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Abstract—
This study evaluates resilient cooling strategies for
office buildings across three distinct European cli-
mates—Copenhagen, Rome, and London—under various
weather scenarios, including current, future, and extreme
conditions, as well as two occupancy loads. Using dy-
namic simulations, the research examines the effective-
ness of individual strategies in mitigating overheating,
maintaining thermal comfort and optimizing energy ef-
ficiency. Strategies such as north-facing facades, smaller
window areas, halved g-values, and natural ventilation
consistently demonstrated strong performance across di-
verse contexts, whereas larger window areas and reduced
U-values often undermined resilience. Double occupancy
scenarios presented greater challenges than the moderate
temperature increases expected in the long-term future,
with heatwaves emerging as the most severe test of re-
silience. This work provides a robust framework for de-
signing climate-resilient buildings and delivers actionable
insights to decision-makers for assessing and implement-
ing adaptive cooling strategies. By emphasizing context-
specific solutions and sustainability, these findings con-
tribute to future-proofing the built environment against
escalating climate risks.
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Chapter 1

Introduction

1.1 Background

1.1.1 Climate Change: Impact on Buildings and Occupants

Climate change is driving a global shift in environmental conditions, character-
ized by rising temperatures and an increase in extreme weather events such as
heatwaves, �oods, and droughts. These changes have profound implications for
buildings and their occupants, impacting not only the structural integrity of build-
ings but also their energy performance and occupant comfort.

Historically, buildings have been designed based on historical climate conditions,
and as climate events become more severe, these conventional designs will strug-
gle to meet new demands. This shift results in increased energy consumption for
heating and cooling, altered operational conditions, reduced system ef�ciency, and
potential damage to structural integrity. For occupants, these effects manifest as in-
creased discomfort, health risks, decreased productivity, and escalating economic
costs. Furthermore, the energy-intensive measures required to mitigate these ef-
fects can increase greenhouse gas emissions, further exacerbating environmental
challenges [1].

Among the various climate risks, heat poses one of the most signi�cant threats to
human well-being. According to the Intergovernmental Panel on Climate Change
(IPCC), the average global temperature has already risen by 1.2� C above pre-
industrial levels. If current trends continue, temperatures are expected to increase
by 1.5� C between 2030 and 2052, with considerable regional variation [2]. This rise
will have severe consequences for human health, leading to increased mortality
and morbidity, particularly in urban areas, where the population is projected to
increase 68% by 2050 [3].
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2 Chapter 1. Introduction

Cities are particularly vulnerable to heatwaves due to the urban heat island effect,
which can raise temperatures by 1-3� C compared to surrounding rural areas[4][5].
Between 1995 and 2015, heatwaves were responsible for 27% of weather-related
deaths, and with continued warming, both the intensity and duration of heatwaves
will increase, along with atmospheric humidity, often surpassing human tolerance
[1].

1.1.2 Resiliency in the Built Environment

Resilience refers to the capacity of a building and its systems to function as in-
tended despite the natural hazards imposed by climate change [6]. As the fre-
quency and intensity of climate events continue to increase, resilience in building
design has become a critical consideration.

Numerous studies emphasize the urgent need for buildings to be future-proofed
against climate-related stresses [7], enabling them to withstand not only current
conditions but also the more extreme weather events projected for the future.

Resilient strategies, particularly those focused on maintaining thermal comfort,
are crucial. While heating demands are expected to decline across Europe due to
rising temperatures, cooling demands are anticipated to increase signi�cantly, par-
ticularly in Southern and Central European regions [8]. This underscores the ne-
cessity of developing cooling strategies that effectively mitigate overheating while
ensuring energy ef�ciency.

This paper focuses in the concept of "climate change overheating resistivity", de-
�ned as the ability of building cooling strategies to mitigate the indoor overheating
risks associated with increasing outdoor thermal severity in a changing climate [9].
It evaluates how well a building can adapt to changing external conditions while
continuing to meet occupant's needs and maintaining comfort. Furthermore, the
paper takes a comprehensive approach to resilience by integrating energy perfor-
mance and thermal performance considerations, while also addressing environ-
mental impact.

1.1.3 Sustainability

Designing buildings for resilience is essential, but it must be carefully balanced
with sustainability goals to prevent an increased environmental footprint. Over-
designing for resilience—such as installing high-capacity cooling systems—can
lead to higher energy consumption and increased embodied carbon. To address
this, it is vital to adopt low-energy, adaptive solutions that ensure occupant comfort
without exacerbating climate change.

In 2019, the global building and construction sectors were responsible for 35% of
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total energy consumption and 38% of energy-related CO2 emissions [7]. By 2021,
energy demand increased 4% compared to 2020, while CO2 emissions increased
by 5% from 2020 and 2% from 2019, accounting for approximately 37% of total
CO2 emissions [10]. In the European Union, buildings accounted for 40% of �nal
energy consumption and 36% of CO2 emissions [11]. These �gures underscore
the signi�cant challenge of meeting the EU's climate targets, which include re-
ducing greenhouse gas emissions by 55% by 2030. Achieving these goals requires
buildings to drastically lower their energy use and environmental impact while
enhancing their resilience to future climate risks [11].

Buildings are both contributors to and vulnerable to climate change, highlighting
the necessity of addressing a dual challenge: reducing emissions while improving
resilience. This requires the integration of both adaptation and mitigation strate-
gies to limit the environmental impact of buildings while simultaneously enhanc-
ing their ability to withstand future climate stresses [12].

1.2 Literature Review

A literature review was conducted to examine the state of the art regarding the im-
pact of various cooling strategies on overheating under different conditions, with
an additional focus on exploring the evaluation systems employed.

1.2.1 Strategies Review

This subsection aims to review the cooling strategies examined in various stud-
ies across different building types, conditions, locations, and climate events. The
studies included both qualitative and quantitative assessments.

Research has primarily focused on passive, active, and hybrid cooling solutions.
Passive strategies include measures such as re�ective materials, green facades, and
natural ventilation [1]. Active strategies encompass various approaches, including
adiabatic cooling, ground source cooling, and radiant cooling [13].

A more detailed review was conducted to assess various passive strategies for ad-
dressing heat, with a focus on minimizing heat gain or removing excess heat from
indoor spaces. The review prioritized strategies relevant to the Northern Hemi-
sphere, particularly Europe, and those applicable in the early stages of design. It
focused on building elements most susceptible to heat-related climate risks, such as
the outer envelope, roof, and HVAC systems [14]. Strategies unrelated to building
design—such as surrounding buildings, vegetation, or occupant behavior—were
excluded, along with those incompatible with BSim simulations.

Several passive cooling strategies were selected to evaluate their impact in over-
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heating and energy consumption in buildings. A comprehensive list of the re-
viewed strategies can be found in Appendix A.

The strategies reviewed in the literature were analyzed under various conditions,
as outlined below:

• Building types: the studies addressed both new and existing structures, in-
cluding residential buildings [15] [16] [17], non-residential buildings [17] [9],
building stocks [18], and low energy buildings [19] [20]. These analyses also
considered the associated system controls.

• Climate zones: the strategies were examined across different climatic con-
texts, including continental regions, such as Belgium [15], China [16], and
England [19]. Speci�c cities were also analyzed, such us the ones referenced
by ASHRAE climate zones [17], Milan [21], Brussels [18], and Dublin and
Budapest [20].

• Climate events: The studies explored the impact of heatwaves [15] [16] [21]
[17] [18] [13], projected historical, short-term and future weather scenarios
[17] [18] [20], as well as power outages [13].

1.2.2 Evaluation Method Review

The strategies outlined in the studies mentioned above were assessed using various
categories and Key Performance Indicators (KPI)s to measure their resilience:

• Energy performance: metrics such as cooling or heating loads were consid-
ered [17] [21] [18].

• Thermal comfort: a range of indicators was used, including Hours of Ex-
ceedance (HE), Indoor Overheating Degree (IOD), Ambient Warmness De-
gree (AWD), Overheating Escalation Factor (OEF) [16] [17] [18] [9]; absorp-
tivity and recovery time [15]; the Mediterranean Outdoor Comfort Index
(MOCI) [21]; and metrics for overheating and overcooling metrics [20].

• Sustainability impact: indicators such as total Global Warming Potential (GWP),
represented by annual CO2-equivalent emissions per conditioned �oor area
[17], and emissions related to cooling and ventilation systems [18].

Additionally, several frameworks provide tools and guidance for implementing
resilience strategies, taking the analysis further. These include REDi (Resilience-
based Earthquake Design Initiative), developed by Arup [22]; R4RE (Resilience for
Real Estate), created by the Observatoire de l'Immobilier Durable (OID) [23]; and
RELi (Resilience Action List), a rating system integrated with LEED, adopted by
the U.S. Green Building Council [24].
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1.2.3 Research Gap

The strategies discussed in previous studies had been analyzed under diverse
building types, conditions, weather events, and locations, limiting the ability to
directly compare their performance. This project aims to address this gap by con-
solidating relevant strategies and evaluating them under consistent conditions, en-
abling a valid comparison and facilitating their future application as recommenda-
tions for building design.

Furthermore, this work allows for the analysis of strategies across various weather
events and diverse European locations. It incorporates the impact of double oc-
cupancy and examines multiple variations for each strategy. Additionally, it inte-
grates the environmental impact of the proposals, a consideration often overlooked
in other studies.

1.3 Research Approach and Hypothesis

This study adopts a hypothesis-based approach, focusing on identifying and in-
vestigating certain passive and early design strategies for evaluating building re-
silience to overheating under certain conditions.

Parting from the research questions, the goal is to evaluate and assess the impact
of various resilient cooling strategies in a room across different climate zones. The
evaluation system will examine how these strategies perform under distinct cli-
mate events and different occupancy levels. The primary goal is to understand
how cooling strategies contribute to building resilience across diverse contexts,
helping decision-makers optimize solutions for thermal comfort, energy ef�ciency
and sustainability.

The key research questions guiding this methodology are:

• How do resilient cooling strategies perform across different European climate
zones?

• What is the impact of these strategies under different weather conditions?

• How do varying occupancy levels in�uence the effectiveness of the cooling
strategies?

• How does an improvement in a speci�c cooling strategy affect or improve
the overall building resilience under these conditions?





Chapter 2

Methodology

2.1 Framework

The speci�c research questions guiding this methodology are as follows:

• How do resilient cooling strategies perform across different European climate
zones (Copenhagen, Rome, and London)?

• What is the impact of these strategies under current, future, and extreme hot
weather years?

• What is the impact of these strategies under a heat wave event?

• How do varying occupancy levels (normal and double) in�uence the effec-
tiveness of the cooling strategies?

• How does an improvement in a speci�c cooling strategy affect or improve
the overall building resilience under these conditions?

The simulation framework is structured to explore the effects of various strategies
under different location, climate events and occupation conditions.

2.1.1 Simulation Program

The simulations will be conducted using Bsim, a building simulation software that
enables detailed modeling of thermal performance and energy use in buildings.
Bsim facilitates the input of various parameters, including climate data, occupancy
pro�les, systems, and speci�c building characteristics, allowing for a comprehen-
sive evaluation of resilient cooling strategies.

7
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2.1.2 Building Type

The model or case room in this project will be a simpli�ed version of an of�ce
space — a single-zone. By keeping the model simple, the need for assumptions is
minimized, making the results more �exible and applicable to various scenarios.
The aim is to enable the extrapolation of the �ndings to various room con�gura-
tions and sizes, as well as to scale the results from the room level to the entire
building level.

The de�ned room is a rectangular space with dimensions of 12 meters in length,
6 meters in depth, and 3 meters in height, resulting in a total area of 72 m 2. This
layout can serve various purposes, such as an of�ce, classroom, or meeting room,
by de�ning different heat loads and usage pro�les. The room features two win-
dows, with the larger window (denominated window no.1. with an area of 7.2 m 2)
oriented south and the smaller one (denominated window no.2, with an area of 2.4
m2) facing east.

The building envelope constructions are designed based on ASHRAE requirements
for various climate zones and common practices across Europe [25]. The systems
and their operational schedules are established in accordance with Danish and Eu-
ropean regulations, following standards such as Building Regulations 2018 (BR18)
[26], ISO 17772 [27], and ISO 18523 [28], as well as typical practices in Europe [29].
See Appendix B.1 for more detail on the building envelope and the systems.

The model was validated to ensure it accurately represents a typical of�ce room
across various European climates; details of this validation are provided in Ap-
pendix C.

2.1.3 Climate Zones

The project focuses on European climates, as this allows for consistent assumptions
regarding building characteristics such as geometry, layout, construction, usage,
and systems. Three cities with distinct climates were selected based on ASHRAE
climate classi�cations: Copenhagen (Denmark), Rome (Italy), and London (United
Kingdom (UK)), representing climate zones 5A (cool humid), 3A (warm humid),
and 4A (mixed humid), respectively [25]. These locations were chosen due to their
high current and expected population growth [30], and their projected increases in
cooling demand, as highlighted in [8]. The study indicates that under the projected
Representative Concentration Pathway 4.5 (RCP4.5), a medium greenhouse gas
(GHG) emission scenario de�ned by the IPCC, the mean cooling demand change
ratio is expected to increase signi�cantly, reaching 2.47 for Copenhagen, 1.36 for
Rome, and 2.39 for London.
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2.1.4 Climate Events

The project aims to assess various climatic events to evaluate the performance of
strategies under both current and future weather conditions. This analysis will rely
on two types of data: measured and projected. Measured data refers to observa-
tions from actual climate records, while projected data is generated using climate
models rather than direct observations. Projected data simulates future climate
conditions based on global and regional climate models, adjusted through "bias
correction" methods to align with historical local climate records. These projec-
tions are based on future climate scenarios, such as the representative concentra-
tion pathways (RCPs) de�ned by the IPCC.

The project will employ different weather �les [31]:

• Typical weather conditions: the Typical Meteorological Year (TMY) weather
�les provided by the IEA EBC Annex 80 [17][30]:

– Historical TMY �les are created from measured climate data, represent-
ing average weather conditions for the historical period (2001–2020).
This weather event is going to be denoted as Historical weather event
(HT) throughout the paper.

– Future TMY �les are based on projected data from the IPCC RCP8.5
scenario, covering the long-term future (2081–2100) timeframe. This
weather event is going to be denoted as Long-term weather event (LT)
throughout the paper.

• Extreme weather conditions: weather �les for analyzing a building's ther-
mal performance during extreme heat events, which are expected to become
increasingly signi�cant in the coming decades:

– Historical extreme weather data includes the near extreme DRY dataset
provided by the Build department [32], representing the hottest year
recorded in Denmark. This weather event is going to be denoted as
Extreme weather event (EX) throughout the paper.

– Future extreme weather data includes the heat wave �les provided by
the IEA EBC Annex 80 [17][30], based on the IPCC RCP8.5 scenario.
These heat wave �les focus on extreme events, capturing the most severe
and prolonged heatwaves within each reference period. In particular,
this paper will focus on the heatwaves �les representing the year with
the most severe heatwave in the long-term future for the selected climate
zones. This weather event is going to be denoted as Heat wave event
(HW) throughout the paper.

Together, the datasets summarized above, enable a comprehensive assessment of
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the ef�ciency and resilience of building solutions in response to climate change
across various climate events:

2.1.5 Occupancy Loads

Two occupancy scenarios will be tested to evaluate the impact of internal heat
gains on building performance: normal occupancy, representing standard of�ce
room usage, and double occupancy, where internal heat gains are doubled due to
increased occupancy. The normal occupancy scenario will be based on ISO 17772
standards [27], which specify a heat load of 11.8 W/m 2 for people in a single-of�ce
room.

2.2 Resilient Cooling Strategies

In the literature review 1.2.1, several passive strategies were identi�ed for their
potential to reduce overheating and energy consumption in buildings, their ap-
plicability across Europe, and their suitability for early-stage design. Based on
this review, a set of passive strategies was selected to further analysis their impact
on resilience to climate change across different regions and climate events, under
the speci�c scope and conditions of this project. This paper focuses exclusively
on passive strategies, aiming to evaluate their potential to enhance thermal com-
fort without relying on energy-intensive mechanical systems, thereby aligning with
sustainable and low-carbon building design principles. The strategies selected to
be evaluated in this paper are the following:

1 Facade orientation and window placement: Evaluating the impact of posi-
tioning the main facade and largest window to face north, south, west, and
east in order to balance minimizing heat gain and controlling direct sunlight
in summer, while allowing light and warmth in winter.

2 Thermal capacity of facade concrete: Analyzing the impact of using concrete
with increased Speci�c Heat Capacity (Cp).

3 Window-to-wall ratio (WWR): Analyzing the impact of varying the WWR
of the largest window, while proportionally adjusting the size of the smallest
window.

4 External solar shading: Evaluating shading mechanisms with varying Shading
Coef�cient (SC) and user control options, such as user-operated controls dur-
ing operational hours or automatic controls, compared to scenarios without
solar shading.

5 Window g-value: Analyzing the impact of having a solar heat gain coef�cient
for windows that is half of what is required by regulation.
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6 Window U-value: Analyzing the impact of having a thermal transmittance
for windows that is half of what is required by regulation.

7 Natural ventilation: Analyzing the impact of various Air Changes per Hour
(ACH) for natural ventilation, compared to the absence of natural ventilation.

8 Night cooling: Testing passive cooling strategies applied either throughout
the entire night (7 hours) or during speci�c hours (4 hours) before operational
hours, compared to scenarios without night cooling.

The focus was placed on understanding the individual impact of each strategy,
rather than on simulating different strategy combinations. This approach enables
a larger number of strategies to be studied under various conditions. With a clear
understanding of individual impacts, reasonable assumptions can be made about
their combined effects.

Table 2.1 displays the strategies and variables selected for evaluation, among with
the current baseline value. The values for the actual implementation in Bsim can
be seen in Appendix B.2

Table 2.1: Summary of strategies and its variables analyzed in this paper, among the de�ned baseline.
Not applicable (N/A) indicates that the strategy is inactive or not present in the model.

Strategy Baseline Variable

1
Facade and window
orientation

South
1a West
1b North
1c East

2 Concrete Cp Cp=800 2a Cp=1200

3 WWR 20%
3a 40%
3b 10%

4 Solar shading N/A
4a SC=0.5; manual control
4b SC=0.15; manual control
4c SC=0.5; automatic control

5 g-value Min. requirement 5a Half min. requirement
6 U-value Min. requirement 6a Half min. requirement

7 Natural ventilation ACH N/A
7a ACHmax=2
7b ACHmax=5
7c ACHmax=10

8 Night cooling N/A
8a 7h (22-5h)
8b 4h (1-5h)
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2.3 Simulation Scenarios

Simulations are designed to address the research questions through targeted sce-
narios. They will evaluate the performance of each cooling strategy across a combi-
nation of three climate zones, four climate events, and two occupancy levels. This
approach results in multiple scenarios that capture a diverse range of conditions:

• Climate zones: Copenhagen, Rome, and London.

• Climate events: HT, LT, EX and HW event.

• Occupancy: Normal and double occupancy.

Table 2.2 presents the total number of potential scenarios for analysis, emphasizing
those that will be examined in this paper. Below is a summary of the key scenarios
to be analyzed for all locations:

1 and 2 Current climate (HT), normal and doubled occupancy: the baseline model,
along with all selected strategies, will be tested under normal and doubled
occupancy across all locations. This scenario aims to explore the in�uence of
geographic location on performance today.

3 and 4 Future climate (LT), normal and doubled occupancy: the baseline model,
along with all selected strategies, will be tested under normal and doubled
occupancy across all locations. This scenario aims to explore the in�uence of
geographic location on performance in hotter future climate conditions.

5 Extreme hot (EX), normal occupancy for Copenhagen: Strategies will be eval-
uated under extreme, one-off events at a single location. This analysis will
employ the same set of strategies to assess how a climate event like this can
in�uence performance.

6 Heatwave (HW), normal occupancy: a detailed examination of how selected
strategies perform during extreme heatwave conditions will be conducted.
This scenario will also examine the effect of geographic location on perfor-
mance.

In total, 14 scenarios (across 3 climate locations, 4 climate events and 2 occupancy
loads) will be tested across 16 strategies, resulting in 224 simulations.

2.4 Performance Indicators

The objective of this project is to evaluate the performance of various cooling strate-
gies by assessing their resilience, measured through a building's and its systems
ability to maintain thermal comfort and energy ef�ciency; their carbon footprint,
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Table 2.2: Overview of scenarios selected for evaluation, in a certain climate zone (Copenhague,
Rome, London), climate events (HT, LT, EX and HW) and occupancy loads (N-normal, D-double).
Scenarios in green are going to be evaluated for all the strategies, and scenarios uncolored are not
going to be evaluated.

Climate event Occupancy Scenarios
Copenhagen Rome London

HT N C-HT-n R-HT-n L-HT-n
HT D C-HT-d R-HT-d L-HT-d
LT N C-LT-n R-LT-n L-LT-n
LT D C-LT-d R-LT-d L-LT-d
EX N C-EX-n
EX D C-EX-d
HW N C-HW-n R-HW-n L-HW-n
HW D C-HW-d R-HW-d L-HW-d

and their recovery rate after a HW. The effectiveness of these strategies will be
assessed using a set of KPIs de�ned by IEA EBC Annex 80 [33][34], as well as
references from [35] and [36] for annual calculations. For the HW event, periodic
KPIs will be established based on guidelines from [15] and [37].

The KPIs will be categorized into three groups to assess the performance of strate-
gies in terms of thermal comfort, energy performance, sustainability, and outdoor
conditions.

Regarding thermal comfort:

• HE: refers to the number of hours within a given period when the room's
operative temperature exceeds the comfort limit temperature. It will be cal-
culated for overheating (representing hours above 26 � C) in summer, during
occupied hours.

• OEF: measures the resistance of the building toward the increasing outdoor
air temperature, and its calculated as the IOD divided by the AWD as seen
in Equation 2.1 [38].

– IOD: quanti�es indoor overheating in an indoor space as the cumula-
tive difference between the operative temperature and the comfort limit
whenever the operative temperature exceeds this limit, calculated over
the occupied hours, as seen in Equation 2.2 [38].

– AWD: measures outdoor heat stress, de�ned later under "outdoor con-
ditions".
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OEF =
IOD
AWD

(2.1)

IOD =
å N

i= 1

��
Top,i � Tcom f

�
� t i

�

å N
i= 1 t i

(2.2)

Where:
Top,i Operative temperature at time step i [ � C]
Tcom f,i Comfort temperature set at 26� C [� C]
N Total occupied hours [hours]
t Time step [hours]

• Shock recovery rate (Drec): evaluates HW events by determining the time
required for a space to stabilize after overheating. It measures the rate of
temperature change as it decreases from its peak (Tmax) to a comfortable
threshold ( Talert) and remains there for at least 24 hours. It is calculated
for the HW event according to Equations 2.3, 2.4 and 2.5, and its graphical
representation can be seen in Figure 2.1 from [37].

Drec =
DT

Dt,rec
(2.3)

DT = Tmax � Talert (2.4)

Dt,rec = tbelow� tmax (2.5)

Where:
Tmax Highest recorded temperature [ � C]
Talert Target temperature to achieve comfort. De�ned as 28 � C [� C]
tbelow Time when temperature reaches Talert [h]
tmax Time when Tmax is recorded [h]

The thermal comfort thresholds referenced above follow the speci�cations in [27],
which de�nes four categories of Indoor Environmental Quality (IEQ) based on
levels of expectation. A normal expectation level corresponds to IEQ Category II
(IEQI I ). For an of�ce, the maximum allowable operative temperature in summer is
26ºC.

Regarding energy performance:
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Figure 2.1: Illustration of the recovery rate parameters during a HW event [37].

• Annual HVAC System Total Primary Energy Use per Conditioned Floor
Area (AHD): represents the total annual energy consumption of the cooling,
heating and ventilation systems, normalized by the conditioned �oor area.

Regarding sustainability:

• GWP: measure for climate change in terms of radiative forcing or a mass-
unit of greenhouse gas. The assessment includes the impact of energy con-
sumption for cooling, heating and ventilation and the in�uence of building
elements that are added or modi�ed compared to the baseline. It is measured
in kg CO 2eq/m 2.

Regarding the outdoor conditions:

• AWD: quanti�es outdoor heat stress by determining the total hours during
which the outdoor air temperature exceeds a �xed threshold. It is calculated
by summing hourly differences between the outdoor air temperature and a
�xed threshold of 18 � C during the summer, as seen in Equation 2.6 [38]. The
base temperature of 18� C is selected because it is lower than any minimum
summer comfort temperature limit, ensuring that an AWD greater than zero
indicates heat stress.

AWD = å N
i= 1 [(Ta,i � Tb) � t i ]

å N
i= 1 t i

(2.6)

Where:
Ta Outdoor dry-bulb air temperature [ � C]
Tb Base temperature set at 18� C [� C]
N Number of occupied houts in which Ta>Tb [hours]
t Time step [hours]
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• Degree of shock (DoS) to evaluate the HW events: product of a HW's sever-
ity and duration, along with the maximum temperature reached during the
event, as described in Equation 2.7. The DoS provides a standardized method
for comparing HWs [37].

doS =
Tdb,HW � Tdb,TMY

Tdb,TMY
�

tHW

tHW,longest
(2.7)

Where:
Tdb,HW Average dry bulb temperature during the HW [ � C]
Tdb,TMY Average TMY dry bulb temperature during the HW period [ � C]
tHW Duration of the HW [hours]
tHW,longest Duration of the longest HW at any time period [hours]

2.4.1 Resilience Evaluation System

Several of the previously outlined KPIs will be used to evaluate the resilience of
strategies concerning thermal comfort and energy ef�ciency. This section integrates
these metrics into a single resilience indicator, with weights assigned according to
their relative signi�cance to overall resilience.

The weighting system for the resilience indicator is de�ned as follows:

• Thermal comfort (HE and OEF), is a critical component of resilience and has
a signi�cant weight.

– HE: direct measure of comfort, accounting for 37.5% of the overall
weight.

– OEF: re�ects the building's adaptability by linking indoor and outdoor
conditions, it is weighted at 31.25%.

• Energy performance of the HVAC system (AHD), has a moderate impact and
contributes 31.25%to the indicator.

This resilience indicator will be complemented with GWP and Drec parameters
when applicable.

2.5 KPIs Scoring System

To evaluate the previously de�ned KPIs, a standardized scoring system was estab-
lished across all indicators. The scoring system ranges from 0 to 10 points, with
10 representing the highest performance and 0 indicating the lowest performance.
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The purpose of the de�ned scoring system is to facilitate the interpretation and
understanding of the results. However, it will not be a universal or standardized
system, but rather one created speci�cally for this project. More information about
the scoring system de�nition can be found in Appendix D.

For each KPI, minimum and acceptable values were determined based on agreed
or de�ned general parameters or benchmarks. The scores for intermediate values
are calculated using a linear relationship between the de�ned extremes.

• HE: the highest performance, represented by a score of 10 points, is achieved
when HE is 0%, indicating that no hours exceed 26 � C. Conversely, the low-
est acceptable performance, with a score of 0 points, occurs when HE sur-
passes 5%, meaning that 5% of the total operational hours in summer have
an operative temperature above 26� C. The 5% threshold was established in
accordance with [35], which speci�es a permissible range of deviation within
thermal comfort limits. The formula and corresponding graph for this linear
relationship are provided in Table 2.3 and Figure 2.2.

Table 2.3: Scoring equation for HE.

HE Score (points)
� 0% 10
0% < HE < 5% � 200� HE + 10
� 5% 0

Figure 2.2: HE scoring diagram.

• OEF: the best performance (10 points) is achieved when the IOD equals 0,
indicating no indoor temperatures exceeding 26 � C, which results in an OEF
of 0. In contrast, the lowest performance score (0 points) is assigned to the
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scenario with the highest OEF. This occurs when the comfort temperature of
26� C is exceeded by 0.5� C for 5% of the summer operational hours (which
aligns with the allowable deviations from thermal comfort limits de�ned by
[35]), resulting in an IOD of 0.3; and for the minimum AWD in each location
across all weather events (de�ned in Table D.1). The formula and correspond-
ing graph for this linear relationship are provided in Table 2.4 and Figure 2.3.

Table 2.4: Scoring equation for OEF.

OEF Score (points)
Copenhagen
� 0 10
0 < OEF < 0.011 � 924� OEF+ 10
� 0.011 0
Rome
� 0 10
0 < OEF < 0.005 � 2108� OEF+ 10
� 0.005 0
London
� 0 10
0 < OEF < 0.009 � 1144� OEF+ 10
� 0.009 0

• AHD : Actual residential energy consumption data from the European Union
[39] and �oor area data from the EU Building Stock Observatory [40] for each
location are used to, following the approach in [41], consider these values as
the average energy consumption, assigning them a score of 2.5 points, which
establishes a baseline for potential improvement up to 10 points. The mini-
mum energy consumption, and consequently the highest score for AHD, is
achieved when the room has zero energy consumption. The maximum score
is then extrapolated from the minimum and average values. The formula and
corresponding graph for this linear relationship are provided in Table 2.5 and
Figure 2.4.

• GWP: The maximum and minimum acceptable values for the GWP are de-
termined by de�ning the maximum and minimum quantities of the elements
included in the carbon footprint assessment and multiplying them by their
respective emission factors. For energy consumption, the maximum and min-
imum acceptable values align with those de�ned for AHD, ranging from zero
to the maximum calculated value. According to Artelia [29], the WWR in
rooms ranges from 10% to 65%, which will be considered as the assumed
maximum and minimum quantities. The minimum solar shading occurs
when there is none, while the maximum is when the entire window area
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(a) OEF scoring diagram for Copenhagen

(b) OEF scoring diagram for Rome

(c) OEF scoring diagram for London

Figure 2.3: OEF scoring diagram.
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(a) AHD scoring diagram for Copenhagen

(b) AHD scoring diagram for Rome

(c) AHD scoring diagram for London

Figure 2.4: AHD scoring diagram.



2.5. KPIs Scoring System 21

Table 2.5: Scoring equation for AHD.

AHD Score (points)
Copenhagen
� 0 10
0 < AHD < 194.06 � 0.051� AHD + 10
� 194.06 0
Rome
� 0 10
0 < AHD < 141.30 � 0.071� AHD + 10
� 141.30 0
London
� 0 10
0 < AHD < 190.95 � 0.052� AHD + 10
� 190.95 0

is covered. The formula and corresponding graph for this linear relationship
are provided in Table 2.6 and Figure 2.5.

Table 2.6: Scoring equation for GWP.

GWP Score (points)
Copenhagen
� 22.6 10
22.6 < GWP < 1040.3 � 0.0098� GWP+ 10.223
� 1040.3 0
Rome
� 22.6 10
22.6 < GWP < 2604.8 � 0.0039� GWP+ 10.088
� 2604.8 0
London
� 22.6 10
22.6 < GWP < 2741.9 � 0.0037� GWP+ 10.083
� 2741.9 0

• Drec: measures the recovery rate performance of the room. The minimum
occurs when the peak temperature during the HW matches the threshold,
while the maximum occurs at a maximum temperature with the shortest
recovery time. A recovery time below one day is going to be considered
acceptable in this paper. The formula and corresponding graph for this linear
relationship are shown in Table 2.7 and Figure 2.6.
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(a) GWP scoring diagram for Copenhagen

(b) GWP scoring diagram for Rome

(c) GWP scoring diagram for London

Figure 2.5: GWP scoring diagram.
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(a) Recovery rate scoring diagram for Copenhagen

(b) Recovery rate scoring diagram for Rome

(c) Recovery rate scoring diagram for London

Figure 2.6: Recovery rate scoring diagram.
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Table 2.7: Scoring equation for Drec.

Drec Score (points)
Copenhagen
� 0 0
0 < Drec < 0.29 34.3� Delta, rec
� 0.29 10
Rome
� 0 0
0 < Drec < 0.54 18.5� Delta, rec
� 0.54 10
London
� 0 0
0< Drec < 0.46 21.8� Delta, rec
� 0.46 10

2.6 Data Analysis

Each scenario will be analyzed for its impact on resilience by comparing the perfor-
mance of each strategy against its baseline, de�ned as the of�ce building without
any added resilience strategies (in the same location, climate event, and occupancy
load). The performance of each strategy will be evaluated using the selected KPI,
with particular focus on:

• Effectiveness across climate zones: Identifying whether certain strategies con-
sistently perform well across all locations, or if their impact varies depending
on the climate.

• Performance under extreme events: Evaluating whether strategies that per-
form well under current conditions also handle future and extreme condi-
tions effectively.

• Impact of occupancy: Investigating how the increased internal heat loads
(double occupancy) affect the performance of cooling strategies, especially
under future climate scenarios.

The evaluation system will provide a comparative analysis of the strategies im-
pacts, offering a clear understanding of which solutions demonstrate the greatest
resilience under the tested conditions and the lowest environmental impact. Ad-
ditionally, it will include a complementary assessment of the strategies recovery
rates during a HW.
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Results

3.1 Outdoor Conditions

This section analyzes the outdoor conditions across the three studied locations
under various climate events. The events examined include: HT, representing
current weather; LT, representing future weather; EX, denoting the hottest year;
and HW, representing a HW event. Understanding how outdoor conditions vary
under these events is essential for interpreting the effectiveness of strategies under
changing climate scenarios.

Annual and Summer Climate Conditions

Figures 3.1, 3.2, 3.3, and 3.4 illustrate the yearly evolution of outdoor temperature,
global solar radiation, relative humidity, and wind speed for the studied events
across all locations.

Additionally, Table 3.1 provide the mean values of outdoor conditions throughout
the year, emphasizing the observed increases or decreases. Across all locations and
climate events, outdoor temperatures are projected to rise. Notably, Copenhagen
experiences the most signi�cant increase, with a 30% difference between HT and
EX, while London and Rome show increases of 25% and 21% between HT and
HW, respectively. Relative humidity and solar irradiance exhibit minor variations,
with both increases and decreases observed across the three locations. Wind speed
is anticipated to increase in Copenhagen and decrease in Rome and London.

Table 3.2 focuses on the mean values for the summer season. During the sum-
mer, the mean outdoor temperatures for the HT scenario are 14.45� C, 16.46� C, and
21.75� C in Copenhagen, London, and Rome, respectively. The data indicate a gen-
eral increase in outdoor temperatures across the three locations and weather events

25



26 Chapter 3. Results

in the summer. The rise in temperatures from HT to HW in London and Rome is
23% and 22%, respectively, while the increase in Copenhagen is 25%. Currently, so-
lar radiation is highest in Rome, followed by Copenhagen and London. However,
future weather events indicate a decreasing trend in Rome, while it increases in
Copenhagen and London. Across the scenarios, solar radiation generally decreases
for all three locations in the LT scenario and during the HW scenario speci�cally
in Rome. Conversely, solar radiation increases in the EX scenario in Copenhagen
and in the HW scenario in both Copenhagen and London. Currently, wind speed
is highest in London, followed by Rome and Copenhagen. In the future, the over-
all trend across all scenarios shows a decrease in wind speed, except for the EX
scenario in Copenhagen.

Figure 3.1: Mean and yearly evolution of outdoor temperature for different climate events in each
location.

Figure 3.2: Mean and yearly evolution of solar radiation for different climate events in each location.
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Figure 3.3: Mean and yearly evolution of outdoor relative humidity for different climate events in
each location.

Figure 3.4: Mean and yearly evolution of wind speed for different climate events in each location.
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Table 3.1: Mean values in outdoor conditions during the year for the different weather events in each
location. Cells in red represent an increase, while cells green represent a decrease, in comparison
with the historical data (HT).

City Copenhagen Rome London
HT 8.65 15.93 11.6
LT 10.75 18.99 13.75
EX 11.71 - -

Temperature (ºC)

HW 11.12 19.62 14.91
HT 0.18 0.27 0.17
LT 0.16 0.30 0.16
EX 0.18 - -

Solar irradiance (kW/m 2)

HW 0.19 0.27 0.17
HT 2.90 3.22 3.68
LT 2.96 3.08 3.62
EX 3.51 - -

Wind speed (m/s)

HW 3.51 2.85 3.25
HT 81.61 71.68 75.27
LT 83.16 72.25 76.06
EX 80.96 - -

Relative humidity (%)

HW 81.67 69.87 74.93

AWD Evaluation

AWD quanti�es outdoor heat stress by summing hourly differences above a �xed
18� C threshold in summer (Equation 2.6). The 18� C base ensures any AWD above
0 indicates heat stress, as it is below minimum summer comfort limits. The AWD
for the three locations across the studied weather events can be seen in Table 3.3.

The AWD across the three locations is 2.31 in Copenhagen, 2.86 in London, and 5.27
in Rome. Compared to Copenhagen, the AWD is 21% higher in London and 78%
higher in Rome. In Copenhagen, the LT scenario shows a 7% increase compared to
the HT, followed by a 43% rise for the EX and a 63% increase for the HW, relative
to the HT. In Rome, the LT scenario shows a 45% increase compared to the HT,
while the HW represents a 60% increase relative to the HT. In London, the LT
scenario increases by 30% compared to the HT, with a 52% rise for the HW relative
to the HT.

HW Evaluation

The HW event is further quanti�ed by the DoS, combining its severity, duration,
and peak temperature reached during the event (as seen in Equation 2.7).
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Table 3.2: Mean values in outdoor conditions during the summer months from May to September,
for the different weather events in each location. Cells in red represent an increase, while cells green
represent a decrease, in comparison with the historical data (HT).

City Copenhagen Rome London
HT 14.45 21.75 16.46
LT 16.44 25.39 19.01
EX 17.78 - -

Temperature (ºC)

HW 18.65 27.17 20.73
HT 0.28 0.35 0.25
LT 0.24 0.24 0.22
EX 0.30 - -

Solar irradiance (kW/m 2)

HW 0.29 0.24 0.27
HT 2.61 3.18 3.55
LT 2.54 3.00 3.42
EX 2.65 - -

Wind speed (m/s)

HW 2.36 3.03 2.94
HT 77.32 70.33 70.26
LT 80.39 67.96 69.67
EX 75.04 - -

Relative humidity (%)

HW 75.81 62.09 66.79

The HW detection method follows the approach de�ned by [42] (and shown in
Figure 3.5), regarded as the most suitable for building applications according to
[43] and [30]. This method identi�es a HW when the Spic threshold (99.5th per-
centile) is reached. The HW begins once the Sdeb threshold (97.5th percentile)
is exceeded and ends when temperatures fall below the Sint threshold (95th per-
centile) or remain below Sdeb for three consecutive days. For more detail on the
HW calculation see Appendix E.

Information about the HW tested for the three locations is summarized in Table
3.4. The DoS varies across Copenhagen, Rome, and London, with Copenhagen
showing the highest value (0.21), followed by London (0.14), and the lowest in
Rome (0.09).

Copenhagen's DoS is elevated due to its very high severity (0.21), driven by a low
Tdb,TMY , and a duration factor of 1, which re�ects the longest heatwave at any
period (54 days) and a maximum Tdb,HW of 35� C. Rome's low DoS results from
minimal severity (0.09), attributed to its very high Tdb,TMY , and a duration factor
of 1, which re�ects the longest heatwave at any period (96 days) and a maximum
Tdb,HW of 41� C. London's intermediate DoS is caused from high severity (0.12),
in�uenced by its relatively high Tdb,HW and Tdb,TMY , and a duration factor of 1,
indicating the longest heatwave duration at any period (41 days), with a maximum
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Table 3.3: AWD for the three locations across the studied weather events.

Climate location Period AWD
[ � C]

HT 2.31
LT 2.48
EX 3.59

Copenhagen

HW 4.44
HT 5.27
LT 8.31Rome

HW 9.78
HT 2.86
LT 3.86London

HW 4.88

Figure 3.5: Heatwave detection from [42].

Tdb,HW of 39� C.

3.2 Evaluation of Thermal Comfort, Energy Performance,
and Sustainability Impact of Strategies

3.2.1 Thermal Comfort and Energy Consumption

Assessment and Results of HE

HE represents the total hours within a speci�ed period during which the room's
operative temperature surpasses the comfort limit. Using Bsim software, it will be
calculated for overheating by determining the hours when the room temperature
exceeds 26� C in summer, then dividing this value by the total occupied hours
during the same period.
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Table 3.4: Determination of the HW duration, the DoS, and the peak temperature reached during
the HW (Max Tdb,HW).

Climate location Period Duration doS Max Tdb,HW
(days) (C)

Copenhagen Long-term 54 0.21 35
Rome Long-term 96 0.09 41

London Long-term 41 0.12 39

The detailed evaluation of HE performance for each strategy across the three lo-
cations and climate events is presented in Appendix F. The HE score across the
strategies in the three locations can be seen in Figure 3.6.

In summary, strategies perform best in Rome, followed by London, and worst in
Copenhagen. Across all locations, the HW exhibits the lowest overall performance,
followed by scenarios with double occupancy, the EX event, LT, and HT. This
trend re�ects the results observed in the outdoor conditions associated with these
scenarios in Section 3.1, which indicated that outdoor temperatures are projected
to increase across all locations and events compared to HT.

Across Copenhagen, Rome, and London, strategy performance for HE revealed
common trends alongside location-speci�c variations. Strategies such as north-
facing facade (1b), smaller window area (3b), and halved g-value (5a) consistently
emerged as top performers across all locations and weather events, showcasing
strong resilience to overheating. The inclusion of night cooling (8-series) also
demonstrated robust performance. Conversely, having a larger window area (3a)
universally underperformed, consistently scoring 0 points across all scenarios and
locations, emphasizing the sensitivity of window area on thermal comfort. Simi-
larly, strategies such as halved U-value (6a) and west-facing facade (1a) also per-
formed poorly in the most intense scenarios (the ones with double occupancy or
the HW event).

In Copenhagen, performance declined sharply during extreme events, with the
HW scenario yielding the lowest average scores (1.5 points), highlighting the city's
susceptibility to overheating due to its high DoS (ass seen in Section 3.1). Strategies
such as north-facing facade (1b), smaller window area (3b), halved g-value (5a),
and solar shading measures (4b and 4c) proved effective, maintaining scores above
the medium threshold even under challenging conditions.

Rome experienced less pronounced performance variability due to its higher cool-
ing capacity and reduced solar radiation in future scenarios. This led to generally
strong results across all strategies, with top performers including west and north
facing facade (1a and 1b), increased Cp (2a), smaller window area (3b), halved
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g-value (5a), and the inclusion of night cooling (8-series). Even during HW, most
strategies performed above the baseline, except for the persistently poor perfor-
mance of having a larger window area (3a).

London followed trends similar to Copenhagen, with high scores under normal
conditions and notable declines during HW, where the average dropped to 5.7
points. Strategies such as north-facing facade (1b), smaller window area (3b), and
halved g-value (5a) continued to excel, while larger window areas (3a), east-facing
facade (1c), and halved U-value (6a) performed poorly, often below the baseline.

A key observation is that double occupancy often has a more signi�cant negative
impact on performance than a "hotter" climate. For example, comparing HT with
double occupancy (HT-d) to LT with normal occupancy (LT-n) reveals a greater
performance decline in the former. Additionally, performance under EX with nor-
mal occupancy (EX-n) in Copenhagen appears comparable to that of HT-d.

As outlined in Section 3.1, global solar radiation is expected to decrease in certain
events and locations, which could improve the performance of window-related
strategies (e.g., size, glazing properties, orientation) in LT compared to HT. This
can be seen happening in Copenhagen.

Assessment and Results of OEF

The OEF evaluates a building's resistance to rising outdoor air temperatures and is
calculated as the ratio of IOD to AWD as seen in Equation 2.1. The IOD quanti�es
indoor overheating during the summer period over the occupied hours, as seen in
Equation 2.2. It is computed using Bsim software as the sum of the differences
between the operative temperature and the comfort limit whenever the operative
temperature exceeds this limit, divided by the total occupied hours in summer.
The comfort limit is set at 26 � C, based on IEQ Category II (IEQI I ). The AWD as
described in Equation 2.6 in Section 3.1, quanti�es outdoor heat stress, and the
calculated AWD values can be found in Table 3.3.

The detailed evaluation of OEF performance for each strategy across the three
locations and climate events is presented in Appendix F. The OEF score across the
strategies in the three locations can be seen in Figure 3.7.

Copenhagen and London show similar trends and averages in OEF and HE. Sce-
narios with normal occupancy (HT, LT and EX) maintain relatively high average
performance across strategies (around 7–7.7 points), while double occupancy sce-
narios (HT, LT) and HW lead to slightly lower scores (6–6.7). These trends suggest
that future and extreme weather events (LT and EX) are not drastically different
from HT, but double occupancy and heatwaves (HW) signi�cantly increase over-
heating risks. Rome diverges from Copenhagen and London. OEF values are con-
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(a) HE score across strategies in Copenhagen

(b) HE score across strategies in Rome

(c) HE score across strategies in London

Figure 3.6: HE score across strategies in the three locations.



34 Chapter 3. Results

sistently lower if compared with HE, re�ecting a greater number of hours above
26� C rather than degrees above it.

The most effective strategies across scenarios and weather events are the north-
facing facade (1b), smaller window area (3b), halved g-value (5a), and including
natural ventilation (particularly 7b and 7c). These strategies consistently deliver
strong performance in mitigating overheating. A larger window area (3a) is the
least effective strategy across all scenarios and consistently performs worse than
the baseline model in all locations.

Assessment and Results of AHD

The AHD measures the annual energy demand for cooling, ventilation and heating
in the room, and it is calculated with Bsim software.

The detailed evaluation of AHD performance for each strategy across the three
locations and climate events is presented in Appendix F. The AHD score across
the strategies in the three locations can be seen in Figure 3.8.

In summary, AHD across Copenhagen, Rome, and London highlights the intercon-
nectedness of thermal comfort and energy use for cooling and ventilation. Strate-
gies such as north-facing facade (1b), halved g-value (5a), and the inclusion of natu-
ral ventilation (7-series) consistently emerged as top performers across all locations
and scenarios, with 7c (including a high ACH for natural ventilation) demonstrat-
ing the most signi�cant improvements over the baseline, particularly under chal-
lenging conditions. Conversely, a larger window area (3a) was the weakest strategy
performer across all scenarios and locations, with consistent underperformance
relative to the baseline.

In Copenhagen, AHD scores were generally above average, with mean scores of
7–7.5 under normal occupancy for HT, LT, and EX. Double occupancy and HW
conditions led to slight declines, with mean scores of 6.5–6.7. Strategies such as
north and east facing facade (1b and 1c), smaller window area (3b), and including
natural ventilation (7-series) performed well, while larger window areas (3a) and
including 7h of night cooling (8a) underperformed.

Rome demonstrated excellent thermal comfort but signi�cantly lower AHD scores,
indicating a substantial dependence on cooling energy. This aligns with the pro-
jected increase in cooling demand described in [8] and discussed in Subsection
2.1.3. Mean AHD scores of 4.5, 2.6, and 2.4 for HT, LT, and HW, respectively,
highlighted this trade-off. Strategies such as north-facing facade (1b), halved g-
value (5a), and including a high ACH for natural ventilation (7c) delivered the best
performance, while larger window area (3a) and halved U-value (6a) consistently
underperformed.
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