce perceived 
heat stress for this group, but SET remains close to or above the threshold for much of the analysed 
period. A lower bed coverage percentage or different bedding configuration would increase exposed 
body surface and may improve the effectiveness of convective and evaporative cooling. Conversely, 
higher bedding insulation would further limit the benefit of air movement.
 
The same target vair was applied across user groups, although bedridden patients may require more 
locally directed airflow to achieve a comparable comfort effect. Because these patients remain in a 
relatively fixed position, local fans could provide a precise comfort intervention. For staff and mobile 
patients, fixed local airflow assumptions are less representative because these users move through 
the room.

4. ENERGY AND THERMAL COMFORT PERFORMANCE - RESULTS
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Airflow calculation and local air-speed uncertainty
Natural ventilation and local vair were represented through simplified pressure-driven calculations 
and post-processing rather than fully resolved airflow simulation. This was necessary because 
the EnergyPlus single-node zone model does not calculate spatial air-velocity distributions. The 
method is suitable for comparing relative ventilation potential between scenarios, but it introduces 
substantial uncertainty in occupant-level vair.
 
The airflow calculation relies on simplified assumptions for pressure coefficients, discharge 
coefficients, air density and wind-profile correction. In reality, these parameters vary with wind 
direction, façade geometry, surrounding context, opening position and indoor flow patterns. Short-
circuiting, stack interaction, turbulence and room-scale jet behaviour are not explicitly resolved. 
 
The method is only partly comparable to a NEN 1087-type assessment. It uses the same physical basis 
of pressure-driven airflow but applies it dynamically to hourly weather data and simplified façade 
assumptions. It is therefore useful for evaluating relative temporal ventilation potential, but should 
not be interpreted as formal ventilation verification. CFD, zonal airflow modelling or coupling with 
dedicated airflow tools would be required to resolve local velocities, short-circuiting and bed-level 
airflow more reliably.

Operational assumptions for window use
Window use was modelled through rule-based hourly control. Windows are therefore either 
open or closed for each hour, whereas real operation is more dynamic and depends on thermal 
sensation, outdoor temperature, air quality, noise, safety, infection control, staff routines and patient 
preference. This introduces uncertainty in both the timing and duration of natural ventilation. 
No distinction was made between day and night operation. In practice, night-time window use 
may be restricted by safety protocols, clinical routines or acoustic constraints, even though night 
ventilation can be important for heat removal. The effect of this assumption is context-dependent 
because ventilation timing determines whether heat is removed before or after thermal peaks occur. 
Empirical data on window operation in hospital patient rooms would be needed to refine this part 
of the model.
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RQ3: To what extent do passive envelope measures reduce overheating risk in patient rooms 
under future climate conditions, considering the role of internal heat gains and thermal storage?
The simulation results show that patient-room performance is strongly affected by future climate 
conditions, user characteristics and the available heat-removal mechanism. Under the morphed 
2050 weather file, summer daytime dry-bulb Ta increases from 19.6°C to 22.4°C, global horizontal 
radiation from 412.0 to 439.6 Wh/m², while wind speed decreases from 4.3 to 3.7 m/s (Fig. 4.5). 
Compared with the 2025 baseline, this increases average SET by approximately 2.6°C for mobile 
patients, 1.8°C for bedridden patients and 3.0°C for staff (Fig. 4.6 and 4.7). The result is useful as a 
comparative climate signal, although the absolute values depend on the selected morphing method 
and simplified HVAC assumptions.

Regarding passive envelope measures, the simulations show that solar heat-gain reduction is 
necessary but insufficient as a stand-alone strategy. The passive envelope reduces transmitted 
solar radiation by approximately 80%, from around 12 to 2.5 kWh/m². However, internal gains from 
lighting and equipment remain 13.7 kWh/m², meaning that internal heat becomes dominant once 
solar gains are reduced. Consequently, average TO remains high, decreasing from approximately 43°C 
in the free-floating case to 39°C in the passive-envelope case. The internal-load sensitivity analysis 
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confirms this mechanism: a 50% reduction in equipment power lowers average TO by approximately 
3.2°C, while reduced occupancy and timber-frame construction have a limited effect. Internal gains 
therefore primarily shift the temperature level, while the timing of peaks remains governed by 
external climate conditions.

RQ4: How can occupant-level air movement, through natural ventilation and local fans, improve 
SET-based comfort for different healthcare users and enable a higher mechanical cooling 
setpoint?
Regarding occupant-level air movement, natural ventilation improves SET-based comfort only 
intermittently. The calculated window vair is 0 m/s for 845 hours, corresponding to 38.3% of the 
analysed summer period. This indicates that openable windows cannot be considered a stable cooling 
mechanism, as performance depends on wind direction, façade pressure, opening configuration 
and timing. When vair is included in the SET calculation, the comfort effect becomes visible: for 
mobile patients, average SET decreases from approximately 31.0°C to 30.1°C, with exceedance hours 
decreasing from 1981 to 1478. Air movement therefore does not only remove heat from the room, 
but also modifies occupant-level heat exchange through increased convective and evaporative heat 
loss.

The hybrid strategy also reduces mechanical cooling demand. Active cooling hours decrease from 
923 to 387 hours, while ideal cooling load decreases from 761.29 to 239.21 kWh. This corresponds 
to reductions of approximately 58% in active cooling hours and 69% in ideal cooling load. After 
conversion to electricity using a COP of 4.0 and inclusion of 60.65 kWh fan electricity, the net 
electricity reduction is 69.87 kWh for the analysed summer period. This corresponds to an indicative 
saving of €13.97–€27.95 per room. If local fan support is applied only to bedridden patients, which 
is more realistic than assigning fixed fans to mobile staff, fan electricity decreases to 29.27 kWh and 
the net electricity reduction increases to 101.25 kWh, corresponding to approximately €20.25–€40.50 
per room.
 
Overall, the simulations indicate that passive envelope measures reduce external heat gains but 
cannot sufficiently control overheating under high internal loads and continuous occupation. Natural 
ventilation provides useful but unstable occupant-level cooling, while local fans make air movement 
more controllable and can support higher mechanical cooling setpoints. However, the comfort and 
energy effects are user-dependent and should be interpreted with substantial uncertainty, given the 
simplified airflow calculation, fixed user profiles, ideal-load HVAC approach and assumed fan-control 
logic. The resulting design implication is that patient-room cooling requires a layered strategy: 
solar control, internal-load reduction, thermal storage management and targeted air movement, 
combined with moderate mechanical cooling rather than reliance on a single passive measure.
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IMPLEMENTATION BARRIERS & DRIVERS
This chapter examines how passive and hybrid cooling strategies can be implemented in 
healthcare design practice. Based on stakeholder interviews, it identifies key barriers, drivers 
and design-process conditions, and translates these findings into design implications and 

recommendations for early-stage hospital design.

5
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5. IMPLEMENTATION BARRIERS & DRIVERS

5.1 Stakeholder interview objective and methodology
Semi-structured  expert interviews  were conducted 
to    complement  the simulation analysis and examine the 
implementation conditions for passive and hybrid cooling 
strategies in Dutch hospitals. The interviews focused on 
organisational, technical and comfort-related factors influencing 
adoption in standard low-risk patient rooms.
 
Participants were selected based on their involvement in 
healthcare design, decision-making, operation or performance 
assessment. The sample included healthcare architects, clients 
and developers, hospital technical specialists, building services 
consultants, building physics consultants, indoor environmental 
quality experts and thermal comfort specialists. In total, 10 
interviews were conducted, of which six respondents were 
directly involved in the case-study project and four acted as 
external hospital-design experts.
 
Each interview followed a two-part structure. The first part was 
semi-structured and addressed current cooling and ventilation 
practice, passive cooling experience, thermal comfort 
governance, user differentiation, risk management and design-
process integration. The second part consisted of a structured 
card-ranking exercise in which respondents ranked predefined 
implementation barriers and drivers while thinking aloud. This 
combined qualitative reasoning with indicative comparative 
data on stakeholder priorities. The full interview protocol is 
provided in Appendix O.
 
Interviews lasted 45–60 minutes, were mainly conducted 
in person, recorded with informed consent and analysed 
anonymously. As all participants were Dutch, the interviews 
were conducted in Dutch; quotes used in this chapter were 
translated into English, with the original Dutch quotations 
provided in Appendix Q.

Fig. 5.1: Interview cards for relative ran-
king and think-out-loud exercise

The analysis combined thematic analysis with interpretation of the ranking exercise. The ranking 
results are treated as indicative rather than statistically representative, due to the limited and uneven 
sample size, stakeholder diversity and ordinal nature of the method. Their value lies in identifying 
recurring barriers, drivers and differences in stakeholder priorities. Respondents are referred to 
using role-based abbreviations throughout the chapter and data is handled according to Appendix P.

A	 Architect
T	 Technical specialist			
B	 Building physics expert
H	 Healing environment expert
I	 Installation specialist
C	 Thermal comfort expert
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5.2.1 Thermal comfort: from system compliance to occupant-centred comfort

Comfort is currently managed through system compliance
In current hospital operation, thermal comfort is primarily managed through the building 
management system. For patient wards, a summer setpoint of approximately 24°C is used, with 
limited exceedance hours, while relative humidity is partly driven by equipment requirements, with 
a target around 30% (T). Monitoring is mainly based on sensors and focuses on parameters such as 
temperature, CO₂ and solar radiation, although more variables could technically be monitored (I; T). 
This reflects a system-oriented comfort approach over a complaint-based one. As stated: “The risk of a 
complaint-based system is that people may start reporting issues that are not actually technical problems. If 
the room is 24 °C and I personally do not find it comfortable, I may report it as a complaint, while the system 
indicates that the conditions are within the required range.” (T).

Thermal comfort varies between users and over time
Thermal comfort in healthcare environments is influenced by individual and temporal factors. 
Comfort perception varies between users and changes over time, with seasonal adaptation playing 
an important role as illustrated by the thermal comfort expert: “You can see that in the later period of 
2025, people were most accustomed to the heat. As a result, a room temperature was perceived as cooler than 
at the beginning of the summer, and also compared to 2024.” (TC). This indicates that there may also be 
physiological adaptability as we become more accustomed to warm environments.

Adaptive capacity is limited and user-specific in healthcare settings
Thermal comfort should be considered in relation to physiological, psychological and behavioural 
adaptive capacity (C). In healthcare environments, these capacities differ strongly between user 
groups. Patients may have limited ability to adapt through behaviour, clothing or movement, while 
staff experience different thermal conditions due to activity level and work patterns. For example, 
staff performing sedentary tasks, such as office work, may experience colder conditions more quickly 
(H). This makes uniform comfort requirements difficult to define.

Although seasonal adaptation and user differences are recognised conceptually, they are not 
consistently translated into design or operation. Different seasonal setpoints are not systematically 
applied, despite their relevance for adaptive comfort (C). As a result, hospital comfort strategies 
remain largely based on fixed system criteria.

Thermal comfort is part of the healing environment, but not yet fully embedded in design
Thermal comfort should be understood as part of a broader healing environment, where stress 
reduction, positive distraction and patient well-being also play a role (H). However, this broader 
understanding is not yet sufficiently integrated into current design processes. From a building services 
perspective, user-oriented comfort receives limited attention: “From a building services perspective we 
are not sufficiently engaged with this yet; there is still a lack of knowledge.” (C). Requirements are often 
formulated from a maintenance or operational perspective rather than from user needs (H).
In the SPOT case, patient-level comfort was not yet explicitly assessed in the schematic design phase; 
comfort was primarily considered at building scale. This suggests that occupant-centred comfort 
may enter the process too late to influence early spatial and façade-related decisions (A4).

User control is valued, but its actual effect remains unclear
Current practice does provide some degree of individual control: patients can adjust temperature, 
solar shading and lighting, while staff can control temperature and solar shading (T). However, it 
remains unclear whether these systems substantially influence the indoor environment or mainly 
function as perceived control (H). At the same time, survey results from Erasmus staff indicate that 
the ability to personally control the indoor climate is highly valued by users (H). This suggests that 
control should be treated as a comfort variable in itself, not merely as an operational feature.
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5.2.2 Barriers: why passive strategies fail to become decisive
The interviews indicate that the implementation of passive cooling is constrained by a set of inter-
acting barriers rather than by one dominant technical limitation. The barriers below summarise the 
main mechanisms through which passive strategies lose influence during the design process.

Clinical uncertainty and installation-driven thinking favour mechanical control
Hospital design is strongly shaped by clinical risk aversion and an installation-driven logic. Passi-
ve strategies are difficult to implement because they introduce uncertainty regarding comfort, air 
quality, infection prevention and operational reliability (C; T; A2; B1; A4). In clinical settings, such 
uncertainty is rarely accepted as a design condition. It instead reinforces the preference for mecha-
nically controlled systems, higher ventilation rates and clearly accountable performance. Infection 
prevention was repeatedly identified as a decisive constraint, as it remains difficult to demonstrate 
that alternative ventilation concepts do not increase clinical risk (T).
 
This risk-averse logic is reinforced by the increasing reliance on medical technology and building 
services, which has partly shifted healthcare environments away from more natural or healing-
oriented design principles (A1). As the technical specialist stated: “In healthcare, the passive approach 
actually seems to be declining.” (T). From an installation perspective, design calculations often start 
from a worst-case baseline rather than from passive potential: “Ideally, we would also prefer to start 
with passive design. However, in practice, calculations often begin without accounting for passive measures, 
using a kind of worst-case scenario. The question then becomes whether the required installation capacity can 
still be accommodated in the building. Especially in a phase where technical space has to be negotiated with 
the architect, that worst-case scenario becomes the starting point.” (I). This explains why one architect 
characterised hospitals as “installation-monsters”, where fully passive approaches are difficult to 
implement (A2).
 
Consequently, even technically simple passive measures become complex in healthcare environ-
ments. They must be evaluated not only as building-physics interventions, but also against comfort, 
hygiene, maintenance, operational control and clinical accountability requirements (H; I; T).

Short-term cost logic weakens long-term passive value
Financial constraints and short-term investment logic also form a barrier to passive strategies (A1; I; T; 
A3; A4). A shift in construction costs is taking place, with an increasing share allocated to installations. 
Whereas the division between building and installations is currently approximately fifty-fifty, the 
installation share is moving towards 60% of total construction costs (T). As one respondent noted: “As 
a rough estimate, the construction cost of a hospital is around €3,000 to €3,200 per square metre. Depending 
on the project, the share of building services can be around €1,500 to €1,600 per square metre.” (I). 

Passive measures often require upfront investment in façade design, solar shading, modelling or 
coordination, while the benefits appear later through lower cooling demand, reduced operational 
costs or improved comfort. Respondents noted that additional mechanical cooling can appear 
financially simpler when active systems are already included in the project (I; T). Although TCO 
calculations are considered useful, they do not yet consistently translate long-term operational 
savings into increased upfront budget (I; T; A4).

The current economic logic also favours mechanical cooling because it remains relatively cheap 
to apply compared to more structural passive interventions (I; T). Installation budgets in hospitals 
are substantial, but this does not automatically make passive alternatives easier to justify. Passive 
measures only become financially persuasive when they allow a substantial reduction in mechanical 
systems. If the active system is already included, a limited increase in cooling hours is often perceived 
as cheaper than additional investment in architectural or passive measures (A4).
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Fragmented requirements and hospital loads constrain passive design
The Programme of Requirements can unintentionally limit passive design when requirements are 
fragmented, overlapping or formulated as technical solutions rather than performance ambitions 
(I; A2; A3; A4). In healthcare projects, multiple stakeholders contribute requirements from different 
professional perspectives, which can lead to inconsistent values or conflicting interpretations. As 
a respondent stated: “Everyone is aiming for the same ambition, but in practice you see many different 
requirements and values appear. The Programme of Requirements often contains requirements that 
essentially express the same objective, but are interpreted or written down slightly differently.” (I). Although 
the Programme of Requirements can evolve and support user-driven outcomes (A3), fragmented or 
solution-oriented requirements may reduce design freedom and reinforce conventional installation-
led assumptions (I; A2).
 
This is particularly relevant because hospital programmes and internal heat loads strongly affect 
passive cooling potential. Equipment, lighting, occupancy and medical technology can dominate 
the room heat balance, reducing the relative effect of solar-control measures alone (A1; I; T). These 
assumptions are often already fixed before installation design starts, making them difficult to 
reconsider later. Technical specialists confirmed that solar gains may form only a limited part of 
the total thermal load in patient rooms: “The sun may feel like a major heat source, but when you see 
how much equipment is brought into some patient rooms, it only accounts for about a quarter.” (T). This 
validates the findings from the simulation.
 
Institutional routines and system complexity limit design change
Decision-making in hospital design is strongly shaped by institutional continuity, risk aversion and 
established operational routines. Healthcare institutions are often perceived as conservative, making 
it difficult to approach new projects differently from previous ones (A1; A4; I). This was explicitly 
noted in relation to SPOT: “The pitfall is to say: ‘At Erasmus, we have always done it this way, so we want 
SPOT to be designed in the same way.’ That may be possible, but technology is developing, the building is 
different, and its use may also differ from the existing central location.” (I).
 
This tendency is reinforced by increasing system complexity and reduced operational control. 
Passive and hybrid strategies require confidence in how the building will be operated, maintained 
and adjusted over time. However, respondents described healthcare buildings as increasingly 
complex, outsourced and difficult to intervene in practice (A2). As a result, deviations from 
standardised mechanical systems, such as operable windows, natural ventilation or local airflow, 
are often perceived as risky (H; T; I; B1). One architect summarised this loss of agency as follows: 
“We have lost control over our own buildings; everything is outsourced and has become so complex that we 
are not even allowed to touch them due to warranty considerations.” (A2).

Fragmented responsibilities reinforce risk-averse decision-making
The construction process itself reinforces cautious decision-making because responsibilities are 
distributed across many actors. As stated: “In construction, everything consists of many interconnected 
links. Each party is responsible for one part of the process, and control and certainty are always important.” 
(C). Although design teams may formally be organised in an integrated way, this does not automatically 
result in integrated decision-making in practice (C).

Generic hospital flexibility suppresses differentiated passive solutions
Hospitals are often designed as generically as possible to allow future functional changes (T; I). This 
limits passive cooling, because passive strategies usually depend on specific relationships between 
function, orientation, façade, internal loads, airflow and user needs. When multiple healthcare 
functions are combined in one building, the most demanding or vulnerable function can determine 
the climate concept for wider areas (T). This reduces the opportunity to apply passive strategies 
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selectively in lower-risk or office-like zones where they may be more feasible (TS; A3). “Hospitals are 
designed as generically as possible. Medium care and high care are therefore almost the same, while ICUs 
and isolation rooms are treated as separate units.” (T)

Early constraints and uneven expertise limit passive potential
Passive cooling potential is strongly affected by early decisions on orientation, massing, façade de-
sign, spatial layout and programme distribution. In practice, these decisions are often constrained 
before passive performance is assessed, due to urban planning, municipal façade expectations, pro-
ject phasing or predefined technical assumptions (I; A1). In the SPOT case, the fixed plot, south-west 
orientation and polluted urban context further reduced the perceived feasibility of natural ventila-
tion and façade-based passive measures (I; T). As one respondent noted: “In SPOT, there are many 
additional constraints related to the urban design plan. The Municipality of Rotterdam is involved and has 
a specific vision for the façade. This does push the design in a certain direction.” (I).
 
This timing issue is reinforced by uneven knowledge distribution across stakeholders. Architects 
generally showed a stronger understanding of passive strategies, while this knowledge was more 
limited among clients and building services engineers (A1; I; A4). As a result, passive measures are 
not always part of the shared design framework from the start.
 
Technical expertise is also not consistently involved early enough to influence fundamental passive 
design choices. Building physics consultants may only be consulted once performance problems 
have already emerged: “Sometimes they are only involved when a problem occurs.” (A1). Similarly, instal-
lation advisors often enter after the PvE has already fixed assumptions about occupancy, equipment 
loads and climate requirements, making it the starting point rather than an open design space: “We 
become involved after the PvE, when climate requirements such as expected occupancy, equipment loads and 
internal heat gains have already been defined. That is simply where we start.” (I).
 
Regulation and assessment frameworks provide limited support for passive-first design
Formal building regulations were not consistently perceived as the main barrier (B1), but the absence 
of explicit passive-performance requirements makes passive strategies easier to discard as stated:   
“If it is not included in regulations, it becomes more difficult and is often the first to be discarded.” (C; 
A3). Respondents also indicated that current assessment frameworks, such as BENG and MPG, do 
not fully reward passive design principles, which can reduce their competitiveness in tenders (A2). 
In hospitals, the stronger regulatory barrier often comes from clinical requirements rather than 
building regulations, particularly where infection prevention conflicts with natural ventilation or 
reduced ventilation rates (T). 

Limited climate robustness and urgency delay innovation
Current design criteria appear to focus primarily on technical operating limits rather than long-term 
climate robustness. For SPOT, the design considers an extreme condition of 34°C and 70% relative 
humidity, representing the boundary at which equipment must remain operational. However, no 
specific future climate year or weather dataset was included in the assessment (T). This suggests that 
future overheating risk is addressed mainly through predefined technical design values, rather than 
through explicit climate scenario analysis.
 
This limited future-oriented assessment is reinforced by a broader lack of urgency for changing es-
tablished design approaches. As one respondent stated: “Something has to go wrong to create a sense of 
urgency.” (A1). The implementation challenge is therefore not only technical, but also behavioural 
and organisational.
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5.2.3 Implementation drivers / enabling conditions
The interviews indicate that passive cooling requires more than technical feasibility. Successful 
implementation depends on a set of enabling conditions that make passive strategies visible, credible 
and actionable within the design process. 

Passive-first design requires explicit ambition and accountable ownership
A strong and explicit project ambition is essential to prevent passive strategies from becoming secon-
dary to conventional installation-based solutions (H; A2; I;  B1). General awareness of overheating 
or installation dependency is insufficient; passive cooling must be formulated as a design ambition 
before the PvE and climate concept translate project goals into fixed technical assumptions. Without 
such ambition, passive measures are unlikely to survive later cost, risk and coordination pressures. 
As one respondent stated: “Ownership and responsibility is where it all starts. If you have someone who 
does not have that, or a client who does not have it or does not value it, then no matter how much you argue 
or try, nothing will happen.” (A1)
 
This ambition also requires an identifiable actor who actively defends passive strategies throughout 
the design process. Because passive measures depend on early spatial decisions, performance evi-
dence and cross-disciplinary coordination, they are easily deprioritised when no one is responsible 
for keeping them on the agenda (A1; A2). This role may be taken by an architect, client representa-
tive, building physicist or sustainability lead, but it must be explicitly assigned. Architects can be 
particularly influential because they mediate between technical constraints, client ambitions and 
future-oriented design thinking: “Sometimes you have to show clients or stakeholders a point on the hori-
zon; people reason from the here and now, from how things are and how they currently work and experience 
them. But our task is also to show how it could be in the future.” (A1)
 
However, disciplinary influence affects whether passive strategies remain decisive. If performance 
issues can still be compensated through building services, architectural arguments may carry more 
weight than installation-related concerns: “As long as the issue can still be solved through building ser-
vices, the installation advisor has less influence than the architect. Architectural arguments are often given 
more weight.” (I). However, disciplinary influence appears to be phase- and issue-dependent. While 
architectural arguments may carry weight in spatial design decisions, respondent A4 indicated that 
installation advisors become highly influential once overheating or ventilation is framed as a techni-
cal risk. In such cases, architects often lack the quantitative evidence needed to challenge the claim 
that additional mechanical cooling is required.

Early interdisciplinary cooperation is needed before passive options become constrained
Passive strategies depend on the interaction between façade, spatial layout, installations, comfort, 
infection prevention and operation. Therefore, architects, building physicists, installation advisors, 
clinical stakeholders and facility management must be aligned before key assumptions are fixed (A2; 
I; T; A4). Early cooperation is especially important because infection prevention can later overrule 
technically favourable low-energy solutions if clinical concerns have not been integrated from the 
start. “You have to accept that you do not have complete freedom in spatial layout; there is an inherent logic 
and airflow structure that must be accommodated.” (A2)

Healthcare function and risk profile determine passive cooling potential
The feasibility of passive cooling depends strongly on healthcare function, clinical risk and user 
exposure. Respondents indicated that passive strategies are more applicable in lower-risk areas, 
such as outpatient clinics, offices, support buildings and other functions with less stringent clinical 
control requirements (A3; T). This suggests that passive cooling should not be assessed at whole-
building level, but differentiated by function and risk profile.
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Healthcare typology further affects comfort requirements. Hospitals and long-term care facilities 
differ in exposure duration, user adaptation and operational risk. Hospitals generally have shorter 
stays and higher patient turnover, while long-term care facilities involve prolonged occupancy and 
stronger relevance of individual comfort preferences (C). Long-term care may therefore offer more 
favourable conditions for passive strategies due to lower internal loads and greater adaptive potential, 
although longer exposure also increases the impact of overheating. In these settings, passive design 
should address not only peak temperature reduction, but also personal control, night-time cooling 
and long-duration comfort (C).

These findings indicate that passive cooling should not be translated as a generic healthcare strategy. 
Instead, passive potential should be assessed across typologies and sub-functions, distinguishing 
between highly controlled hospital spaces, standard patient rooms, outpatient areas, offices, support 
buildings and long-term care environments (A2; A3; T; C). This differentiated approach prevents 
passive strategies from being rejected because they are unsuitable for the most critical spaces, 
while still allowing them to be applied where comfort requirements, risk profiles and operational 
conditions are more favourable.

The PvE must be flexible and performance-based enough to allow passive solutions
A flexible and coherent Programme of Requirements is a key driver for passive implementation (A2; 
I). Instead of translating ambitions too early into fixed technical solutions, the PvE should define per-
formance targets, comfort ambitions and risk categories. This allows passive strategies to be tested 
as possible ways to meet requirements, rather than being excluded by predefined system assump-
tions. Consistency in requirement formulation is also essential, because fragmented requirements 
can undermine a shared ambition (I).

Passive strategies require credible evidence and benchmarks to become acceptable
In the Erasmus MC context or other university hospitals, passive strategies need strong evidence 
before they can influence decisions, particularly when they deviate from standard practice (T; A1; 
A4; B1). Scientific substantiation, simulation results, benchmarks and reference projects can help 
translate passive concepts into defensible design decisions. “The Erasmus MC context was described as 
highly sensitive to research-based evidence.” (T) A4 added that evidence is not only required for energy 
or comfort performance, but also for broader claims around the healing environment. Although ar-
chitects may consider healing environment principles important, these arguments remain difficult 
to use in decision-making when their benefits are insufficiently substantiated.

Total cost of ownership must be connected to actual budget decisions
TCO can support passive strategies by making long-term value visible, but only if operational savings 
and reduced system dependency are allowed to influence upfront investment decisions (A1; I; T). 
Without this link, passive measures remain disadvantaged because they often require early invest-
ment while benefits occur later. TCO should therefore be used as a decision criterion, not only as a 
calculation exercise. “We are expected to carry out TCO calculations. However, in practice these are often 
only used to assess direct investment measures. What you see is that operational or management-related 
savings do not necessarily lead to an increased upfront budget.” (I)

The right execution partners must be selected for low-tech or installation-light concepts
Successful implementation also depends on whether the construction team can execute non-standard 
passive strategies reliably (A2). Low-tech, installation-light or bio-based concepts may require 
different expertise than conventional hospital construction. If capable contractors or suppliers 
are not available, passive concepts become harder to realise and are more likely to be replaced by 
standard technical solutions. “Identifying capable contractors remains challenging, particularly when 
combining low-tech or installation-light approaches with bio-based materials.” (A2)
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5.2.3 Natural ventilation and fan operation

Openable windows create a tension between psychological value and system control
Operable windows remain a recurring point of discussion. They are valued for their positive 
contribution to patient well-being and psychological comfort (A3; H; A4), yet they also raise concerns 
about controlled indoor conditions (A1; H; I; T; A4). Mechanically ventilated systems are often 
considered more reliable for air quality, and a common argument is that “operable windows disrupt 
building services systems” (A1). Technical specialists did not identify a clear physical contribution 
of openable windows to indoor climate improvement in patient environments, except for their 
psychological value, as opening windows may increase room temperature and disturb controlled 
operation (T). As stated: “What you want to avoid is a situation where, from a user-experience perspective, 
you want a window to be openable, while at the same time the ceiling system or another system is actively 
cooling the room. From an energy perspective, that is simply wasteful. Especially in a building that operates 
24/7, you want to prevent this kind of conflict, because it can also prevent the building from cooling down 
again at night.” (I). This indicates that openable windows require explicit control logic rather than 
being treated as independent passive elements (I; T).

Infection prevention dominates the acceptability of natural ventilation
In clinical environments, infection prevention emerged as a dominant stakeholder in determining 
whether natural ventilation or low-air-change concepts are acceptable (T). A technically favourable 
solution can still be overruled by clinical risk perspectives (A4). A respondent stated in an example 
that radiant cooling was selected because it was cheaper, more energy-efficient and provided better 
comfort, but was later challenged by infection prevention because a higher ventilation rate was 
required (T). 

Local air movement has comfort potential, but clinical reliability remains contested
Increased air movement was identified as a promising occupant-level comfort strategy. From a 
comfort perspective, fans can support thermal comfort at higher temperatures: “A fan can be a good 
addition to improve thermal comfort, but users need to get accustomed to it.” (C). Localised solutions may 
be particularly relevant for bedbound patients: “A bed fan could be a good local solution for bedridden 
patients. In that case, it is not problematic if there is a risk of draught, as users can adjust it themselves.” 
(C). However, technical specialists expressed concern that local filtered airflow around the breathing 
zone would still mix with room air, reducing reliability (T). As stated, “We prefer to keep outdoor air 
outside.” (T). 

5. IMPLEMENTATION BARRIERS & DRIVERS - RESULTS

Passive-first design requires a different sequencing of assumptions
A passive-first approach requires a different order of reasoning. Instead of starting from worst-case 
mechanical capacity, design should first define user needs, risk profiles and passive potential, after 
which active systems address the remaining performance gap. This contrasts with current practice, 
where installation design often starts from ensuring that sufficient technical capacity and space are 
reserved from the outset (A1; I). A respondent stated: ''current cost-reduction logic could be reversed. 
Instead of cutting architectural measures when budgets become constrained, design teams could investigate 
whether smarter architectural choices reduce the need for mechanical systems. This would require passive 
strategies to be evaluated before installation capacity is fixed.'' (A4)
 
Simulations should test realistic reduction of system dependency
Simulations should not only evaluate ideal passive scenarios, but also reflect the conservative design 
logic of hospital projects. Since hospital climate design often starts from mechanical capacity, 
generic functionality and worst-case assumptions, passive scenarios should test how much system 
dependency can realistically be reduced without compromising reliability (I; T).
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The relevance of local air movement is strengthened by the wide variation in patient needs and 
comfort responses. As stated: “One should not focus too narrowly on defining a specific patient range; 
rather, it is clear that this range is very broad, meaning solutions should be adaptable to individual needs.” 
(C). This suggests that fan operation, local airflow and other user-level strategies should prioritise 
adaptability and individual control.

Simulation should include airflow containment, air quality and perceived control
Future evaluation of natural ventilation and fan operation should go beyond thermal comfort effects 
alone. For openable windows, simulations should assess interaction with active cooling, heat gains, 
night-time recovery and control logic (I; TS). For local air movement or filtered airflow, assessment 
should also include airflow containment, mixing, air quality and perceived controllability (C; T). This 
is necessary to distinguish between psychological benefit, measurable thermal performance and 
clinical acceptability.

5. IMPLEMENTATION BARRIERS & DRIVERS - RESULTS
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Fig. 5.2: Summary diagram of implementation barriers from the qualitative interview results. (Author’s work)
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Control and uncertainty were ranked as the most important barrier on average, with relatively strong 
agreement across respondents. This supports the qualitative finding that passive cooling in healthcare 
is mainly constrained by concerns about predictability, infection prevention, system reliability and 
operational control. By contrast, barriers such as knowledge, ownership, and system-related barriers 
show greater variation, indicating stronger dependence on stakeholder role and position within the 
design process.
 
Cost also ranked relatively high, although with notable variation. For some respondents, cost is a 
primary barrier because passive measures require upfront investment with uncertain short-term 
returns. For others, including H and C, clinical safety, healing environment quality and demonstrable 
performance are more decisive. Cost should therefore be understood not as a standalone barrier, 
but as something shaped by uncertainty, ownership and the ability to demonstrate long-term value.
Timing was ranked lower by several respondents, partly because hospital projects are typically 
developed by integrated design teams from an early stage.
 
The low average ranking of law and regulation is notable. Formal building regulations were not 
perceived as the main obstacle to passive cooling. However, this does not imply that regulatory 
constraints are irrelevant. The interviews suggest that clinical requirements, internal risk protocols 
and infection-prevention standards are more decisive than general building legislation. This explains 
why regulation can rank low while clinical control remains a dominant implementation barrier.

5.3.1 Indicative prioritisation of barriers and stakeholder variability
Fig. 5.3 shows how respondents prioritised implementation barriers. The results should be inter-
preted as indicative rather than statistically robust, due to the limited and uneven sample size, diffe-
rences in stakeholder background and the ordinal nature of the ranking method. Nevertheless, the 
spread in the ranking is valuable, because it shows not only which barriers were considered impor-
tant on average, but also where stakeholder perspectives diverged. Appendix O contains more infor-
mation about the barriers and drivers displayed on the x-axis of Fig 5.3 and 5.4. Appendix R shows 
rankings per stakeholder.

Barriers

Fig. 5.3: Box plot showing the relative ranking of implementation barriers.

5.3 Quantitative interview results

5. IMPLEMENTATION BARRIERS & DRIVERS - RESULTS
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Ambassadorship, benchmarks and expertise also ranked relatively high, but with considerable 
variation across respondents. This supports the qualitative finding that passive cooling requires 
clear ownership and interdisciplinary coordination. The variation indicates that stakeholders assign 
implementation responsibility differently: some emphasise client or architectural leadership, while 
others prioritise technical expertise or cross-disciplinary collaboration.
 
Experts, regulation, knowledge, and PvE requirements show a wider spread. Their perceived 
relevance depends strongly on stakeholder background. For some respondents, formal or PvE 
requirements, are essential to make passive strategies defensible; for others, ambition, cooperation 
and ownership are more decisive. This indicates that evidence alone is insufficient unless it is 
embedded in a decision-making process capable of acting on it.
 
Awareness ranked relatively low. This is remarkable because overheating, installation dependency 
and climate risk are common arguments for passive design. The ranking suggests that awareness of 
these risks does not automatically translate into implementation.

As an exploratory check, Spearman rank correlations were calculated between ranked barriers and 
drivers (Appendix S). The average barrier–driver correlation was approximately zero, indicating 
that barriers and drivers are not direct opposites. Implementation barriers can therefore not be 
addressed simply by strengthening the corresponding driver category. 
 
Some correlations are conceptually plausible, such as the relation between timing as a barrier and 
early expert involvement as a driver, which underlines the importance of introducing technical 
knowledge before key requirements are fixed. Other correlations are less robust and should be 
interpreted cautiously. 

5.3.2 Indicative prioritisation of drivers and stakeholder variability
The driver ranking shows that ambition is the strongest driver on average and showed relatively 
high agreement across respondents. This aligns with the qualitative finding in section 5.2 suggesting 
that passive cooling does not emerge automatically from sustainability awareness or technical 
optimisation. It needs to be formulated as an explicit project ambition early in the process, before 
the PvE, climate concept and cost framework start narrowing the design space.

Drivers

Fig. 5.4: Box plot showing the relative ranking of implementation drivers.

5. IMPLEMENTATION BARRIERS & DRIVERS - RESULTS
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The respondent-similarity analysis in Fig. 5.5 shows limited overall agreement in the ranking of 
barriers and drivers. Average similarity within the architect group is close to zero for barriers (-0.01), 
drivers (0.06) and combined rankings (0.02), indicating that stakeholder role alone does not explain 
prioritisation patterns. This suggests that individual project experience, disciplinary focus and 
interpretation of the ranking cards influenced responses more strongly than professional category.
 
Some respondent pairs show moderate similarity, particularly B1-A4 (0.56), H1-A1 (0.55), T1-B1 (0.45)
and A2–T2 (0.44). These similarities indicate partial alignment between specific respondents, but 
not a consistent cluster across stakeholder groups. Conversely, negative correlations, such as A2-B1 
(-0.30), A3–T1 (-0.28) and C2–T2 (-0.27) show that some respondents ranked barriers and drivers in 
substantially different orders.
 
Overall, the heatmaps confirm that implementation priorities are heterogeneous rather than role-
determined. The ranking exercise should therefore be interpreted as exploratory evidence of divergent 
stakeholder perspectives, while the qualitative interview data remain essential for explaining why 
certain barriers and drivers were prioritised.

Fig. 5.5: Spearman rank correlation between participating stakeholders in the interview.

5. IMPLEMENTATION BARRIERS & DRIVERS - RESULTS
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6P condition Mitigating barriers Enabling drivers

Purpose

Unclear ownership and responsibility: it is unclear who owns passive 
concepts and who remains responsible for them. 
Limited stakeholder conviction or interest: passive cooling lacks 
sufficient support from key stakeholders.

Clear client ambition: strong sustainability goals legitimise passive-first 
design.Internal champions: dedicated actors keep passive strategies 
active.Climate-risk awareness: future heat risk supports alternative design 
choices.

Price
Short-term cost logic: passive measures are disadvantaged when only 
initial investment is considered. Cost perception: passive cooling is 
perceived as more expensive than conventional systems..

Life-cycle valuation: energy, maintenance, comfort and reduced system 
dependency are included in decisions. Failure-risk costing: installation risks 
and failure costs are made explicit.

People

Knowledge gaps: passive cooling expertise is unevenly distributed.Late 
expert involvement: relevant expertise enters after key design freedom is 
lost. Fragmented collaboration: stakeholders work from separate scopes 
rather than a shared climate concept.

Early expert involvement: building physics and comfort expertise define 
ambitions and criteria early. Knowledge sharing: shared understanding 
increases support. Integrated collaboration: disciplines align around one 
climate strategy from the start.

Process

Timing in the design process: passive expertise is often involved too late. 
System inertia: the design process follows familiar routines, making 
change difficult. Conventional installation-led workflow: mechanical 
capacity becomes the default starting point.

Early decision structure: passive options are assessed before key design 
choices are fixed. Flexible process: design teams can question routines and 
compare climate concepts.Integrated working agreements: procedures 
define how climate decisions are made.

Program

Closed PvE: mechanical cooling assumptions restrict solution freedom. 
System-driven requirements: comfort is translated into technical system 
demands rather than user performance. Regulatory caution: rules are 
interpreted as constraints on passive cooling.

Performance-based PvE: comfort and cooling requirements are formulated 
as outcomes.  ambitions, design principles, performance criteria, technical 
demands and wishes are separated. Policy as support: regulation or 
internal policy is aligned with passive-first objectives.

Proof

Limited evidence: guidelines, benchmarks and validated examples are 
insufficient.Control uncertainty: mechanical systems are perceived as 
more predictable. Context dependency: performance varies with 
typology, climate, loads, users and system interaction.

Performance benchmarks: practical guidelines provide reference values. 
Scenario-based evidence: simulations and risk ranges make performance 
credible. Decision-ready proof: results are translated into comfort, cooling 
load, energy, cost, risk and operation.

5.4.1 P-ladder
The interview findings identified multiple barriers and drivers for implementing passive cooling in 
healthcare design. Since many of these issues reflect broader process conditions, they were clustered 
into six recurring categories: Purpose, Price, People, Process, Program and Proof.
 
This clustering translates separate interview findings into an actionable framework. Rather 
than addressing each barrier individually, the P-ladder defines the conditions needed to make 
passive-first design feasible in practice. As shown in Table 5.1, each P-condition links specific 
barriers to corresponding drivers. The P-ladder therefore connects the interview analysis to the 
recommendations by showing both what limits passive cooling and which conditions can support its 
implementation. The complete P-ladder is shown on the next page.

Because the early design phase plays a decisive role in defining the project ambition and establishing 
a passive-first design vision, it is important that stakeholders develop a shared knowledge base and 
consider passive design choices from an integrated perspective. To support this process, a set of 
Dialogue Starter Cards was developed as an additional tool alongside the P-ladder. The cards are 
intended to facilitate structured discussion during the initiation phase. They help design teams 
explore the potential of passive strategies, clarify ambitions, and translate these ambitions into 
related design requirements. Figure 5.6 shows an example of one of the cards. The complete card 
set, tailored to the different stakeholders involved in the design process, is provided in Appendix T.

Table 5.1: Translating barriers and drivers into 6 P conditions

5.4 Design and process recommendations

5. IMPLEMENTATION BARRIERS & DRIVERS - RESULTS

Increasing air velocity enhances heat loss  from the 
human body, allowing higher indoor temperatures 
while maintaining comfort. 

CAN AIR MOVEMENT BE ACTIVELY USED 
AS A STRATEGY TO IMPROVE COMFORT 
IN PATIENT ROOMS?

Fact

e.g. 
• Integration of ceiling fans
• Increased ceiling height
• Air supply near patient zone

Design implications

• Define acceptable air velocity
• Allow local control systems
• Include adaptive comfort criteria

Programme implications

STAKEHOLDER

ARCHITECT
CARD

04

PASSIVE DESIGN DIALOGUE CARDS

Perceived control over the indoor environment significantly 
improves thermal satisfaction, even when physical 
conditions remain unchanged. In addition, enabling 
adaptive actions (e.g. adjusting airflow, temp. or shading) 
allows occupants to tolerate a wider temperature range. 

TO WHAT EXTENT SHOULD PATIENTS OR 
STAFF BE ABLE TO INFLUENCE THEIR 
LOCAL INDOOR CLIMATE?

Fact

• Integrate operable elements (windows, shading 
devices)

• Allow local air movement (e.g. fans, directional airflow)
• Design zones with different thermal conditions
• Position controls within reach of users or staff

Design implications

• Define levels of user control 
• Include adaptive comfort criteria 
• Specify provisions for local environmental adjustment
• Align control strategies with infection control and 

safety requirements

Programme implications

STAKEHOLDER

USER / HEALING ENVIRONMENT
CARD

05

PASSIVE DESIGN DIALOGUE CARDS

STAKEHOLDER

COST EXPERT
CARD

06

PASSIVE DESIGN DIALOGUE CARDS

Passive strategies are often overlooked because 
their costs appear early in the project, while many of 
their benefits emerge later through reduced 
installation size, lower operational energy use and 
improved thermal resilience.

SHOULD PASSIVE CLIMATE STRATEGIES 
BE EVALUATED AS ARCHITECTURAL 
COSTS, ENGINEERING COSTS, OR 
LONG-TERM OPERATIONAL INVESTMENTS?

Fact

• Reserve budget for early climate simulations 
and passive studies

• Include lifecycle performance alongside initial 
investment costs

• Allow budget transfer between architectural and 
installation scopes

Programme implications

Fig. 5.6: Cards from the passive-first dialogue starter card set, full set is provided in Appendix T. (Author's work)
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5.4.2 Design exploration 2050 patient room
To explore the applicability of natural ventilation and 
local air movement as a thermal comfort strategy in 
healthcare environments, a focus group workshop was 
organised with building physics experts. The objective 
of the workshop was to systematically explore the 
design possibilities for increasing air speed at patient-
room level through passive design interventions, while 
simultaneously reducing the design space to a limited 
number of feasible and research-relevant concepts for 
further design exploration.
 
The workshop followed a structured divergence–
convergence approach. In the first phase, participants 
identified and discussed physical parameters and 
airflow mechanisms that could influence local air 
speed and thermal comfort in patient rooms. This 
enabled a broad exploration of the potential design 
space surrounding wind-driven ventilation, buoyancy-
driven flow, geometric acceleration, and façade-
related interventions. In the second phase, these 
parameters were clustered, combined, and critically 
evaluated against healthcare-related constraints such 
as draught risk, infection prevention, controllability, 
and implementation feasibility. 

Fig. 5.7: Focus group workshop on passive natural 
ventilation in patient rooms.

This process resulted in a controlled reduction of the design space and the definition of four 
preliminary design principles. In addition to identifying technically feasible concepts, the 
workshop deliberately stimulated out-of-the-box thinking in order to move beyond conventional 
natural ventilation approaches commonly applied in healthcare buildings. 

The simulation and interview results show that passive ventilation is constrained by limited wind 
availability, uncertain airflow behaviour, clinical requirements and the need for operational 
control. Natural ventilation provides useful occupant-level cooling only during a limited number 
of hours, while stakeholders identify unpredictability, infection control and controllability as key 
implementation barriers. The following design explorations therefore examine how outdoor air 
could be supplied more stably and predictably to the patient room. Rather than proposing standard 
solutions for current practice, they explore passive-first concepts for 2050 that aim to increase 
usable hours of elevated air speed, reduce airflow uncertainty and align ventilation strategies with 
patient comfort, staff comfort and clinical constraints. First, design objectives are shown (Fig. 5.8), 
followed by four concept directions (Fig. 5.9 - 5.12), and finally a futuristic 2050 passive patient 
room (Fig. 5.13).

5. IMPLEMENTATION BARRIERS & DRIVERS - RESULTS
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Differentiate thermal conditions 
within the patient room according 
to user position, activity level and 

vulnerability.

Prevent direct solar exposure in the 
bed zone and minimise spatially 
non-uniform solar patches.

Provide stable and evenly distributed 
occupant-level air movement to 
reduce thermal asymmetry and 

draught risk.

Enable appropriate user or staff 
control over local thermal conditions 
without compromising clinical safety.

Discharge accumulated heat through 
high-level exhaust paths before thermal 

build-up affects occupied zones.

Limit ingress of outdoor noise, 
particulate matter and pollutants 
while maintaining ventilation 

potential.

Prevent short-circuiting between inlet 
and outlet openings to maintain effective 

room-level heat removal.

Maintain predictable airflow direction 
and pressure relationships to support 

infection-control requirements.

Fig. 5.8: Summary of design objectives. (Author’s work)

Design exploration objectives

5. IMPLEMENTATION BARRIERS & DRIVERS - RESULTS
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1. Ceiling-integrated air distribution

This option introduces outdoor air 
through a continuous narrow slot at 
the top of the façade and distributes 
it through the ceiling void towards 
controlled supply points. The strategy 
allows outdoor air to penetrate 
deeper into the room, provided that 
inlet pressure is sufficient, internal 
resistance is limited and outlet 
positions prevent short-circuiting 
or recirculation. Supply openings 
must be designed to avoid cold 
downdraught and unintended heat 
gain from ceiling-integrated fixtures. 
In winter, the inlet can be closed to 
prevent draught, while the façade 
grille and suspended ceiling require 
accessible maintenance zones.

2. Bed-integrated microclimate 
and separated airflow zones
 
This option integrates two local 
fans into the bed headwall to create 
directed airflow around the patient 
zone. Airflow direction and speed can 
be adjusted by the patient, enabling 
individual control over local thermal 
conditions. For staff cooling, high-
level windows or grilles supply 
upward-directed airflow above the 
bed towards the staff zone, with high-
level exhaust on the opposite wall. 
The separation between patient and 
staff airflow paths requires further 
assessment to prevent premature 
mixing, while acoustic performance, 
outdoor particulate ingress and 
clinical acceptability remain critical 
design constraints.

Fig. 5.9: Design exploration: Ceiling-integrated air distribution

Fig. 5.10: Design exploration: Bed-integrated microclimate 
and separate airflow zones

5. IMPLEMENTATION BARRIERS & DRIVERS - RESULTS

Design explorations for occupant-level airflow
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3. Aerodynamic solar shading and 
Coandă-based airflow guidance
 
This variant combines external solar 
shading with aerodynamic façade 
panels that guide wind-driven airflow 
towards controlled inlet openings. 
Wing-shaped vertical elements 
modify local pressure distribution 
and promote flow attachment along 
the façade, potentially improving air 
capture at selected openings. High-
level acoustically treated and filtered 
grilles supply air to the staff zone, 
while lower protected openings near 
the bed create a more sheltered patient 
airflow path. Panel geometry, spacing 
and orientation require optimisation to 
avoid flow separation, turbulence and 
short-circuiting, while internal airflow 
paths must preserve momentum 
towards the intended occupied zones.

4. Pressure-buffer façade with 
distributed air intake
 
This option keeps conventional 
windows closed during normal 
operation and introduces outdoor air 
through a perforated external façade 
layer. The air is collected in a ventilated 
cavity that acts as a pressure-stabilising 
buffer before entering the room through 
controllable vertical slots. Adjustable 
slot orientation allows local airflow 
direction to be tuned by users or staff.
By distributing air intake across the 
façade, the strategy aims to create more 
stable and draught-reduced ventilation 
than conventional operable windows. 
During winter, supply openings can 
be closed to maintain airtightness and 
prevent unwanted cold infiltration.

Fig. 5.11: Design exploration: Aerodynamic solar shading and 
Coandă-based airflow guidance

Fig. 5.12: Pressure-buffer façade with distributed air intake

5. IMPLEMENTATION BARRIERS & DRIVERS - RESULTS
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Futuristic passive-cooled patient room

5. IMPLEMENTATION BARRIERS & DRIVERS - RESULTS

������������������������
�������������������������

�
���������
���

��������
�������
��
����

����
������
������

��������
�������������
�
���
��
��
��
	����

��������������������������
����
����������������
��������
���������

	�������������
�
���������������������
������
���������������

������������������
��

��	��������������������
���

��������
����
������
��

�������������������
������
���������������������

�
����
�������������������
���
������������

���������������������������
�����������������������	�����

������������������
�������������

��
������������������������
��
�������������������������

�����������	���������
��������������������

���	������	�����������
����

��
������
���������	���
���
�����	�����������
�����������������

���������
���������������
�������������
������
�
������������

��
��
���
�������������������
������������������������
�������	���������������

	�����
���

���������� ����­
��������
�
���
���
�������
�

���������������	���������
��������
�����

�����������
������
��
�
�������������
���������
�
����������	�����������		
��

������	�����������
���

��
��������������������
	���������������������
���

�����������

�������������
��
�
���
������	���������
������
������������
�����������������������
��������������	����

�����

���������­������
��������
�����
�����������������	��������
������������������		����

������

����������������������
���
���������
�	�

Fig. 5.13: Design exploration of passive-first and hybrid cooling strategies at patient-room scale. (Author's work)

This design exploration should not be read as an optimised or final patient-room proposal. The 
performance of passive and hybrid cooling strategies is highly context-dependent and would vary 
with orientation, façade exposure, internal heat loads, clinical requirements, outdoor air quality, 
pressure regimes and operational control. The drawing therefore serves as a spatial exploration of 
how different strategies could be combined within a future 2050 patient-room concept, rather than 
as a validated design solution.
 
The exploration combines the design ideas introduced in Figures 5.9–5.12 and translates several 
principles discussed in this thesis into one speculative patient-room concept, including solar-
gain reduction, pressure-buffered façade design, controlled airflow paths, local patient-level air 
movement, high-level exhaust, thermal buffering and ground-coupled cooling. Its purpose is not to 
present a final technical solution, but to challenge installation-led thinking and visualise how passive-
first principles, airflow control, user differentiation and clinical constraints could be discussed 
at an early design stage. This does not imply that the technical, clinical or organisational barriers 
identified in the previous chapter are solved by the design. Further development would require 
detailed simulation, airflow modelling, infection-control assessment, acoustic and cost evaluation, 
user testing and integration with actual hospital design protocols.
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The interview study included stakeholders from different roles within healthcare projects to capture 
multiple perspectives on passive and hybrid cooling implementation. This strengthens the qualitative 
depth of the findings, but limits comparability between respondents. Differences in professional 
background, terminology and project role influenced how participants interpreted barriers, drivers 
and responsibilities. The ranking results should therefore be read as indicative patterns rather than 
statistically robust evidence. The main limitation is the uneven sample composition. Some stakeholder 
groups were represented by only one respondent, which risks generalising individual views to a wider 
professional group. A larger and more balanced sample would be needed to strengthen external 
validity, particularly for stakeholder-specific conclusions.
 
The card-ranking exercise also introduces uncertainty. Although explanatory notes were provided 
and participants were asked to think aloud, interpretation bias could not be fully avoided. The 
predefined cards may also have missed relevant implementation factors, despite the option to add 
items. In addition, the ordinal ranking shows order but not relative weight, while several participants 
indicated that some differences were larger than the ranking could express. Pairwise comparison 
or weighted scoring could provide a more precise representation of stakeholder priorities. Since 
several respondents were involved in the case study, response bias may also have affected the degree 
of criticism expressed.

5.5 Stakeholder interview discussion and limitations

5. IMPLEMENTATION BARRIERS & DRIVERS - RESULTS

How can simulation-based performance evidence and stakeholder-based implementation 
findings inform early-stage design guidance for occupant-centred, function-specific passive-first 
cooling strategies in healthcare buildings?

Despite the indicative nature of the interview findings, the combined simulation and stakeholder 
results show that passive-first cooling in healthcare is not constrained by technical feasibility alone. 
Simulations identify where passive and hybrid strategies are physically effective, such as solar heat-
gain reduction, local air movement and cooling setpoint flexibility. The interviews show why these 
strategies often fail to become decisive in practice: fragmented PvE requirements, late involvement 
of expertise, unclear ownership, short-term cost logic, clinical risk perception and an installation-
led design culture all reduce their influence during early decision-making.
 
This means that passive strategies need more than isolated technical measures or generic 
sustainability ambitions. They require an enabling project structure in which comfort ambitions, 
user profiles, clinical risk categories and ownership are defined per healthcare function before key 
spatial and technical decisions are fixed. Simulation outputs should therefore be translated into 
decision-relevant indicators, including comfort robustness, cooling-load reduction, user-specific 
thermal risk, airflow controllability, spatial impact, operational reliability and long-term value.
. 
Early-stage guidance should follow a sequential logic. Firstly, the design team should define the 
comfort ambition, risk profile and responsible actor for each healthcare function. Secondly, passive 
potential should be tested under current and future climate conditions using internal heat-load 
assumptions and occupant-centred indicators such as SET. Thirdly, the results should be evaluated 
against implementation conditions such as infection-control boundaries, user control, maintenance, 
flexibility and stakeholder responsibility. Only then should active systems be dimensioned as hybrid 
fallback for the remaining demand, rather than as the default starting point.
 
Overall, occupant-centred passive-first cooling requires quantified performance evidence, clear 
project ambition, early interdisciplinary cooperation and accountable ownership from the earliest 
design stages. These conditions are needed to prevent passive strategies from becoming secondary 
additions once mechanical systems have already defined the design direction.

5.6 Sub-conclusion implementation barriers and drivers
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DISCUSSION, CONCLUSION AND REFLECTION
This chapter synthesises the main findings of the research and answers the research questions. 
It discusses the implications of passive and hybrid cooling strategies for occupant-centred 
thermal comfort, cooling demand and early-stage healthcare design. The chapter also reflects 
on the methodological limitations, the transferability of the findings and the broader relevance 

of a passive-first design approach for future hospital patient rooms.

6
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6.1.1 Validation and consistency with previous research

Solar control: strong physical effect, limited comfort effect
The results are broadly consistent with previous passive-cooling research, but also show that reported 
performance cannot be transferred directly to hospital patient rooms. The passive-envelope scenario 
confirms the effectiveness of façade-based solar control: transmitted solar radiation decreases from 
11.97 to 2.38 kWh/m², corresponding to an 80.1% reduction. This aligns with Prieto Hoces et al. (2018), 
who report substantial peak cooling-load reductions from external shading in mid-latitude climates.  
However, the comparison is not one-to-one: Prieto Hoces et al. report peak cooling-load reduction, 
whereas this study reports transmitted solar radiation reduction. The distinction is important, because 
the reduced solar load does not translate into proportional thermal comfort improvement. Average To  
decreases from approximately 42.9°C in the free-floating case to 38.9°C in the passive-envelope case, 
but remains far above acceptable comfort levels (Fig. 4.9). The passive envelope therefore performs as 
a heat-gain prevention measure, not as a stand-alone overheating solution.

Why literature reports stronger comfort effects
This also explains why some literature reports stronger passive-cooling effects. Studies by Raji et 
al. (2017, 2019) often assess combined packages of glazing optimisation, solar shading, natural 
ventilation, night flushing and thermal mass. Moreover, these studies frequently concern office-like 
or high-rise contexts with less continuous occupancy, healthier users and greater adaptive potential. 
A hospital patient room differs substantially: it is continuously occupied, contains vulnerable users, 
has strict comfort and hygiene expectations, and includes persistent equipment loads. The present 
results therefore support the literature, but refine its applicability: passive-cooling benchmarks must 
be reinterpreted for healthcare spaces with high internal gains and limited adaptive capacity.

Internal gains as the dominant residual load
The simulations further confirm that passive cooling performance depends on the full heat balance, 
not façade design alone. After solar transmission is reduced, internal gains become dominant. In 
the free-floating case, lighting and equipment contribute 13.7 kWh/m², exceeding the remaining 
transmitted solar gains in the passive-envelope scenario. The sensitivity analysis strengthens this 
finding: a 50% reduction in equipment power lowers average To  by approximately 3.2°C, whereas 
reduced occupancy and timber construction have much smaller effects (Fig. 4.10). For patient rooms, 
internal heat-load management should therefore be considered part of passive design, rather than a 
separate operational issue.

Natural ventilation and cooling demand: context-dependent comparison
The natural-ventilation and hybrid results are also consistent with the context-dependent performance 
reported in the literature. Zhang et al. (2019) report cooling energy reductions of up to 40% from 
natural ventilation and approximately 25% from fixed shading. The larger ideal cooling-load reduction 
in this study should not be interpreted as a direct improvement over those values, because it results 
from a hybrid strategy: local air movement enables a cooling setpoint increase from 24°C to 26°C 
(section 4.2.5). In addition, the reported reduction concerns ideal cooling load, not final electricity use 
or full HVAC performance. The result therefore demonstrates the value of air-speed-driven setpoint 
flexibility, but its magnitude remains dependent on modelling assumptions, COP, fan control and 
omitted system dynamics.

Why active systems remain necessary
The findings also support the argument by Lu et al. (2016) that active systems remain attractive because 
they compensate for uncertainty through controllable energy input. In this study, the passive envelope 
does not maintain comfort, and natural ventilation is intermittent due to wind-direction, pressure 
and timing dependence. This is consistent with Kotireddy et al. (2019), who argue that early design 

6. DISCUSSION, CONCLUSION AND REFLECTION

6.1 Cross-chapter discussion
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lacks actionable guidance for combined uncertainty. In the patient-room case, uncertainty concerns 
not only climate and façade performance, but also infection-control constraints, window operation, 
internal loads, patient vulnerability, staff routines and local air-speed distribution. A hybrid passive-
active strategy is therefore more defensible than a fully passive strategy.

Conventional room-temperature comfort is insufficient for patient rooms
The comfort results validate the need for occupant-specific assessment. Ruggiero et al. (2022) showed 
that bedridden patients can fall outside comfort limits even when indoor temperatures remain within 
conventional ISO 7730 summer ranges. Under the same 2050 HVAC baseline, mobile patients remain 
below the 27°C SET threshold, while bedridden patients and staff exceed it during substantial parts of 
the summer period (Fig. 4.7). This confirms that TO  alone cannot represent comfort in patient rooms. 
Thermal response depends on the interaction between TO, vair, clothing or bedding insulation, MET 
and exposure pattern. Ruggiero et al. (2022) show that acceptable temperature ranges in hospitals 
differ per user group when bedding, CLO and reduced patient activity are included: 21.8–27.9°C for 
patients and only 24.1–25.6°C for medical staff. The simulation results show a similar pattern. In 
the hybrid scenario, the mobile patient remains within a comfortable range, with an average SET of 
25.78°C, while the bedridden patient remains close to the upper patient boundary, with an average SET 
of 28.86°C. Staff comfort improves the most: although the hybrid strategy reduces average SET from 
30.13°C to 27.74°C and exceedance hours from 2148 to 1760, the average SET still exceeds Ruggiero et 
al. 2022’s staff range. The comparison is not exact, because Ruggiero et al. (2022) report temperature 
ranges while this study uses SET, but both studies confirm that hospital comfort assessment must be 
differentiated by user group rather than based on one generic indoor temperature band.

The user-group differences are physiologically consistent with Zhang et al. (2020). For bedridden 
patients, high total insulation from bedding restricts convective and evaporative heat loss. For 
staff, higher  MET increases internal heat production. A respiratory heat-loss check illustrates this 
mechanism: under Tair = 26 °C and pa = 1.68 kPa , estimated respiratory heat loss is 4.72 W/m² for 
bedridden patients, 5.99 W/m² for mobile patients and 8.56 W/m² for staff (Eq. 20). The higher value 
for staff reflects higher metabolism, but does not imply greater comfort, because total metabolic heat 
production increases more than respiratory heat loss. This supports the simulation outcome: staff 
benefit strongly from air movement but remain sensitive to heat, while bedridden patients remain 
constrained by bedding insulation (Fig. 4.17-4.19).

The role of elevated vair is consistent with Song et al. (2021), who report that higher vair can increase 
acceptable TO by approximately 2°C in occupant-controlled environments. In the hybrid scenario, local 
air movement allows the cooling setpoint to increase from 24°C to 26°C while partly compensating 
the comfort penalty of the higher setpoint. The effect is user-dependent: staff show the strongest 
improvement, bedridden patients show a lower average SET but persistent exceedance, and mobile 
patients perform slightly less favourably than the baseline. Natural ventilation shows the same 
mechanism less reliably: for mobile patients, adding local vair to the sensible-only ventilation case 
reduces average SET by 0.87°C, from 30.99°C to 30.12°C, with peak reductions of approximately 4.5°C 
under favourable wind conditions. The dot plots further confirm that, at equal TO, higher local vair 
corresponds to lower SET.
 
SET is therefore a more suitable primary metric than PMV alone for this study, because it captures the 
combined effect of Tair,  Tr, humidity, vair, Clo and  MET. However, PMV remains useful as a simplified 
control signal, for example for estimating fan operation and electricity use. This distinction is 
important: SET supports physiological and comfort interpretation, while PMV can support operational 
rule-based modelling. PMV-based fan activation should not be read as observed behaviour, especially 
for staff, whose movement through the room makes continuous local fan exposure unrealistic.

6. DISCUSSION, CONCLUSION AND REFLECTION
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The physiological plausibility check based on Zhang et al. (2020) (Eq. 21) supports the internal 
consistency of the bedridden-patient results. Using RT  = 1.43, M = 1.057 met and respiratory heat 
loss of 4.72 W/m², the left-hand side of the plausibility condition equals 81.12. Under the corrected 
hybrid scenario, with average Ta = 24.89°C, RH of 57.12% and pa ≈ 1.80 kPa, the right-hand side equals 
15.31. Since 81.12 > 15.31, the condition is satisfied, indicating that evaporative heat transfer does 
not unrealistically dominate the heat balance. This is not a full model validation, but it supports the 
plausibility of the hybrid comfort results under average conditions.

Finally, the staff results are consistent with Derks et al. (2018), who found that nurses may experience 
slightly warm sensations and reduced work performance at ward temperatures between 20 and 25°C, 
with a neutral temperature around 21.8°C. This study similarly shows that staff are thermally sensitive 
in the HVAC baseline and benefit most from elevated air speed in the hybrid scenario, although 
exceedance above 27°C remains substantial. The comparison remains methodological rather than 
behavioural: Derks et al. report subjective responses in real wards, while this study uses fixed MET/
CLO profiles and simulated comfort indicators. Both nevertheless point to the same conclusion: staff 
comfort requires explicit attention and cannot be assumed to follow standard room-temperature 
criteria.

6.1.2 Translating results into a different context

Relation between simulation results and interview findings
The simulation results largely support the interview findings, while adding quantitative specificity. 
Interviewees identified internal heat gains from equipment, lighting, occupancy and medical 
technology as a major constraint on passive cooling. This is confirmed by the simulations: despite a 
substantial reduction in transmitted solar radiation, the passive envelope remains insufficient because 
lighting and equipment gains dominate the residual heat balance. Passive façade measures therefore 
cannot be evaluated independently from programme, equipment and operational assumptions.
 
The findings also clarify the debated role of operable windows. Interviewees valued windows for 
perceived control and psychological benefit, but technical specialists questioned their climatic 
reliability and compatibility with controlled systems. The simulations support this caution: natural 
ventilation is intermittent, with 0 m/s window air speed during 845 hours of the analysed period. 
However, they also nuance the interview findings by showing that air movement can reduce SET 
when available or locally generated. This supports the potential of local fans or bed-level airflow, 
while confirming that hygiene, air mixing, draught and controllability remain critical implementation 
conditions.
 
The interviews further show that hospital design is risk-averse, installation-led and dependent on 
evidence before non-standard strategies are accepted. The simulations substantiate this position: 
passive measures alone are insufficient, whereas the hybrid scenario provides a more defensible 
pathway by combining mechanical cooling with occupant-level air movement. Passive cooling should 
therefore not be framed as a replacement for active systems, but as a quantified, function-specific 
strategy for reducing system dependency while maintaining operational reliability. Given the uneven 
interview sample, these findings should be read as contextual validation rather than definitive proof 
of implementation feasibility.
 
Transferability to building scale
The simulation was based on a single representative patient room and should therefore be interpreted 
as a room-scale comparison, not a building-scale prediction. At full-building scale, adjacent rooms, 
corridors and technical zones may buffer heat transfer and alter peak temperatures. Conversely, 
repeated rooms, stacked façades and shared technical systems may intensify cumulative heat loads.
 

6. DISCUSSION, CONCLUSION AND REFLECTION
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Airflow behaviour would also become more complex. Pressure differences, corridor connections, 
leakage paths, open doors and simultaneous window operation could create interzonal airflow patterns 
that are not represented in the single-room model. Orientation further limits direct extrapolation: the 
south-west-facing room represents a relatively critical condition, while north-facing or shaded rooms 
would likely perform differently. Building-scale application therefore requires spatial differentiation 
by orientation, floor level, programme, façade exposure and airflow path.

Transferability to other typologies
Transferability to other healthcare typologies is conditional. The interviews suggest that passive 
strategies may be more feasible in long-term care or residential care settings, where internal heat 
loads and clinical control requirements are often lower and user control may be more acceptable. 
In acute hospital wards, however, high equipment loads, 24/7 operation, infection-prevention 
constraints and standardised installation concepts limit the reliability of fully passive measures. 
 
Even within one hospital, passive-first strategies should be differentiated by function and risk profile. 
Highly controlled spaces require active fallback and strict air-quality control, while outpatient areas, 
office-like functions and lower-risk care environments may allow greater use of natural ventilation, 
adaptive comfort and user control. Beyond healthcare, the findings may inform typologies facing 
similar tensions between internal heat gains, comfort, reliability and air-quality constraints, but 
should not be transferred directly. The broader contribution lies in the method: assessing passive 
potential through internal-load sensitivity, occupant-level comfort and hybrid system dependency 
rather than assuming universal applicability of a single passive strategy.

6.1.3 Further research
The most urgent next step is validation of local air movement in patient rooms through higher-
resolution airflow modelling, such as CFD or zonal airflow models, combined with measurements in 
mock-up or operational healthcare settings. This is needed because the effectiveness of both natural 
ventilation and bed-level fan strategies depends on airflow direction, velocity distribution, draught 
risk, hygiene and clinical acceptability. In addition, the predicted thermal comfort effects should be 
validated against real occupant responses. The present study uses established comfort indicators to 
compare scenarios, but uncertainty remains regarding how accurately these indicators represent 
different patient groups, especially bedridden, elderly or medically vulnerable occupants. Further 
empirical research is therefore needed on thermal perception, adaptive capacity and acceptable air 
movement for specific patient groups. This may require the development or refinement of thermal 
comfort models that better account for bedding insulation, limited mobility, metabolic variability and 
clinical constraints.
 
A second priority is full-building and full-year simulation, including orientation diversity, adjacent 
rooms, corridors, seasonal trade-offs and realistic HVAC performance. Such studies should also test 
whether room-scale improvements remain effective when integrated into the operational dynamics 
of a hospital ward. Finally, sensitivity studies on equipment loads, bedding configuration, user 
behaviour and future weather data are needed to determine when passive and hybrid cooling remains 
effective across different healthcare functions. Since climate projections and design weather files 
are periodically updated, overheating risk and cooling performance should be reassessed over time 
rather than treated as fixed design outcomes.

6. DISCUSSION, CONCLUSION AND REFLECTION
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This research investigated how passive and hybrid cooling strategies at patient-room scale can support 
occupant-centred thermal comfort and reduce cooling demand in Dutch hospital buildings under 
projected 2050 climate conditions. The main conclusion is that a fully passive patient-room concept is 
not a robust solution under projected 2050 climate conditions. Passive measures can reduce overheating 
risk and lower cooling demand, but they do not provide sufficient reliability to replace mechanical 
cooling in hospital settings. Their performance depends on the interaction between solar heat-gain 
prevention, internal heat loads, thermal storage, heat dissipation and user-specific heat exchange. 
In addition, their implementation potential remains limited when introduced as isolated measures, 
since such strategies are easily overridden by clinical risk concerns, fragmented requirements, cost 
logic and installation-led decision-making. A passive-first approach is therefore only meaningful as an 
early-stage design philosophy: layered, occupant-centred, function-specific and explicitly supported 
by hybrid or mechanical cooling where passive capacity becomes insufficient.
 
RQ1 addressed the building-physics mechanisms that determine passive cooling performance. 
The literature and simulations indicate that patient-room overheating is governed by the full heat 
balance rather than by façade performance alone. Solar gains, façade orientation, glazing properties 
and shading determine the external thermal load, while internal gains from equipment, lighting and 
occupancy can dominate the residual heat balance. Thermal mass can delay and redistribute heat, 
but does not remove it. Ventilation and air movement are therefore critical because they provide 
heat dissipation and modify occupant-level convective and evaporative heat loss. Passive cooling 
performance should consequently be assessed through operative temperature, SET, local air speed 
and user-specific parameters, rather than through air temperature or cooling demand alone.

RQ2 examined how comfort limits differ between healthcare user profiles. 
The results show that a uniform comfort criterion is insufficient for patient rooms. Mobile patients, 
bedridden patients and staff respond differently to the same indoor conditions because their metabolic 
rate, clothing or bedding insulation, exposure duration and adaptive capacity differ. Mobile patients 
generally remain closer to acceptable SET ranges because of lower insulation and greater heat-
dissipation potential. Bedridden patients are constrained by bedding insulation and limited exposed 
body surface, while staff experience high thermal load due to higher metabolic heat production. 
The same room condition can therefore produce different thermal risks for different users, making 
occupant-centred comfort assessment essential.
 
RQ3 assessed the effect of passive envelope measures under projected 2050 climate 
conditions. Under the applied assumptions, the passive envelope strongly reduces transmitted 
solar radiation. However, this does not translate into a proportional comfort improvement. Operative 
temperature remains high in the free-floating scenarios, even after façade optimisation. This is 
because internal gains from lighting and equipment remain substantial and become dominant once 
solar transmission is reduced. The sensitivity analysis suggests that reducing equipment power has a 
larger effect on operative temperature than reducing occupancy or changing construction type. These 
numerical outcomes are uncertain because they depend strongly on the assumed internal loads, 
simplified room model, summer-only period and free-floating setup. Nevertheless, the direction of 
the finding is robust: passive envelope measures are necessary to reduce external heat gains, but 
insufficient as a stand-alone overheating mitigation strategy in continuously occupied patient rooms 
with high equipment loads.
 
RQ4 examined occupant-level air movement through natural ventilation and local fans. 
Natural ventilation improves SET-based comfort only intermittently. In the model, a substantial 
part of the analysed summer period has little or no calculated wind-driven air speed at the window. 
This result should not be interpreted as an exact prediction of ventilation availability, because local 
air speed was derived from simplified pressure-based calculations rather than detailed airflow 
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simulation. However, it supports the broader conclusion that openable windows cannot be assumed 
to provide stable cooling in this context. When air speed is available, its comfort effect is clear: local 
air movement can reduce SET by improving convective and evaporative heat loss, even when room 
temperature itself is not strongly reduced.
 
The hybrid scenario provides the strongest indication of the potential value of controlled local air 
movement. Under the tested assumptions, raising the mechanical cooling setpoint from 24°C to 26°C 
while adding local fans substantially reduces ideal cooling demand, roughly in the order of two-
thirds, and reduces active cooling hours by about half. These values should be interpreted cautiously: 
they represent ideal cooling loads, not final electricity use, and depend on the assumed COP, fan 
control logic, local air-speed calculation and simplified HVAC representation. The comfort effect is 
also user-dependent. Staff benefit most from elevated air speed because of their higher metabolic 
rate, while bedridden patients show a smaller improvement because bedding insulation restricts heat 
dissipation. The result therefore supports the principle of local air movement and setpoint flexibility, 
but not a fixed universal fan strategy for all users.
 
RQ5 addressed how simulation evidence and stakeholder findings can inform early-stage 
design guidance. The interviews show that passive cooling is not primarily blocked by a lack of 
technical options. The dominant barriers are control uncertainty, infection-prevention concerns, 
unclear ownership, fragmented PvE requirements, short-term cost logic and an installation-
led design culture. The simulation results reinforce this finding: passive measures alone are not 
sufficiently robust under the tested conditions, while hybrid strategies are more defensible because 
they combine passive reduction of heat loads with controllable active fallback. Early-stage design 
guidance should therefore translate simulation outputs into decision-relevant indicators, including 
comfort robustness, user-specific thermal risk, cooling-load reduction, airflow controllability, spatial 
implications, operational reliability and long-term value. A clear project ambition and an explicit 
responsibility holder are essential to keep passive strategies active throughout the design process.
 
The main research question can therefore be answered as follows: Passive and hybrid cooling 
strategies can support occupant-centred comfort and reduce cooling demand in Dutch hospital 
patient rooms when applied as a layered strategy rather than as isolated measures. The projected 2050 
weather conditions substantially increase thermal stress, indicating that future climate data should be 
included explicitly in early design assessment. Solar control reduces external heat gains, but must be 
combined with internal-load reduction, heat dissipation and local air movement. Natural ventilation 
can provide useful comfort benefits, but its availability is uncertain and intermittent. Local fans or 
bed-level air movement can make the air-speed benefit more controllable and may support higher 
mechanical cooling setpoints, particularly for active users and potentially for fixed patient positions. 
However, energy and cost reductions must account for fan electricity use, which is difficult to predict 
because actual operation depends on user behaviour, comfort preferences, clinical acceptability and 
control logic. Mechanical cooling therefore remains necessary, but its role can shift from default low-
temperature full-room conditioning towards hybrid fallback for the remaining demand.
 
The conclusions from the simulation study should be interpreted with considerable uncertainty. The 
model represents one simplified patient room, not a full hospital building. Interzonal heat transfer, 
corridor interaction, façade repetition, orientation diversity, detailed window frames, thermal bridges 
and surrounding context were simplified. Airflow was estimated through pressure-based calculations 
and post-processing rather than CFD or detailed airflow modelling. The analysis was limited to the 
summer period and used an hourly timestep, which smooths short-term wind, solar and window-
operation effects. User profiles were represented by fixed metabolic rates and insulation values, 
while actual clothing, bedding, posture, control behaviour and care routines may vary. The interview 
findings are also indicative rather than statistically representative because the stakeholder sample 
was diverse and uneven.

6. DISCUSSION, CONCLUSION AND REFLECTION
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Despite these uncertainties, the research provides a consistent design message. Patient-room cooling 
under future climate conditions should not rely on either conventional low-temperature mechanical 
cooling or passive measures alone. The most defensible pathway is a passive-first, hybrid strategy: 
reduce solar gains, critically manage internal loads, preserve thermal buffering capacity, create 
predictable and clinically acceptable airflow paths and use targeted local air movement to reduce 
perceived heat stress while allowing higher cooling setpoints where appropriate. In this framing, 
passive cooling becomes not merely an energy-saving measure, but a design philosophy that links 
building physics, user vulnerability and healthcare decision-making from the earliest project stages.

6. DISCUSSION, CONCLUSION AND REFLECTION

How is my graduation topic positioned in the studio: climate design within building technology
My graduation topic is positioned within the climate design domain of Building Technology because 
it addresses the relation between thermal comfort, passive cooling, façade performance, ventilation 
strategies, energy use, and technical decision-making in healthcare buildings. Rather than treating 
climate design as a purely technical calculation, the research investigates how passive cooling 
strategies can become part of the design process of complex buildings such as hospitals.
 
The topic fits the studio because it combines building physics with design-oriented questions. Passive 
cooling is not only about lowering temperatures or reducing cooling demand, but also about spatial 
consequences, user comfort and risk. In healthcare buildings, these aspects are especially critical 
because comfort and safety are directly related to vulnerable users, staff performance, and continuity 
of care.
 
At the same time, the topic turned out to be broader and more complex than I initially expected. 
Hospitals are highly specific buildings, and many passive strategies depend strongly on interlinked 
considerations. This made the research relevant, but also difficult to translate into one detailed design 
solution.

How did the research approach work out?
The research approach combined literature review, simulation, stakeholder interviews, and design-
oriented recommendations. This worked well because passive cooling in hospitals cannot be 
understood from a single perspective. The literature provided the theoretical basis, the simulations 
clarified the building-physical effects, and the interviews showed why certain strategies are difficult 
to implement in practice.
 
The approach also had clear limitations. Each method produced a different type of knowledge. 
The simulations gave quantitative results, while the interviews were qualitative and context-
dependent. Bringing these together required interpretation, and therefore also introduced 
subjectivity. Especially because some stakeholder groups were represented by only one participant. 
The simulations were useful since they showed that passive envelope measures can strongly reduce 
solar gains, but that this does not automatically solve overheating. Internal heat loads, 24/7 occupancy, 
and heat accumulation remained important. This made the research more critical: passive cooling 
cannot simply replace mechanical cooling, but needs to be understood as part of a broader strategy.
 
During the process, I seriously considered several times whether I should analyse a design option 
using CFD. I read extensively about the possibilities of CFD for ventilation and thermal comfort 
research, especially for studying air movement around patients. However, I decided not to include it 

6.3 Reflection
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Did it lead to the results I aimed for?
The research produced valuable results, although not entirely the type of outcome I initially expected. 
I had hoped to arrive at a more technical final product, such as a detailed passive cooling strategy, a 
tested design proposal, or a specific technical application for a hospital room. Instead, the outcome 
developed into a design framework supported by simulations, interviews, barriers and drivers, and 
process-oriented recommendations.
 
This shift occurred for two main reasons. First, the research showed that passive cooling is broader than 
a set of technical measures. It must be integrated early in the project, including the brief, stakeholder 
discussions, comfort definitions, room-specific requirements, cost evaluations and operational 
decisions. As a result, the conclusions naturally moved towards design-process recommendations 
rather than one isolated technical solution.
 
Secondly, the research addressed many aspects of the topic: literature, simulations, interviews, 
stakeholder perspectives, barriers and drivers, design recommendations and practice. This broad 
approach helped to understand passive cooling in healthcare from multiple angles and created a 
strong connection with practice. At the same time, it reduced the technical depth. A narrower study 
could have examined specific strategies, simulations or design details more rigorously.
 
The results were therefore different from what I expected, but they answered the research problem 
in a realistic way. The study does not prove that one passive cooling solution works for all hospital 
contexts. Instead, it shows that passive cooling only becomes meaningful when it is embedded in a 
broader design process. This was not my initial expectation, but it became one of the main findings 
of the research.
 
In retrospect, one technical direction could have been developed further, for example through a 
detailed case-study design or CFD analysis. This would have made the final product more technical 
and easier to evaluate. However, a purely technical outcome might have missed the larger issue 
revealed by the research: passive cooling in hospitals is not only limited by performance, but also by 
decision-making, risk perception and implementation conditions.

Was my method in line with methods used in other climate design research?
My method was partly in line with climate design research because it used literature review and building 
performance simulation. These methods are common within building physics and environmental 
design research.
 
However, my research also included stakeholder interviews and design-process analysis. This made 
the method broader than a conventional performance study. I think this was necessary because the 

in the final method because the required level of modelling detail, boundary conditions, validation, 
and interpretation is very high. Without sufficient accuracy, CFD results can easily appear convincing 
while not being reliable enough to support strong conclusions. I also questioned whether, within 
the available time, it would be possible to make a detailed model that would genuinely convince 
stakeholders that a passive or hybrid measure works in a hospital context.
 
Looking back, I think this was a reasonable decision, but also a missed opportunity. If more time had 
been available, CFD would have been a logical next step, especially to study the breathing zone of 
bedbound patients and the local effect of a bed-integrated fan and controlled local air movement. In 
hospital environments, evidence-based arguments are important to make passive measures credible 
in the design process. A carefully validated CFD analysis could therefore have strengthened the 
technical and persuasive value of the research.
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main question was not only whether passive cooling measures can perform technically, but also why 
they are or are not considered in real healthcare projects.

This broader approach fits the applied character of Building Technology, but it also made the research 
less clean methodologically. The simulation results could be assessed directly, while the interview 
findings required interpretation. A stronger version of the method would include more interviewees 
per stakeholder group and a more explicit validation step, for example through expert review 
validation, or further CFD analysis of one promising design direction.

How are research and design related in my research?
Research and design were related, but not always equally balanced. The research strongly informed 
the design thinking: literature defined the passive cooling principles, simulations showed where 
passive measures were effective or insufficient, and interviews revealed practical barriers and drivers. 
These findings were translated into recommendations and a design framework but the design itself 
remained relatively conceptual and explorative. Instead of developing one detailed technical solution, 
I mainly designed a way of thinking and deciding: how passive cooling could be discussed earlier, 
evaluated per room type, and weighed against comfort, risk, costs, and technical feasibility. This was 
valuable, but it also meant that the project leaned more towards research and framework development 
than towards detailed design.
 
The main reason for this was the context-dependency of the topic. A passive cooling solution in a 
hospital depends on many variables, such as façade orientation, patient type, infection prevention 
level, internal loads, user control, and operational protocols. I was hesitant to design something too 
specific, because I did not want to suggest that one solution could be broadly applicable.
 
Looking back, I think I could have accepted this context-dependency more explicitly and used it as part 
of the design research. A detailed Erasmus MC-based design would not have needed to be universal. It 
could have functioned as a test case to explore how the framework works in practice. This would have 
made the relationship between research and design stronger and more visible.
 
Did I encounter moral or ethical issues or dilemmas during the process?
Several ethical dilemmas appeared during the research. The most important one was that passive 
cooling in hospitals cannot be judged only by sustainability or energy performance. Hospitals serve 
vulnerable users, and thermal comfort, air quality, infection prevention, and reliability directly affect 
patient wellbeing and staff performance. A passive measure that is acceptable in an office building 
may not be responsible in a patient room without further evidence.
 
This created a tension between sustainability ambition and operational safety. I had to be careful not 
to present passive cooling as inherently better. Passive measures can reduce energy use and improve 
resilience, but if they are poorly designed or insufficiently controlled, they may also introduce 
discomfort, uncertainty, or risk.
 
Another dilemma concerned user comfort. Climate requirements in hospitals are often written from 
a technical and maintenance perspective, while patients and staff may experience comfort in more 
personal and varied ways. This raised the question of whose comfort is prioritised and how much 
individual control is acceptable in a healthcare setting.
 
The interviews also involved ethical responsibility. Since I spoke to a limited number of stakeholders, 
I had to avoid generalising individual statements too strongly. Their input was valuable, but represents 
specific professional perspectives within specific contexts.
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no filter filter 10 years filter: 5 years

filter: English, 
engineering, 

environmental science, 
energy, Physics, 
multidisciplinary, 

Broad exploration query

("passive and active strategies" OR "hybrid building systems" OR "integrated design") 
AND ("energy performance" OR "thermal comfort" OR "occupant comfort" OR "life cycle cost") 
AND ("healthcare buildings" OR "patient wards" OR "care homes") 
AND ("simulation" OR "building performance simulation" OR "energy modeling" OR "parametric 
study") 
AND ("Netherlands" OR "Dutch climate" OR "temperate climate")

2459 2256 1798 1690

Focused query (comfort–energy–cost balance)

("passive and active strategies" OR "hybrid building systems" OR "integrated design") 
AND ("energy performance" OR "thermal comfort" OR "occupant comfort" OR "life cycle cost") 
AND ("healthcare buildings" OR "patient wards" OR "care homes") 
AND ("simulation" OR "building performance simulation" OR "energy modeling" OR "parametric 
study") 
AND ("Netherlands" OR "Dutch climate" OR "temperate climate")

15 15 10 -

Targeted  (simulation-based exploration 
in Dutch healthcare context

("simulation-based design" OR "parametric modeling" OR "building performance simulation") 
AND ("passive strategies" AND "active systems") 
AND ("thermal comfort" AND "energy use" AND "cost") 
AND ("healthcare building" OR "patient ward" OR "care home") 
AND ("Netherlands" OR "Dutch context" OR "urban climate")

0 - - -

more balanced (itteration 1)

("passive design" OR "passive strategies" OR "building envelope" OR "natural ventilation") 
AND ("active systems" OR HVAC OR "mechanical ventilation" OR "heating cooling systems" OR 
"building services") 
AND ("energy efficiency" OR "thermal comfort" OR "indoor environmental quality") 
AND ("healthcare buildings" OR "hospitals" OR "care homes" OR "patient wards") 
AND ("simulation" OR "building performance simulation" OR "energy modeling" OR "parametric 
study") 
AND ("temperate climate" OR "Netherlands" OR "Dutch climate")

278 264 219 214

Climate uncertainties
• Futrue temprature increase
• Heatwave frequency
• Night-time cooling potential
• Solar radiation

Operational uncertainties
• Occupant behaviour/patterns
• Window opening
• Interal heat gains from equipment 

and lighting 
• Setpoint 

Cost-related uncertainties
• Energy price development
• Discount rate
• Maintenance and replacement 

costs

Layer 1: Sources of uncertainty

Design uncertainties 
• Facade configuration
• WWR
• Fixed external shading
• thermal mass exposure
• Ventilation strategy
• Ceiling height

SOLAR HEAT 
GAINS

HEAT 
STORAGE 

AND RELEASE 

VENTILATION 
HEAT 

DISSIPATION 

INTERNAL HEAT 
ACCUMULATION

Thermal comfort variabillity
• Operative temprerature 
• PMV
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Time

Indoor air quality variabillity
• Ventilation rates
• C0

2
 concentrations

• Air change effectiveness

C
0 2

Time

Cooling demand variability
• Annual cooling energy
• Peak cooling power

CAPEX variabillity
• System sizing
• Insatallations requirements

OPEX variabillity
• Energy consumption
• Operational cost?

Maintenance & 
replacement cost 
variabillity
• Maintenance 
• Replacement costs

Penalty or risk-related 
cost variability
• Comfort exceedance 
• System stress

Years

Layer 2: Building 
physics mechanism

Layer 3: Performance/KPI’s 
variability

Risk of suboptimal 
decission

Need for robust design 
strategies

Evaluation using 
robustness metrics 
• Max-min
• Best/worst- case

Multi-criteria decision 
analysis 
• Balancing comfort, energy 

and cost

Layer 4: Cost variability Layer 5: Decisio-making 
under uncertainty
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Shading

Comfort

Energy 
efficiency
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worst- case

Design A

Design P1

Design P2
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A. Literature review search query

Fig. A.1: Search query analysis used for literature review

Fig. B.1: Preliminary overview of the design uncertainties involved in passive design strategies.
(Author's work)

B. Design uncertainties
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C. PMV/PPD formulas

D. Temperature setpoints by research

Type document Document / Source User group Temperature 
parameter Recommended range Country / 

Context Notes

Standard EN 16798-1 
(Category I)

Vulnerable 
occupants

Operative 
temperature 
(winter)

approx. 21–23 °C EU Category I intended for 
sensitive occupants

Standard ISO 7730 (Category 
A/B) Staff (healthy) Operative 

temperature
approx. 23–26 °C (cooling 
season)

Internationa
l

Comfort-based (PMV 
±0.2/0.5)

Standard ASHRAE 55 General 
occupancy

Operative 
temperature

~23–26 °C (depending on 
clo/met) USA Comfort model-based

Healthcare 
standard ASHRAE 170 Standard 

patient room
Air temperature 
(design) 21–24 °C (70–75 °F) USA Clinical design 

temperature

Healthcare 
guideline FGI Guidelines Standard 

patient room
Air temperature 
(design) 21–24 °C USA Refers to ASHRAE 170

Healthcare 
standard HTM 03-01 Standard 

patient room Air temperature 18–28 °C UK Operational envelope

Standard DIN 4108-2 Residential / 
vulnerable

Indoor air 
temperature (max) ≤27 °C Germany Overheating criterion

Standard TM59 (CIBSE) Vulnerable 
occupants

Max indoor air 
temperature 26 °C adaptive threshold UK

Overheating 
assessment 
(residential reference)

Research 
synthesis CR 1752 (1998) Hospital ward Air temperature 20–26 °C EU

Referenced in hospital 
temperature 
compilations

Research 
synthesis Shajahan et al., 2019 Hospital ward Air temperature 20–26 °C Internationa

l review
Compilation of ward 
requirements

Research Lomas & Ji (2013) Healthy 
occupants

Max indoor air 
temperature (8h) 28 °C UK Overheating study

Research Lomas & Ji (2013) Vulnerable 
occupants

Max indoor air 
temperature (8h) 26 °C UK Reduced tolerance

Research Zhang et al., 2022
Bedridden 
patient (1.9 
clo, 40 W/m²)

Operative 
temperature 
(neutral)

≈24.8 °C Italy Model-based neutral 
temp

Research Derks et al., 2018 Staff Neutral air 
temperature 21.8 °C NL Field study

Table D.1: Indoor room temperatures recommended by literature and standards.
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Fig. D.1: Masterplan 2050 for Case study Erasmus MC (Erasmus, 2026)
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8. APPENDICES

E. Masterplan Erasmus MC 2050



102

F. Year-round weather analysis for de Bilt, 2050

Fig. F.1: Yearly hour plot for Global horizontal radiation, windspeed and dry bulb temperature for 2050, using morphed EPW
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F. Year-round weather analysis for de Bilt, 2050 G. Detailed construction sets for simulation

Table G.1: Construction sets for case study simulation detailed version

HVAC base case
Name Value Validation
Standard patientroom (incl. 
bathroom)

4.2 m width, 6.5 m depth, 3 m 
floor to ceiling height

Erasmus case study floorplan

Building level 6 (20m above ground) Erasmus case study floorplan
Floor area 27.3 m2 Erasmus case study floorplan
WWR 0.1825 DOE reference building
Conditioned spaces YES
Operable windows NO
Orientation South-west Erasmus case study floorplan

Occupancy 0.25 people per m2
DOE reference building (adjusted to 
case study scenario)

Lighting usage 3.8 W/m2
DOE reference building (adjusted for 
modern lighting)

Equipment usage 10.0 w/m2 DOE reference ASHRAE guidelines
Infiltration 0.0003 m3/s/m2 DOE reference building
Ventilation 2 ACH DOE reference building + Standards
Setpoints Heating 21°C, Cooling: 24°C DOE reference building + Standards
Construction exterior wall STUCCO

thickness {m}: 0.0253
Conductivity {W/m-K}: 0.691         
 density {kg/m3}: 1858.004 
Specific heat {J/kg-K}: 836.460 
 Thermal absorptance 0.9
 Solar absorptance: 0.7
visible absorptance: 0.92

 CONCRETE
Thickness {m}: 0.2032
Conductivity {W/m-K}: 1.310
Density {kg/m3}: 2240.005          
Specific heat {J/kg-K}: 836.260
Thermal absorptance: 0.9
 solar absorptance: 0.7
Visible absorptance: 0.7

TYPICAL INSULATION-R3
 r-value {m2-K/W}: 0.528
 thermal absorptance 0.9
 solar absorptance: 0.7
 visible absorptance: 0.7

GYPSUM
thickness {m}: 0.0127
 conductivity {W/m-K}: 0.160
 density {kg/m3}: 784.902
 specific heat {J/kg-K}: 829.465
thermal absorptance: 0.9
solar absorptance: 0.4
visible absorptance: 0.4

DOE reference building

Construction window THEORETICAL GLASS
thickness {m}: 0.003
solar transmittance: 0.331
 solar reflectance front/back: 0.619
visible transmittance: 0.44
visible reflectance front/back: 0.51
infrared_transmittance: 0.0
 emissivity front/back: 0.9
conductivity {W/m-K}: 0.133
dirt correction factor: 1.0
solar diffusing: NO

DOE reference building

Construction interior walls GYPSUM BOARD
thickness {m}: 0.013
conductivity {W/m-K}: 0.16
density {kg/m3}: 800.0
specific heat {J/kg-K}: 1090.0
thermal absorptance: 0.9
solar absorptance: 0.5
visible absorptance: 0.5

AIR GAP
thickness {m}: 0.1
conductivity {W/m-K}: 0.667
density {kg/m3}: 1.28
specific heat {J/kg-K}; 1000.0
thermal absorptance: 0.9
solar absorptance: 0.7
visible absorptance: 0.7

GYPSUM BOARD
thickness {m}: 0.013
conductivity {W/m-K}: 0.16
density {kg/m3}: 800.0
specific heat {J/kg-K}: 1090.0
thermal absorptance: 0.9
solar absorptance: 0.5
visible absorptance: 0.5

DOE reference building

HVAC base case
Name Value Validation
Standard patientroom (incl. 
bathroom)

4.2 m width, 6.5 m depth, 3 m 
floor to ceiling height

Erasmus case study floorplan

Building level 6 (20m above ground) Erasmus case study floorplan
Floor area 27.3 m2 Erasmus case study floorplan
WWR 0.1825 DOE reference building
Conditioned spaces YES
Operable windows NO
Orientation South-west Erasmus case study floorplan

Occupancy 0.25 people per m2
DOE reference building (adjusted to 
case study scenario)

Lighting usage 3.8 W/m2
DOE reference building (adjusted for 
modern lighting)

Equipment usage 10.0 w/m2 DOE reference ASHRAE guidelines
Infiltration 0.0003 m3/s/m2 DOE reference building
Ventilation 2 ACH DOE reference building + Standards
Setpoints Heating 21°C, Cooling: 24°C DOE reference building + Standards
Construction exterior wall STUCCO

thickness {m}: 0.0253
Conductivity {W/m-K}: 0.691         
 density {kg/m3}: 1858.004 
Specific heat {J/kg-K}: 836.460 
 Thermal absorptance 0.9
 Solar absorptance: 0.7
visible absorptance: 0.92

 CONCRETE
Thickness {m}: 0.2032
Conductivity {W/m-K}: 1.310
Density {kg/m3}: 2240.005          
Specific heat {J/kg-K}: 836.260
Thermal absorptance: 0.9
 solar absorptance: 0.7
Visible absorptance: 0.7

TYPICAL INSULATION-R3
 r-value {m2-K/W}: 0.528
 thermal absorptance 0.9
 solar absorptance: 0.7
 visible absorptance: 0.7

GYPSUM
thickness {m}: 0.0127
 conductivity {W/m-K}: 0.160
 density {kg/m3}: 784.902
 specific heat {J/kg-K}: 829.465
thermal absorptance: 0.9
solar absorptance: 0.4
visible absorptance: 0.4

DOE reference building

Construction window THEORETICAL GLASS
thickness {m}: 0.003
solar transmittance: 0.331
 solar reflectance front/back: 0.619
visible transmittance: 0.44
visible reflectance front/back: 0.51
infrared_transmittance: 0.0
 emissivity front/back: 0.9
conductivity {W/m-K}: 0.133
dirt correction factor: 1.0
solar diffusing: NO

DOE reference building

Construction interior walls GYPSUM BOARD
thickness {m}: 0.013
conductivity {W/m-K}: 0.16
density {kg/m3}: 800.0
specific heat {J/kg-K}: 1090.0
thermal absorptance: 0.9
solar absorptance: 0.5
visible absorptance: 0.5

AIR GAP
thickness {m}: 0.1
conductivity {W/m-K}: 0.667
density {kg/m3}: 1.28
specific heat {J/kg-K}; 1000.0
thermal absorptance: 0.9
solar absorptance: 0.7
visible absorptance: 0.7

GYPSUM BOARD
thickness {m}: 0.013
conductivity {W/m-K}: 0.16
density {kg/m3}: 800.0
specific heat {J/kg-K}: 1090.0
thermal absorptance: 0.9
solar absorptance: 0.5
visible absorptance: 0.5

DOE reference building
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H. Occupancy schedules case study simulation

Table H.1: Fractional hourly lighting schedule used in the simulation model.

Table H.2: Fractional hourly equipment schedule used in the simulation model.

Table H.3: Fractional hourly occupancy schedule used in the simulation model.

Time period Default/Sunday Saturday Weekday
00:00–07:00 0.05 0.10 0.10
07:00–08:00 0.05 0.20 0.50
08:00–16:00 0.10 0.40 0.90
16:00–18:00 0.05 0.40 0.30
18:00–23:00 0.05 0.10 0.30
23:00–00:00 0.05 0.10 0.10

Time period
Sunday / 

Default
Saturday Weekday

00:00–07:00 0.26 0.35 0.35
07:00–08:00 0.26 0.49 0.68
08:00–16:00 0.35 0.63 0.88
16:00–18:00 0.26 0.63 0.58
18:00–22:00 0.26 0.35 0.58
22:00–23:00 0.26 0.35 0.52
23:00–00:00 0.26 0.35 0.35

Time period
Occupancy / 

Default
00:00–06:00 0.50
06:00–07:00 0.50
07:00–10:00 0.80
10:00–16:00 1.00
16:00–19:00 0.80
19:00–00:00 0.50

Stress index = Wt · Tnorm + WI · Inorm + Wv · (1 − Vnorm)

 
The weighting factors used here were: temperature 0.4, 
irradiance 0.4, and wind 0.2. Hours with the highest criticality 
scores represent the most severe heat stress conditions. When 
analysing the simulation results, the extreme hours will also 
be examined.

Date + hours Stress index
1-8-2050 12:00 0.892409
1-8-2050 11:00 0.865388
1-8-2050 14:00 0.841279
2-7-2050 14:00 0.84019
3-7-2050 11:00 0.83144
3-6-2050 14:00 0.826464
3-6-2050 13:00 0.822758
3-6-2050 12:00 0.822423
3-7-2050 12:00 0.820938
1-8-2050 15:00 0.807888

Table I.1: Critical hours + stress index 

I. Critical hours during summer period
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To reduce computational time so that it fits within the time scope of a thesis, various simplifications 
have been made to the model. This is also partly due to various limitations of Grasshopper and 
EnergyPlus:

•	 Single representative patient room modelled at an intermediate floor level, surrounded by eight 
explicitly modelled adjacent spaces (corridor and neighbouring patient rooms), while all other 
bounding surfaces were defined as adiabatic. 

•	 Sanitary spaces were excluded from the thermal model, as these are assumed to be mechanically 
ventilated under all operational scenarios. This might neglect potential thermal buffering effects 
from adjacent wet rooms.)

•	 Interior doors were modelled as closed opaque partitions, due to limitations in EnergyPlus 
regarding stable simulation of interior airflow through open doorways. This likely reduces 
interzonal air exchange and may overestimate temperature gradients and overheating risk in the 
patient room.

•	 Envelope constructions were derived from a DOE reference building and adapted to represent a 
contemporary Dutch hospital context. 

•	 Internal electrical equipment loads were updated from reference values to reflect contemporary 
plug-load intensities. 

•	 Occupancy was represented by simplified deterministic schedules, assuming continuous patient 
presence and time-dependent staff activity. 

•	 Thermal zones were assumed to be well-mixed air volumes, following the EnergyPlus single-node 
zone air model. This neglects local air temperature stratification and microclimatic variations 
near façades or ventilation openings.

•	 Local air velocities associated with natural ventilation strategies were not dynamically simulated 
in EnergyPlus, but introduced later in the comfort assessment as assumed boundary conditions. 
This approach captures perceived cooling effects but does not model the direct impact of airflow 
on zone heat balance.

•	 Natural ventilation through operable windows was represented using simplified control schedules 
and airflow assumptions.  Actual airflow depends on wind pressure distribution, occupant 
behaviour, and façade leakage, which introduces uncertainty in predicted cooling potential.

•	 Shading and solar control elements were modelled as idealised geometric devices without detailed 
material or operational dynamics.

•	 Mechanical conditioning in reference scenarios was represented by idealised HVAC control with 
fixed temperature setpoints. This provides a stable performance benchmark but does not reflect 
real system dynamics, part-load inefficiencies, or control delays.

•	 Furniture, medical equipment geometry, and internal layout complexity were not explicitly 
modelled in radiative or airflow calculations. This may lead to minor deviations in mean radiant 
temperature distribution and airflow obstruction effects.

J. Simulation model simplifications  

8. APPENDICES



106

Parametrized imput geometries

HB energy analysisConstructions

Weather data

Critical hours selection

validating HB model

Analyse thermal zones

Thermal comfort 

Local air speed calculations

K. Grasshopper script

Building programms and occupancy

Assigning thermal zones Exporting results

Fig, K.1: Snapshot from Grasshopper script.
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•	 Façade orientation: south-west
•	 Evaluation period: summer months
•	 Maximum accepted direct solar penetration: 2.5 m
•	 Accepted exceedance: limited late-afternoon period or early mornings
•	 Fixed external shading devices (no dynamic control)
•	 Window required to provide outward view for both patient and staff positions

Window height 
The window height was defined from the required visual field rather than from solar optimisation alone. The 
glazing was positioned to allow outward view from both a patient lying in bed and standing staff. This resulted in a 
window height of H=1.0 m 
 
with an assumed sill height of zsill =0.90 m, and therefore a glazing head height of:

zhead = zsill +H=0.90+1.00=1.90 m

Horizontal overhang depth 
The horizontal overhang was sized using the solar profile-angle relation:

where: 
D = horizontal overhang depth 
zhead = height of the top of the glazing above floor level 
x = maximum accepted solar penetration depth 
Ω = critical façade profile angle

D = 0.43 m

Vertical fin calculation 
The vertical fins were sized using the horizontal shadow-angle relation:

F = vertical fin depth 
W = window width 
HSA = horizontal shadow angle 
The window width was set at: 2 m 

A critical horizontal shadow angle of approximately 70 was used to reduce late-afternoon oblique solar 
penetration while keeping the fins architecturally feasible.

F = 0.36 m

The selected critical solar angles were not derived through full annual optimisation, but through first-order 
reasoning based on the expected critical summer sun conditions for a south-west oriented façade. The critical 
profile angle of approximately 33 was selected to limit direct solar penetration during the majority of occupied 
summer afternoon hours, while still allowing daylight access and maintaining feasible overhang dimensions. 
Angles below this value mainly occur during low late-afternoon sun conditions, which were considered acceptable 
for a limited duration. 
 
Similarly, the critical horizontal shadow angle of approximately 70 was selected to target highly oblique late-
afternoon solar incidence typical for south-west façades in summer. Reducing solar exposure beyond this 
range would require disproportionately deep vertical fins, which was considered spatially and architecturally 
undesirable.

L. Derivation of window and shading dimensions
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M. Estimation of vair at window and occupant

Estimation of windpressure on facade
The wind pressure acting on the south-west façade at a height of 20 m was estimated using the wind 
pressure equation:

Where p is the air density, vz is wind speed at facade height and Cp​(θ) is the façade pressure coefficient 
corrected for wind incidence angle. The wind speed at 20 m was derived from the measured wind 
speed at 10 m using the power-law profile:

With V10 = 3.72 m/s (Appendix F), z = 20m and urban terrain exponent α= 0.22. The facade wind at 
patientroom height becomes v20​ ≈ 4.34m/s. Air density was estimated from the measured barometric 
pressure using the ideal gas law:

Considering the average wind direction (224.9°) and the façade orientation deviation (23.5°), the wind 
approaches the façade at an incidence angle of approximately θ=23° The pressure coefficient was 
therefore corrected using:

Assuming Cp,0=0.6 gives for a straight wind  gives Cp = 0.51. Substituting these values results in an 
estimated average façade pressure of: ΔP ≈ 5.8Pa.  

Translation to local air speed at occupant positions
The calculated façade pressure was translated into an estimated air speed at the window opening 
using the orifice relation:

where vwindow is the air speed through the window opening, Cd the discharge coefficient, ΔP the pressure 
difference across the opening and ρ the air density. The resulting opening velocity was then translated 
to local air speeds at the three sensor locations using a simplified jet-decay relation:

Where vi is the estimated local air speed at sensor point i, xi the distance from the window opening 
to the sensor point x0, the reference distance near the opening β the jet-decay exponent and fi  a 
correction factor for airflow direction and local positioning relative to the main airflow path. This 
method provides a first-order estimate of occupant-level air speed and should not be interpreted as a 
resolved room-airflow simulation.

Sensor point A represents the window zone and is therefore assumed to experience the opening air 
speed directly. Sensor points B and C represent the bed position and staff zone and are corrected for 
distance-dependent velocity decay and their position relative to the primary airflow path.
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Freefloating Value Passive envelope Value

Solar radiation transmittance 11.97 kWh/m2 Solar radiation transmittance 2.38 kWh/m2

End use lighting 5.06 kWh/m2 End use lighting 5.06 kWh/m2

End use equipment 8.65 kWh/m2 End use equipment 8.65 kWh/m2

End  use cooling 0 kWh/m2 End  use cooling 0 kWh/m2

Hours active cooling 0 h Hours active cooling 0 h
Yearly cooling kwh 0 kWh Yearly cooling kwh 0 Kwh
Peak cooling 0 watt Peak cooling 0 watt
to  average 42.9 °C to  average 38.9 °C
tair average 43.1 °C tair average 39.1 °C
Trad average 42.8 °C Trad average 38.7 °C
RH average 95,0% RH average 100%

M. Estimation of vair at window and occupant

- 80.1%

Table N.1.3: Summary tables on energy and thermal comfort performance for freefloating and passive envelope scenario

N.1 Day-night Drybulb & radiance averages 2025 versus 2050

Table N.1.1: Day and night averages plot over summer period for 2025 and 2050

Table N.1.2: Global horizontal radiance at 16:00 over summer period for 2025 and 2050
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N.2 Hourly PPD HVAC baseline 2025

Fig. N.2.1: Hourly PPD for HVAC scenario summer period 2025 for Mobile patient, Bedridden patient and staff. High PPD mobile 
patient due to low PMV values, occupants feel slightly cool

Fig. N.3.1: Hourly SET for HVAC scenario summer period 2050 for Mobile patient, Bedridden patient and staff. 

Fig. N.3.2: Hourly PPD for HVAC scenario summer period 2050 for Mobile patient, Bedridden patient and staff. 

N.3 Hourly SET and PPD HVAC baseline 2050
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N.4 Additional results Passive envelope 

N.5 Airspeed at occupants location

Fig. N.4.1: Hourly SET for Passive envelope scenario summer period 2050 for Mobile patient, Bedridden patient and staff. 

Fig. N.5.1: Hourly Vair at occupant locations for summer period 2050. 
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N.6 Additional results hybrid  scenario

Fig.N.6.1: Hourly SET for Hybrid scenario summer period 2050 for Mobile patient, Bedridden patient and staff. 

Fig. N.6.2: Hourly PPD for Hybrid scenario summer period 2050 for Mobile patient, Bedridden patient and staff. 

Fig. N.6.3: Hourly Ta,indoor and RH for Hybrid scenario 2050.
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N.7 Summary SET and PPD comparison over scenarios

Fig. N.7.1: Summary of SET>27 deg for all scenarios and user groups 2050

Fig. N.7.2: Summary of hours with |PMV|>0.5 (above 10% PPD)  for all scenarios and user groups 2050
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N.8 Hourly SET over all scenarios for different user groups

Fig. N.8.1: Comparison hourly SET for all scenarios (mobile patient)

Fig. N.8.2: Comparison hourly SET for all scenarios (Bedridden patient)

Fig. N.8.3: Comparison hourly SET for all scenarios (Staff)
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N.9 Hourly SET/To for all scenarios mobile patient 

Fig. N.9.1: Hourly SET/To  for all scnenarios mobile patient

N.10 Scenario summary 

Fig. N.10.1: Summary of scenario results for all user groups
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O Interview protocol 

 

Eigenaarschap & verantwoordelijkheid 
‘“Het is onduidelijk wie eigenaar is van passieve concepten en wie 

hiervoor verantwoordelijk is.” 

Controle en zekerheid 
‘’Installaties voelen betrouwbaarder en beter te controleren dan 

passieve oplossingen’’ 

PVE  
‘’Het PVE is helemaal dichtgetimmerd met Eisen gerelateerd gericht 

op mechanische koeling, er is geen oplossing vrijheid meer.’’ 

Kennis  
‘’Er is te weinig kennis van passieve maatregelen.’’ 

Kosten 
‘’De perceptie is er dat passieve koeling duurder is dan conventionele 

systemen’’  

Timing in ontwerpproces 
‘’De juiste expertise over passief koelen wordt pas laat betrokken, 

wanneer de meeste ontwerpvrijheid weg is.’’ 

Systeem 
‘’Het ontwerpproces gaat al jaren via dezelfde werkwijze, verandering 

in het systeem is moeilijk’’ 

Bewijs en tastbaarheid 
‘’Er zijn te weinig richtlijnen of bewijs dat passieve koeling werkt. Het 

wordt ervaren als vaag’’ 

Dominantie stakeholders 
‘’Er is onvoldoende overtuigingskracht of interesse vanuit diverse 

stakeholders’’ 

Wet- en regelgeving 
‘’Door huidige wet en regelgeving is het niet mogelijk om passieve 

koeling toe te passen’’ 

Extra: 
 
 

Extra: 
 
 

 
 
 

Een opdrachtgever met een duidelijke 
duurzaamheidsambitie maakt echt verschil. 

Praktische richtlijnen en prestatie benchmarks geven 
houvast in het ontwerp. 

Regelgeving of beleid kan innovatie richting passieve koeling 
stimuleren. 

Eerder betrekken van bouwfysica- en comfortexperts helpt 
in het formuleren van de ambities. 

Betere kennis deling over passief ontwerpen verbreed het 
draagvlak. 

Meer integrale samenwerking tussen stakeholders is nodig 
om alle partijen in dezelfde richting te krijgen. 

Met meer bewustwording van toenemende hitte en 
klimaat risico’s worden andere ontwerpkeuzes gestimuleerd 

Als faalkosten en risico’s van installaties expliciet worden 
meegenomen, wordt passief ontwerpen aantrekkelijker. 

Als er duidelijke interne trekkers of ambassadeurs zijn voor 
passief ontwerpen, komt het sneller van de grond. 

Als comfort- en prestatie-eisen anders worden geformuleerd 
in PVE, ontstaat meer ontwerpvrijheid. 

Extra: 
 
 

Extra: 
 
 

 
 
 Fig. O.1: Ranking cards for barries and drivers used in the interviews. 

Interview phase Approx. 
duration

Aim Topics / activities Output

1. Introduction 3 min Introduce the research context 
and interview purpose

Brief explanation of the thesis topic, passive cooling focus, 
anonymisation, consent and recording procedure

Shared understanding of interview 
scope

2. Respondent background 3 min Understand the respondent’s 
role and expertise

Professional role, project involvement, experience with 
healthcare buildings, passive design or indoor climate

Context for interpreting responses

3. Semi-structured interview 20 min Explore current practice and 
implementation conditions

Current cooling and ventilation practice; role of passive 
strategies; thermal comfort approach; user differentiation; 
natural ventilation; design-process conditions; stakeholder roles; 
risk, regulation and decision-making

Qualitative insight into practical 
barriers, drivers and design-
process conditions

4. Card-ranking exercise: 
barriers

10 min Identify perceived importance of 
implementation barriers

Respondents ranked predefined barrier cards from most to least 
important. Participants were asked to think aloud while ranking 
and could add missing barriers

Indicative ranking of barriers + 
qualitative reasoning

5. Card-ranking exercise: 
drivers

10 min Identify perceived importance of 
enabling conditions

Respondents ranked predefined driver cards from most to least 
important. Participants were asked to think aloud while ranking 
and could add missing drivers

Indicative ranking of drivers + 
qualitative reasoning

6. Reflection and closing 5 min Capture final remarks and 
validate key points

Open reflection on missing themes, most important takeaway, 
possible recommendations for practice

Additional insights and final 
clarification

Theme Focus
Current cooling and ventilation practice How are cooling and ventilation strategies currently developed in healthcare buildings?
Knowledge and experience with passive cooling How familiar are stakeholders with passive design principles, and where are they already applied?
Thermal comfort How is comfort defined, assessed and monitored, and to what extent are user differences considered?
Natural ventilation and air movement Under which conditions are openable windows, natural ventilation or increased air speed considered feasible?
User differentiation How are different user groups, such as patients, staff and vulnerable occupants, addressed in comfort strategies?
Risk and reliability How are uncertainty, infection prevention, air quality, system control and operational reliability considered?
Design process and stakeholder roles When are key decisions made, which stakeholders influence them, and where do passive strategies lose or gain support?

Implementation barriers and drivers What prevents or supports the implementation of passive cooling in healthcare design practice?
Design and simulation implications What evidence is needed to make passive strategies credible and useful in early-stage design?

Table O.2: Example questions interview part 1.

Table O.1: Simplified interview set-up
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P. Data management plan and ethics 

ABE MSc BT Graduation Project - Lieke Buijssen - Interview
data

0. Administrative questions

The DMP has been shared with my thesis supervisor Alessandra Luna Navarro and Atze Boerstra via DMPonline, and

Alessandra reviewed it on 24-2-2026 and 18/3/2026. The Data steward did quick review since this is low-risk it doesn't

need review from data steward.

Yes, leading the collaboration – please provide details of the type of collaboration and the involved parties below

The MSc graduation project is conducted as part of a graduation internship at Deerns Nederland, within the building

physics and Energy team. Only the final thesis report will be shared with the company as it is in the public repository of

tu Delft.

I. Data/code description and collection or re-use

Type of data/code
File

format(s)

How will data/code

be

collected/generated?

For re-used data/code:

what are the sources

and terms of use?

Purpose of processing
Storage

location

Who will

have

access to

the

data/code?

Personally Identifiable

Information (PII):

participants' name,

email, work address,

company name,

mobile

 .xlsx

Contact information

for participants taking

part in interviews,

received

from professional

network Informed

consent forms are

signed digitally and

contain participants'

name + email.

For administrative

purposes: obtaining

informed consent

and communicating with participants 

TU Delft

 One drive

Lieke

Buijssen

(master

student) +

Atze

Boerstra +

Alessandra

Luna

Navarro 

Signed consent forms hard copy   
TU Delft

 One drive

same as

above

Audio recordings from

interview with

experts in the

building physics field

.mp3

Interviews are

conducted during

on-site visits or online.

Audio- recordings are

made on an external

device, before being

moved to project folder

recordings are deleted

after transcription.

Capturing experts opinion on

implementation barriers of passive

cooling in healthcare buildings.

Temporarly

stored on

recording

device

(TEAMS).

transcription

afterwards

stored TU

Delft  One

drive

same as

above

Anonymous

transcriptions

of interviews

.docx

Anonymous

transcriptions created

manually based on

audio- recordings.

understanding user opinion passive

cooling in healthcare buildings

TU Delft

One Drive

same as

above

 

 

Created using DMPonline. Last modified 21 March 2026 1 of 4
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II. Storage and backup during the research process

< 250 GB

TU Delft OneDrive

III. Data/code documentation

Data – Methodology of data collection

IV. Legal and ethical requirements, code of conducts

Yes – please provide details in the additional information box below

We are applying for HREC

Yes

Yes only for administrative purposes consent forms and organizing the interview. the interview transcripts are

anonymized, the recordings are deleted as soon as the anonymized transcripts are ready.

No, I will not work with any other types of confidential or classified data/code

The intellectual property rights are framed by a graduation agreement between Delft University of Technology, myself

and Deerns Nederland

Proof of consent (such as signed consent materials which contain name and signature)

Audio recordings

Job title and/or employer

Telephone number, email addresses and/or other addresses as contact details for administrative purposes

Names as contact details for administrative purposes

Personally Identifiable Information (PII): interviewee name, work address, company name, email

address are processed for administrative reasons (to obtain informed

consent and communicate with participants).

And the consent forms as well.

Personally Identifiable Research Data (PIRD): Personal research data processed for interview

participants includes:

- audio-recordings

Participant data for interviewees is anonymised when recordings are transcribed

Created using DMPonline. Last modified 21 March 2026 2 of 4
Interview participants are residents in the Netherlands and work in the field of building physics or healthcare related built

enviroment. 

No

Informed consent

I will prepare the form of consent form as for TU Delft template and ask for reading, and signature

in a locked cabinet in TU Delft Bouwkunde

None of the above apply

Anonymised or aggregated data will be shared with others

Other – please state the duration and explain the rationale below

For the duration of the project (half june)+ 1 month (for clean up)

In the informed consent form: participants are informed that their personal data will be anonymised and that the

anonymised dataset is shared publicly

V. Data sharing and long term preservation

All other non-personal data/code underlying published articles/reports/theses

I am a Bachelor’s/Master’s student at TU Delft and I will share the data/code in the body and/or appendices of my

thesis/report in the TU Delft Repository

< 100 GB

As soon as corresponding results (papers, theses, reports) are published

Anonymised data collected during the project will be included in the body and appendix of the MSc

thesis, made available in the TU Delft Repository. 

Created using DMPonline. Last modified 21 March 2026 3 of 4
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Interview participants are residents in the Netherlands and work in the field of building physics or healthcare related built

enviroment.

No

Informed consent

I will prepare the form of consent form as for TU Delft template and ask for reading, and signature

in a locked cabinet in TU Delft Bouwkunde

None of the above apply

Anonymised or aggregated data will be shared with others

Other – please state the duration and explain the rationale below

For the duration of the project (half june)+ 1 month (for clean up)

In the informed consent form: participants are informed that their personal data will be anonymised and that the

anonymised dataset is shared publicly

V. Data sharing and long term preservation

All other non-personal data/code underlying published articles/reports/theses

I am a Bachelor’s/Master’s student at TU Delft and I will share the data/code in the body and/or appendices of my

thesis/report in the TU Delft Repository

< 100 GB

As soon as corresponding results (papers, theses, reports) are published

Anonymised data collected during the project will be included in the body and appendix of the MSc

thesis, made available in the TU Delft Repository. 

Created using DMPonline. Last modified 21 March 2026 3 of 4

CC BY

The thesis is made publicly available in the TU Delft Repository 

VI. Data management responsibilities and resources

My supervisors Prof.dr.ir. A.C. Boerstra architectural engineering & technology) and Dr. A. Luna Navarro (architectural 

engineering & technology).

Research data are only shared within the MSc thesis: no additional resources are required

Faculty of Architecture and the Built Environment (ABE)

Created using DMPonline. Last modified 21 March 2026 4 of 4
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Original Dutch quotes

“betrokken na PVE, daar zijn klimaateisen in over 
hoeveel mensen ze verwachten, hoeveel apparatuur 
en hoeveel interne warmelasten etc. en dat is waar we 
gewoon beginnen. (I)”

“Je ziet wel dat de zon bijdraagt. Het voelt veel, maar als 
je ziet hoeveel apparatuur er binnen wordt gesleept bij 
sommige patiënt kamers, dan is het maar een kwart.”

“Wij willen ook het liefst eerst passief bouwen maar je 
begint altijd wel een beetje te rekenen zonder passief. 
Je begint altijd een beetje worstcase. Kan je dat dan nog 
in een gebouw kwijt. En als je in een fase zit waarin je 
ruimte moet kleven bij een architect. Dan moet dat je 
uitgangspunt zijn.”

“Je ziet in de gezondheidszorg de passieve benadering 
juist teruglopen”

“te openen ramen de installaties verstoren”

“Wat je dus wil voorkomen is dat je aan de ene kant 
vanuit beleving zegt, dat raampunt willen we open 
kunnen, maar je bent met je plafond of ander systeem 
ook direct weer aan het koelen. Dan ben je natuurlijk 
energetisch water naar de zee aan het dragen en 
dat willen we eigenlijk ook niet. Wat je dus moet 
voorkomen, zeker in een 24-7 gebruik van het gebouw, 
is dat je dit soort aspecten krijgt, want dan krijg je op 
s’nachts ook niet meer weggekoeld.”

“En dan zie je eigenlijk dat die laatste periode van 2025 
mensen het meest gewend waren aan de warmte. Dus 
een ruimtetemperatuur als koeler beoordeelde dan 
aan het begin van de zomer, maar ook als in 2024.”

“Om heel eerlijk te zijn, dat we vanuit installatietechniek 
er nog niet voldoende mee bezig zijn, daar ontbreekt 
nog kennis.”

“Het gevaar van klachtensysteem is dat mensen ook 
klachten gaan melden wat er eigenlijk geen klacht is. 
Want als het 24 graden is en ik vind het niet lekker, ga 
ik het melden als klacht. Maar het systeem zegt dat het 
gewoon goed is natuurlijk. Ja.”

“ik ben bang dat het een knip en piepsysteem. Oftewel 
als er niet gepiept wordt dan is het goed.” 

English translation used in the thesis report

“involved after the PVE, which includes climate 
requirements regarding the number of people they 
expect, the amount of equipment, and the internal 
heat loads, etc., and that is simply where we start. (I)”

“The sun may feel like a major heat source, but when 
you see how much equipment is brought into some 
patient rooms, it only accounts for about a quarter.”

“Ideally, we would also prefer to start with passive 
design. However, in practice, calculations often begin 
without accounting for passive measures, using a kind 
of worst-case scenario. The question then becomes 
whether the required installation capacity can still 
be accommodated in the building. Especially in a 
phase where technical space has to be negotiated with 
the architect, that worst-case scenario becomes the 
starting point.”

“In healthcare, the passive approach actually seems to 
be declining.”

‘‘operable windows disrupt building services systems’’

“What you want to avoid is a situation where, from a 
user-experience perspective, you want a window to be 
openable, while at the same time the ceiling system or 
another system is actively cooling the room. From an 
energy perspective, that is simply wasteful. Especially 
in a building that operates 24/7, you want to prevent 
this kind of conflict, because it can also prevent the 
building from cooling down again at night.''

''You can see that in the later period of 2025, people 
were most accustomed to the heat. As a result, a 
room temperature was perceived as cooler than at the 
beginning of the summer, and also compared to 2024.''

''From a building services perspective we are not 
sufficiently engaged with this yet; there is still a lack 
of knowledge.”

“The risk of a complaint-based system is that people 
may start reporting issues that are not actually 
technical problems. If the room is 24 degrees and I 
personally do not find it comfortable, I may report 
it as a complaint, while the system indicates that the 
conditions are within the required range.”

‘‘I am afraid it becomes a ‘squeak and complain’ 
system, meaning that if no one complains, it is 
considered acceptable.’’

Q. Interview quotes
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Original Dutch quotes

“Om niet in de valkuil te stappen. Maar als Erasmus 
doen we het al jaren zo. Dus we willen ook SPOT op 
die manier. Dat kan. Alleen techniek gaat verder. 
Het gebouw is anders. Het gebouw is misschien 
net weer wat anders in gebruik. Dadelijk dan een 
centrumlocatie.''

“In de bouw zijn het allemaal schakeltjes, iedereen is 
verantwoordelijk voor een deel, controle en zekerheid 
is altijd wel belangrijk in de bouw.”

“Iedereen wil het zelfde, met dezelfde ambitie, maar je 
ziet allerlei verschillende eisen en waardes voorkomen. 
En in de pve staan er allerlei eisen die feitelijk 
hetzelfde zeggen. Maar net anders geïnterpreteerd 
zijn. Of anders zijn opgeschreven. Maar feitelijk met 
hetzelfde doel.”

“Soms worden ze pas ingeschakeld als er een probleem 
is.”

“Soms moet je opdrachtgevers of stakeholder een stip 
op de horizon laten zien, mensen redeneren toch en 
dat is heel menselijk vanuit het hier en nu en van hoe 
het nu is, hoe ze nu werken en hoe ze het nu ervaren. 
Maar onze taak is ook om ze te laten zien hoe het zou 
kunnen zijn in de toekomst.”

‘‘Maar zolang je het nog kan fixen. Met de 
installatietechniek. Heb je inderdaad als 
installatiebeleider. Een minder zware stem dan 
architect. Ja dat wordt geheel veel mooier gemaakt.”

“Voor ziekenhuis wordt zo generiek mogelijk 
ontworpen, Dus mediumcare en highcare is nagenoeg 
hetzelfde, IC hebben we, maar dat is een zelfstandige 
eenheid en isolatiekamers.” 

“het moet een keer misgaan om bij mensen de urgentie 
aan te wakkeren.”

“zorginstellingen hebben vaak gewoon beperkte 
middelen om in vastgoed te investeren. Dus er 
wordt heel kostengedreven gedacht. Maar dan ook 
kostengedreven op de korte termijn.”

“Ja, gefixeerde zonwering, dan wordt dat dan een 
bouwkundig element. Dus dat is dan een kostenplus 
waar je eigenlijk niks voor terugkrijgt op de korte 
termijn, wat je terugverdiend is moelijk te waarderen.”

“Dan kan je rekenen maar even voor de vuistweg, 
tussen de 3.000 en 3.200 euro de vierkante meter voor 
een ziekenhuis.

English translation used in the thesis report

''The pitfall is to say: At Erasmus, we have always done 
it this way, so we want SPOT to be designed in the 
same way.’ That may be possible, but technology is 
developing, the building is different, and its use may 
also differ from the existing central location.”

“In construction, everything consists of many 
interconnected links. Each party is responsible for 
one part of the process, and control and certainty are 
always important.”

“Everyone is aiming for the same ambition, but in 
practice you see many different requirements and 
values appear. The Programme of Requirements often 
contains requirements that essentially express the 
same objective, but are interpreted or written down 
slightly differently.”

“Sometimes they are only involved when a problem 
occurs.’’

“Sometimes you have to show clients or stakeholders 
a point on the horizon; people reason from the here 
and now, from how things are and how they currently 
work and experience them. But our task is also to 
show how it could be in the future.’’

“As long as the issue can still be solved through 
building services, the installation advisor has less 
influence than the architect. Architectural arguments 
are often given more weight.”

“Hospitals are designed as generically as possible. 
Medium care and high care are therefore almost the 
same, while ICUs and isolation rooms are treated as 
separate units.”

“Something has to go wrong to create a sense of 
urgency.’’

“Healthcare institutions often simply have limited 
resources to invest in real estate. As a result, decision-
making is highly cost-driven, particularly focused on 
the short term.’’

“With fixed solar shading, it becomes an architectural 
element. That means it is seen as an additional cost, 
while the short-term return is difficult to quantify.”

“As a rough estimate, the construction cost of a 
hospital is around €3,000 to €3,200 per square metre. 
Depending on the project,
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Original Dutch quotes

En dan is het aandeel techniek zo’n 15, 50, 1.600 
afhankelijk van.”

“Wij worden geacht TCO-berekeningen te maken. 
Wat je helaas ziet is dat dat dan alleen gebruikt wordt 
voor de intrinsieke investeringsmaatregelen. Wat je 
dus ziet is dat het niet vanuit beheersmaatregelen je 
budgetverhoging toegekend krijgt.”

“Als het niet in regelgeving niet opgenomen is dan 
wordt het toch moeilijker en valt het uiteindelijk wel 
als eerste af.”

“Over te openen ramen krijg je altijd discussies met de 
gebouwbeheerders, die zeggen dat het de luchtdruk 
frustreert.''

“we zijn de controle over onze eigen gebouwen 
verloren, alles is geoutsourced en zo complex 
geworden dat we ze vanuit garantieoverwegingen niet 
eens mogen aanraken.”

“Bij SPOT heb je met zoveel andere randvoorwaarden 
stedenbouwkundige plannen te maken. De gemeente 
Rotterdam die meekijkt. De gemeente heeft een 
bepaald idee bij de gevel. Dat maakt wel dat in de hoek 
wordt geduwd.”

“We hebben buitenlucht het liefst gewoon buiten.”

“Ik denk dat eigenaarschap en verantwoordelijkheid, 
daar start alles bij. Als je iemand hebt die dat niet 
heeft, of een opdrachtgever die dat niet heeft, of die 
daar ook geen belang in heeft. Dan kun je praten als 
brugman of dan kun je van alles willen maar dan 
gebeurt er gewoon niks.”

“Je moet accepteren dat je ook geen 100% flexibiliteit 
hebt in indelen van ruimte. Er zit een bepaalde 
logica in, een bepaalde luchtdoorstroming. Met die 
beperkingen moet je ook meegaan.”

“installatiemonsters”

''Ventilator kan een goeie aanvulling zijn om het 
thermisch comfort te verbeteren, maar we moeten wel 
de gebruikers daar wel aan gaan laten wennen.”

“Een bedventilator zou een goeie lokale oplossing zijn 
voor bedliggende patiënten. Daarbij is het niet erg als 
er een kans op tocht ontstaat omdat mensen deze dan 
zelf kunnen aanpassen aan de situatie.”

“je moet niet te veel blind staren op wat voor een range 
aan patiënten er zijn. Maar behalve dat je eigenlijk 
wel zeker weet dat die range heel breed gaat zijn en 
dat het dus een oplossing moet zijn wat voor iedereen 
aanpasbaar is.”

English translation used in the thesis report

the share of building services can be around €1,500 to 
€1,600 per square metre.”

‘‘We are expected to carry out TCO calculations. 
However, in practice these are often only used to 
assess direct investment measures. What you see is 
that operational or management-related savings do not 
necessarily lead to an increased upfront budget.’’

''If it is not included in regulations, it becomes more 
difficult and is often the first to be discarded.''

''Discussions about operable windows always arise 
with facility managers, who argue that it disrupts air 
pressure.''

''We have lost control over our own buildings; everything 
is outsourced and has become so complex that we 
are not even allowed to touch them due to warranty 
considerations.’’

‘‘In SPOT, there are many additional constraints related 
to the urban design plan. The Municipality of Rotterdam 
is involved and has a specific vision for the façade. This 
does push the design in a certain direction.’’

‘‘We prefer to keep outdoor air outside.’’

“Ownership and responsibility is where it all starts. If 
you have someone who does not have that, or a client 
who does not have it or does not value it, then no matter 
how much you argue or try, nothing will happen.’’

“You have to accept that you do not have complete 
freedom in spatial layout; there is an inherent logic and 
airflow structure that must be accommodated.’’

''installation-monsters''

“A fan can be a good addition to improve thermal 
comfort, but users need to get accustomed to it.’’

“A bed fan could be a good local solution for bedridden 
patients. In that case, it is not problematic if there is a 
risk of draught, as users can adjust it themselves.’’

“One should not focus too narrowly on defining a 
specific patient range; rather, it is clear that this range 
is very broad, meaning solutions should be adaptable to 
individual needs.’’
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(H1) (A1) (A2)
Barriers Drivers Barriers Drivers Barriers Drivers

High 10 Knowledge Ambition High 10 Ownership Ambition High 10 PVE Ambition
9 Control & uncertainty Ambassador 9 Costs Knowledge 9 Regulationss Regulationss
8 Ownership Experts 8 Knowledge Cooperation 8 Control & uncertainty PVE
7 Evidence Cooperation 7 Timing Experts 7 Stakeholders Experts
6 Stakeholders Awareness 6 Control & uncertainty Ambassador 6 Ownership Installation failures
5 Costs PVE 5 Stakeholders Awareness 5 Costs Cooperation
4 Timing Installation failures 4 PVE benchmarks 4 Timing Knowledge
3 PVE Knowledge 3 System Regulationss 3 System Ambassador
2 Regulationss benchmarks 2 Evidence Installation failures 2 Evidence benchmarks
1 System Regulationss 1 Regulationss PVE 1 Knowledge Awareness

(C2) (T1) (T2)
Barriers Drivers Barriers Drivers Barriers Drivers

High 10 Ownership Regulationss High 10 Timing Experts High 10 Stakeholders Cooperation
9 System benchmarks 9 System benchmarks 9 Control & uncertainty Ambassador
8 Control & uncertainty Knowledge 8 Costs Ambition 8 PVE Experts
7 Stakeholders Awareness 7 Control & uncertainty Installation failures 7 Evidence Ambition
6 Evidence Ambition 6 PVE Knowledge 6 Regulationss Regulationss
5 PVE Ambassador 5 Knowledge Cooperation 5 Timing Installation failures
4 Costs PVE 4 Evidence Ambassador 4 Costs PVE
3 Knowledge Experts 3 Stakeholders Awareness 3 System benchmarks
2 Regulationss Cooperation 2 Ownership Regulationss 2 Knowledge Awareness
1 Timing Installation failures 1 Regulationss PVE 1 Ownership Knowledge

(I1) (B1) (A3)
Barriers Drivers Barriers Drivers Barriers Drivers

High 10 Costs Knowledge High 10 Control & uncertainty benchmarks High 10 Knowledge PVE
9 Ownership Ambassador 9 Evidence Ambassador 9 Costs Ambassador
8 PVE Cooperation 8 System Ambition 8 Control & uncertainty Ambition
7 Evidence PVE 7 Knowledge Experts 7 Stakeholders Regulationss
6 Control & uncertainty benchmarks 6 Timing Knowledge 6 Evidence benchmarks
5 Knowledge Regulationss 5 Stakeholders Regulationss 5 Ownership Knowledge
4 Stakeholders Ambition 4 Costs PVE 4 System Installation failures
3 System Experts 3 PVE Awareness 3 Regulationss Awareness
2 Timing Awareness 2 Ownership Cooperation 2 PVE Cooperation
1 Regulationss Installation failures 1 Regulationss Installation failures 1 Timing Experts

(A4)
Barriers Drivers

High 10 Control & uncertainty benchmarks
9 Costs Ambition
8 System Ambassador
7 Evidence Regulationss
6 PVE Installation failures
5 Timing Awareness
4 Stakeholders PVE
3 Knowledge Cooperation
2 Regulationss Experts
1 Ownership Knowledge

Note.  I1 indicated that installation failure and awareness of increasing heat  were considered less relevant and effectively fell outside the final list.  A4 
suggested adding a supplementary barrier related to evidence, namely that the benefits of the healing environment are still insufficiently substantiated.

R. Quantitative interview results
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S. Spearman rank correlation between barriers and drivers
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T. Passive-first dialogue starter cards

Increasing air velocity enhances heat loss  from 
the human body, allowing higher indoor 
temperatures while maintaining comfort. 

CAN AIR MOVEMENT BE ACTIVELY 
USED AS A STRATEGY TO IMPROVE 
COMFORT IN PATIENT ROOMS?

Fact

e.g. 
• Integration of ceiling fans
• Increased ceiling height
• Air supply near patient zone

Design implications

• Define acceptable air velocity
• Allow local control systems
• Include adaptive comfort criteria

Programme implications

STAKEHOLDER

ARCHITECT
CARD

01

PASSIVE DESIGN DIALOGUE CARDS

Perceived control over the indoor environment 
significantly improves thermal satisfaction, even 
when physical conditions remain unchanged. In 
addition, enabling adaptive actions (e.g. adjusting 
airflow, temp. or shading) allows occupants to 
tolerate a wider temperature range. 

TO WHAT EXTENT SHOULD PATIENTS OR 
STAFF BE ABLE TO INFLUENCE THEIR 
LOCAL INDOOR CLIMATE?

Fact

• Integrate operable elements (windows, shading 
devices)

• Allow local air movement (e.g. fans, directional airflow)
• Design zones with different thermal conditions
• Position controls within reach of users or staff

Design implications

• Define levels of user control 
• Include adaptive comfort criteria 
• Specify provisions for local environmental adjustment
• Align control strategies with infection control and 

safety requirements

Programme implications

STAKEHOLDER

USER / HEALING ENVIRONMENT
CARD

04

PASSIVE DESIGN DIALOGUE CARDS

Passive cooling potential is strongly affected by 
early decisions on orientation, façade and 
massing.

WHICH PASSIVE OPPORTUNITIES ARE 
ALREADY CONSTRAINED BY URBAN OR 
FAÇADE REQUIREMENTS?

Fact

• Evaluate climate impact before fixing façade 
concepts.

• Test multiple massing options early.
• Align municipality and climate ambitions 

from the start.

Design implications

STAKEHOLDER

ARCHITECT
CARD

02

PASSIVE DESIGN DIALOGUE CARDS

STAKEHOLDER

USER / HEALING ENVIRONMENT
CARD

05

PASSIVE DESIGN DIALOGUE CARDS

Thermal comfort differs strongly between 
patients, staff and visitors.

CAN ONE THERMAL ENVIRONMENT 
SATISFY ALL USERS EQUALLY?

Fact

• Differentiate comfort strategies by room type.
• Allow variation in thermal conditions across 

spaces.
• Avoid uniform climate assumptions for all users.
• Balance generic design for future flexibility with 

differentiated thermal zones.

Design implications

STAKEHOLDER

BUILDING PHYSICIST
CARD

07

PASSIVE DESIGN DIALOGUE CARDS

Late-stage simulations limit meaningful passive 
design adjustments.

ARE CLIMATE SIMULATIONS USED 
TO GUIDE DESIGN OR ONLY TO 
VERIFY COMPLIANCE?

Fact

• Start overheating studies during concept 
design

• Use simulations to compare passive 
strategies early.

• Include scenario-based evaluation instead 
of single-value checks.

Programme implications

STAKEHOLDER

COST EXPERT
CARD

10

PASSIVE DESIGN DIALOGUE CARDS

Passive strategies are often overlooked 
because their costs appear early in the project, 
while many of their benefits emerge later 
through reduced installation size, lower 
operational energy use and improved thermal 
resilience.

SHOULD PASSIVE CLIMATE STRATEGIES 
BE EVALUATED AS ARCHITECTURAL 
COSTS, ENGINEERING COSTS, OR 
LONG-TERM OPERATIONAL INVESTMENTS?

Fact

• Reserve budget for early climate 
simulations and passive studies

• Include lifecycle performance alongside 
initial investment costs

• Allow budget transfer between architectural 
and installation scopes

Programme implications

STAKEHOLDER

BUILDING PHYSICIST
CARD

08

PASSIVE DESIGN DIALOGUE CARDS

Climate change increases overheating risk and 
cooling dependency in healthcare buildings.

IS THE DESIGN TESTED AGAINST 
FUTURE HEATWAVES AND 
UNCERTAINTY SCENARIOS?

Fact

• Simulate future climate scenarios explicitly.
• Use future projected weather data
• Evaluate worst-case and adaptive 

scenarios.
• Include resilience criteria in performance 

targets.

Programme implications

STAKEHOLDER

COST EXPERT
CARD

11

PASSIVE DESIGN DIALOGUE CARDS

Risk aversion and performance uncertainty 
often favour conventional mechanical systems.

HOW DOES UNCERTAINTY INFLUENCE 
INVESTMENT IN PASSIVE STRATEGIES?

Fact

• Use scenario-based costing approaches.
• Compare uncertainty between passive and 

active systems.
• nclude robustness as economic value.

Programme implications

STAKEHOLDER

CLIENT
CARD

13

PASSIVE DESIGN DIALOGUE CARDS

Passive ambitions often disappear when no 
stakeholder carries responsibillity.

WHO IS RESPONSIBLE FOR 
PROTECTING PASSIVE AMBITIONS 
DURING BUDGET OR PLANNING 
PRESSURE?
Fact

• Assign responsibility for passive 
performance decisions.

• Review passive ambitions at every decision 
gate.

• Establish shared performance priorities 
early in the project.

Programm implications

STAKEHOLDER

CLIENT
CARD

14

Fragmented or solution-oriented requirements 
can reduce design freedom and reinforce 
installation-led assumptions.

DOES THE PVE DISTINGUISH 
BETWEEN AMBITIONS, 
PERFORMANCE GOALS AND FIXED 
TECHNICAL REQUIREMENTS?

Fact

• Separate ambitions, performance criteria 
and technical constraints.

• Define desired outcomes before prescribing 
systems.

• Allow passive strategies as valid pathways 
to meet requirements.

Programm implications

STAKEHOLDER

INSTALLATION EXPERT
CARD

16

PASSIVE DESIGN DIALOGUE CARDS

Current hospital design often starts from 
worst-case mechanical capacity assumptions.

SHOULD PASSIVE POTENTIAL BE 
EXPLORED BEFORE DEFINING 
INSTALLATION CAPACITY?

Fact

• Define passive potential before system 
sizing.

• Delay fixing HVAC capacity in early phases.
• Include passive-first studies within the SO 

phase.

Programme implications

STAKEHOLDER

INSTALLATION EXPERT
CARD

17

Users highly value personal control over their 
indoor environment, even when measurable 
conditions remain unchanged.

SHOULD INDOOR CLIMATE 
CONTROL REMAIN FULLY 
CENTRALISED?

Fact

• Combine central reliability with local 
adaptability

• Integrate controllable airflow or temperature 
zones

• Evaluate operational boundaries for user 
control

Design implications

STAKEHOLDER

BUILDING PHYSICIST
CARD

09

PASSIVE DESIGN DIALOGUE CARDS

In patient rooms, internal heat gains from 
equipment, lighting and occupancy can 
outweigh solar gains and reduce passive 
cooling potential.

CAN WE REDUCE INTERNAL HEAT 
GAINS FROM EQUIPMENT OR 
LIGHTING?

Fact

• Reduce unnecessary equipment loads 
within patient rooms.

• Integrate low-heat lighting strategies early 
in the design.

• Separate high-load equipment zones from 
sensitive comfort areas.

Programme implications

STAKEHOLDER

USER / HEALING ENVIRONMENT
CARD

06

PASSIVE DESIGN DIALOGUE CARDS

Infection prevention is often the decisive factor 
in rejecting natural ventilation concepts in 
hospitals.

CAN NATURAL VENTILATION BE 
APPLIED SELECTIVELY WITHOUT 
COMPROMISING INFECTION 
CONTROL?
Fact

• Differentiate between high-risk and low-risk 
ventilation zones.

• Evaluate natural ventilation in outpatient or 
office-like functions.

• Test airflow containment and pressure 
relationships explicitly.

Design implications

PASSIVE DESIGN DIALOGUE CARDS

Solar gains are one of the few thermal loads that 
can be effectively reduced before entering the 
building.

IS EXTERNAL SHADING TREATED AS 
AN INTEGRAL FAÇADE ELEMENT OR AS 
A TECHNICAL ADD-ON?

Fact

• Integrate shading within the façade concept 
from the start.

• Differentiate shading by orientation and 
room type.

• Balance daylight quality with overheating 
prevention.

Design implications

STAKEHOLDER

ARCHITECT
CARD

03

PASSIVE DESIGN DIALOGUE CARDS

STAKEHOLDER

COST EXPERT
CARD

12

PASSIVE DESIGN DIALOGUE CARDS

Operational savings do not automatically 
translate into increased upfront passive 
investment.

DOES TCO INFLUENCE BUDGET DECISIONS 
OR ONLY REPORTING?

Fact

• Link TCO outcomes to investment 
decisions.

• Evaluate long-term cooling reduction 
benefits.

• nclude operational stakeholders in 
budgeting discussions.

Programme implications

STAKEHOLDER

CLIENT
CARD

15

Passive strategies lose influence when projects 
start from fixed technical assumptions and 
worst-case system sizing.

WILL THE PROJECT FOLLOW A 
PASSIVE-FIRST METHODOLOGY OR 
AN INSTALLATION-FIRST 
METHODOLOGY?
Fact

• Define passive-first design principles at 
project start.

• Evaluate passive potential before fixing 
technical capacities.

• Use performance ambitions instead of 
predefined systems in the PvE.

Programm implications

STAKEHOLDER

INSTALLATION EXPERT
CARD

18

Operable windows and passive airflow often 
conflict with mechanical cooling when no 
integrated control logic is defined.

HOW CAN MECHANICAL AND 
NATURAL VENTILATION SUPPORT 
EACH OTHER INSTEAD OF 
COMPETING?
Fact

• Define when natural ventilation is allowed or 
blocked

• Coordinate façade operation with HVAC 
control systems

• Develop seasonal or mixed-mode operating 
scenarios

Design implications

PASSIVE DESIGN DIALOGUE CARDS

STAKEHOLDER

PROJECT MANAGER
CARD

19

PASSIVE DESIGN DIALOGUE CARDS

Building physics and installation experts are 
often involved after major assumptions in the 
PvE and layout are already defined.

ARE THE RIGHT EXPERTS INVOLVED 
BEFORE KEY SPATIAL AND 
TECHNICAL DECISIONS ARE FIXED?

Fact

• Involve climate expertise during initiative and 
schematic design phases.

• Align technical and spatial decisions early.
• Prevent passive measures from becoming 

post-rationalisations.

Process implications

STAKEHOLDER

PROJECT MANAGER
CARD

20

Are passive design decisions evaluated across 
disciplines or within separate scopes?

ARE PASSIVE DESIGN DECISIONS 
EVALUATED ACROSS DISCIPLINES 
OR WITHIN SEPARATE SCOPES?

Fact

• Organise interdisciplinary climate workshops 
early.

• Evaluate façade, comfort and HVAC strategies 
together.

• Define shared project ambitions across 
stakeholders.

Process implications

PASSIVE DESIGN DIALOGUE CARDS

STAKEHOLDER

PROJECT MANAGER
CARD

21

Passive concepts require strong simulation 
evidence and reference projects to influence 
healthcare decisions.

WHAT LEVEL OF EVIDENCE IS 
REQUIRED BEFORE PASSIVE 
STRATEGIES BECOME 
ACCEPTABLE?
Fact

• Integrate simulations into early decision-making.
• Compare passive and active scenarios explicitly.
• Use evidence to support strategic design 

discussions.

Prcoess implications

PASSIVE DESIGN DIALOGUE CARDS

STAKEHOLDER

CLINICAL SAFETY
CARD

22

PASSIVE DESIGN DIALOGUE CARDS

Infection prevention was repeatedly identified as 
a decisive barrier to passive ventilation 
strategies.

CAN NATURAL VENTILATION BE 
APPLIED WITHOUT COMPROMISING 
INFECTION PREVENTION?

Fact

• Differentiate ventilation strategies by risk 
profile.

• Evaluate natural ventilation selectively in 
low-risk areas.

• Integrate infection prevention early in 
passive design discussions.

Design implications

STAKEHOLDER

CLINICAL SAFETY
CARD

23

Local airflow may improve comfort but raises 
concerns regarding airflow mixing and 
contaminant transport.

WHEN DOES BENEFICIAL AIR 
MOVEMENT BECOME A CLINICAL 
RISK?

Fact

• Assess airflow containment alongside 
comfort.

• Evaluate patient-controlled airflow concepts 
carefully.

• Differentiate comfort airflow from critical 
airflow zones.

Design implications

PASSIVE DESIGN DIALOGUE CARDS

STAKEHOLDER

CLINICAL SAFETY
CARD

24

Highly controlled spaces often determine the 
climate strategy for entire hospital zones.

SHOULD ALL HOSPITAL SPACES 
FOLLOW THE SAME 
INFECTION-CONTROL VENTILATION 
STRATEGY?
Fact

• Separate high-risk and low-risk ventilation 
concepts.

• Avoid applying ICU logic to all patient 
areas.

• Define passive potential per healthcare 
function.

Prcoess implications

PASSIVE DESIGN DIALOGUE CARDS

STAKEHOLDER

FACILITY MANAGEMENT
CARD

25

PASSIVE DESIGN DIALOGUE CARDS

Hospital comfort strategies are still largely 
based on fixed system criteria despite seasonal 
adaptation effects.

CAN TEMPERATURE SETPOINTS VARY 
SEASONALLY OR BY USER GROUP 
INSTEAD OF REMAINING FIXED 
YEAR-ROUND?

Fact

• Evaluate seasonal comfort ranges instead 
of fixed values.

• Differentiate setpoints by function or 
occupancy profile.

• Align operational strategies with adaptive 
comfort principles.

Programme implications

STAKEHOLDER

FACILITY MANAGEMENT
CARD

26

PASSIVE DESIGN DIALOGUE CARDS

Comfort management is often system-oriented 
and sensor-based rather than user-oriented.

HOW ARE PATIENT AND STAFF COMFORT 
EXPERIENCES CURRENTLY MONITORED 
AND EVALUATED?

Fact

• Combine technical monitoring with 
occupant feedback.

• Include comfort perception within facility 
evaluations.

• Track recurring thermal complaints spatially 
and seasonally.

Programme implications

STAKEHOLDER

FACILITY MANAGEMENT
CARD

27

PASSIVE DESIGN DIALOGUE CARDS

Increasing system complexity and outsourced 
maintenance reduce operational control over 
buildings.

CAN THE FACILITY ORGANISATION 
MAINTAIN AND OPERATE FAÇADE 
ELEMENTS RELIABLY OVER TIME?

Fact

• Evaluate maintenance impact of operable 
façades and shading.

• Prefer robust and understandable passive 
systems.

• Align façade operation with facility 
management capacity.

Programme implications
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