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ARTICLE INFO ABSTRACT

Keywords: The frequency and severity of extreme weather events like heat waves are rising, posing significant challenges for
Thermal resilience buildings and their cooling systems. To safeguard occupants from potentially hazardous indoor temperatures,
Heat waves

buildings and their cooling systems must be designed and managed to withstand these conditions and thus be
resilient. This study assessed via building simulations the resilience performance of selected individual passive
cooling strategies for five different climates (ASHRAE climate zones 2A, 3A, 3B, 4A, and 6A) and three heatwave
periods (historical, future mid-term and future long-term). Resilience performance was assessed with three
criteria: heatwave impact (°C-h above a reference standard effective temperature), absorptivity rate (°C/h), and
recovery rate (°C/h). Strategies such as solar shading, cool envelope materials, advanced glazing, and ventilative
cooling could each reduce the heat wave impact and the absorptivity rates in all studied climates at different
levels of efficiency. As the heat waves became more extreme, the performance declined at different rates
depending on the climate. Some strategies were more suited to specific climates such as cool envelope materials
in climate 2A. Most strategies could not speed up the recovery rates from the heat waves except for ventilative
cooling in climate 3B. With careful design to maximize the benefits of favorable wind conditions, every climate
could benefit from ventilative cooling strategies to speed up recovery from heat waves.

Passive cooling
Quantitative assessment
Degree of shock

[1]. The most recent 2023 IPCC report has projected that the 1.5 °C and
2 °C thresholds are likely to be exceeded unless large-scale and imme-
diate action is taken [2]. The impact on human health is well docu-
mented with the young and elderly particularly susceptible [3,4].
Globally, during the past 20 years, annual heat-related mortalities in
people older than 65 years have nearly doubled, reaching about 300,000
deaths in 2018 [4].

1. Introduction

Extreme heat events, or heat waves (HWs), are a growing global
public health concern, worsened by climate change and urbanization.
They have become more frequent, intense, and prolonged, with pro-
jections indicating further worsening under accelerated global warming
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Nomenclature

English symbols

AWD ambient warmness degree (-)

doS normalized degree of shock (-)

GSI global solar irradiance (W/m?)

10D indoor overheating degree (-)

SET standard effective temperature (°C)

SETge:  alert-level standard effective temperature (°C)

SETemergency €mergency level standard effective temperature (°C)

SETme  maximum standard effective temperature reached during a
heatwave (°C)

SET DH degree hours above SET (°C.h)

SET DH* normalized degree hours above SET (-)

SHGC solar heat gain coefficient (-)
SR solar reflectance (-)

ST solar transmittance (-)

t time (h)

T temperature (°C)

TE thermal emittance (-)

Tap dry bulb temperature (°C)

Toa outdoor air temperature (°C)
T, zonal air temperature (°C)
TRI thermal resilience index (-)
VT visible transmittance (-)
WWR window-to-wall ratio (-)
Greek symbols

a overheating escalation factor
Aabs absorptivity rate (°C/h)

Arec recovery rate (°C/h)

*
abs
*

rec

normalized absorptivity rate (-)
normalized recovery rate (-)

ASET different between maximum SET and SETjert

Abbreviation

HW heat wave

IEA EBC International Energy Agency Energy in Buildings and
Communities

KPI key performance indicator

RCP representative concentration pathway

TMY typical meteorological year

Even under the current climate, which can still be considered mild in
comparison to future projections [5,6], monitoring campaigns have
shown evidence of indoor overheating. A 2010 study conducted across
122 dwellings in London, showed that 37 % of living rooms and 49 % of
bedrooms exceeded the recommended adaptive comfort zone for more
than 1 % of the time during occupied summer hours [7]. In senior
dwellings in different US cities, temperatures exceeded the upper safe
limits for most buildings [8,9]. Similar campaigns conducted in other
types of buildings and locations showed similar issues [10-13]. HWs can
cause major power outages, threatening critical building services and
increasing risks of overheating [14]. Thus, buildings designed according
to existing standards may become obsolete in the future [15,16].

Consequently, it is essential to implement long-term resilient solu-
tions. Resilience is a performance characteristic, defined as the extent to
which a building can maintain safe and habitable conditions for occu-
pants in response to disruptive events (e.g., HWs) [17,18]. The Inter-
national Energy Agency Energy in Buildings and Communities (IEA EBC)
Program’s Annex 80 defines resilient cooling as “a capacity of the
cooling system integrated with the building that allows it to withstand or
recover from disturbances due to disruptions” [18]. Zhang et al. [19]
reviewed and ranked traditional and novel cooling strategies qualita-
tively according to: absorptive capacity, adaptive capacity, restorative
capacity and recovery speed. Absorptive capacity refers to the ability of
the building to absorb disturbances such as HWs. Adaptive capacity
highlights the building’s ability to modify its operations in response to
changing environmental conditions. Restorative capacity describes how
quickly and effectively a building can return to a pre-disturbance state
after an extreme event. Recovery speed evaluates how quickly the
building can regain its normal thermal performance after experiencing
disturbances. For instance, strategies such as solar shading were quali-
fied as having low to moderate absorptive capacity and low adaptive
capacities.

The resilience of many individual strategies qualitatively reviewed in
Ref. [19] were assessed quantitatively in different climates using
different key performance indicators (KPIs). Yoon et al. [20] evaluated
the resilience of internal vs. external thermal mass in an office located in
Cambridge, MA, USA (climate zone 5A according to ASHRAE Standard
169 [21]). They found that internal mass substantially lowered peak
temperatures while external mass delayed their occurrence. Green roofs
were investigated during HW periods in Barcelona, Spain (climate zone
3A) [22] and Montreal, Canada (climate zone 6A) [23] in old

constructions. The overheating escalation factor a [21] was used in
Ref. [22] to assess the resilience. This KPI is determined by comparing
the Indoor Overheating Degree (I0D)—a measure of how much indoor
temperatures exceed comfort thresholds—with the Ambient Warmness
Degree (AWD), which reflects the severity of outdoor warming condi-
tions. A value of zero indicates no increase in overheating risk. A value
between zero and one suggests a slight increase in overheating risk and a
value equal or greater than one signifies a significant overheating risk
with rising ambient temperatures. [22]. Results showed that green roofs
in climate zone 3A had an overheating escalation factor a of 0.5 for all
HW projections with better performance during shorter HWs. In [23], a
thermal resilience KPI — the thermal resilience index (TRI), was intro-
duced by the authors and is a function of the standard effective tem-
perature (SET) [25] degree hours (SET DH). The SET is an equivalent
temperature of a hypothetical or reference environment at 50 % RH
where the person has the same skin temperature and wetness as the real
environment. It is based on the two-node thermoregulation model of
Gagge et al. [26]. Thus, the SET DH is a cumulative deviation over time
from a SET threshold. It was used to evaluate the resilience of a
long-term care facility against heat waves in climate zone 6A. Their
results showed that among individual strategies, green roofs performed
better on upper floors. Its performance was thus location-dependent
showing improved resilience particularly on north and east facing
facades.

Solar shading technologies were assessed in [22,23] and [26] in
Houston, Texas (USA) (climate zone 2A). It was found that in climate
zone 3A, a was 0.5 for all HW projections with better performance
during less severe HWs. In climate zone 6A, solar shading had good
performance on south and west facing facades and rooms with smaller
areas. In climate zone 2A, internal window shades reduced SET DH by
8.8 % compared to a baseline with no shading. Other strategies reviewed
in [19] were also tested in the literature and are summarized in Table 1.

Despite extensive literature evaluating the resilience performance of
individual and combined strategies during HWs, studies were conducted
within the authors’ climate zones of interest. Consequently, it becomes
difficult judge the resilience of multiple strategies per climate during
HWs. Moreover, strategies evaluated in two or a maximum of three
climates (see Table 1) did not follow uniform methodologies. Each study
used a different set of KPIs assessing different resilience criteria or
applied different HW prediction algorithms, hindering the evaluation
process.
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ventilation, shading

pm, maximum capacity of 13.1 kW, maximum
flow rate 4400 m*/h,

Night ventilation: top hung windows, operation
time 10 pm - 6 am, open when the indoor
temperature is higher than 23 °C and higher than
the outdoor temperature by 2 °C, shading:
external screens that close when solar radiation
exceeds 250 W/m? on window

Table 1
Overview of the resilience performance of (a) 11 individual passive cooling strategies and (b) 5 combinations in different climates.
Strategy Properties Baseline Climate Findings
zone(s)
[21]
a) Individual strategies
advanced glazing B No baseline 3A [22] a = 0.5 for all HWs with better performance during
shorter HWs
U = 3.73 W/m?K, SHGC" = 0.057, VT® = 0.42 U=4.26 W/m?K,SHGC=  2A [26] Building-level SET DH reduced by 27 % compared
0.25, VT = 0.564 to baseline with no strategies
cool roofs SR'=0.6 SR=10.3 2A [26] Building-level SET DH reduced by 5.1 % compared
to baseline with no strategies
SR = 0.6 (bright white asphalt shingles) SR = 0.1 (conventional 3C [27] Building-level SET DH reduced by 5.4 %, 2.8 %, 2.0
asphalt shingles) % compared to baseline with no strategies for
historical, future mid-term and long-term HWs
cool walls SR =0.6 SR=10.3 2A [26] Building-level SET DH reduced by 4.1 % compared
to baseline with no strategies
SR = 0.6 (off-white painted surface) SR = 0.25 (medium- 3C [27] Building-level SET DH reduced by 7.6 %, 6.7 %, 5.8
brightness colored paint) % compared to baseline with no strategies for
historical, future mid-term and long-term HWs
ventilated cavity Mirror finished aluminum plates, thermal No cavity 4A [28] Building-level SET DH reduced by 35 %, 24 %, 18 %
emissivity of 0.8, solar absorptivity of 0.19, compared to baseline for historical, future mid-
cavity thickness of 0.05 m term and long-term HWs
natural ventilation 3 ACH No natural ventilation 2A [26] Building-level SET DH reduced by 61.6 % compared
to baseline with no strategies
Window opening area of 50 %. Windows are open ~ Window opening area of 6A [23] Higher zone level TRI in upper floors and zones
when the indoor temperature is higher than 26 °C 10 %, user operated facing North, South and East.
and higher than the outdoor temperature (schedule not specified)
night ventilation Exhaust fans Operating time 9pm ~ 10am; Fan No night ventilation 6A [23] Higher zone level TRI in upper floors and zones
total efficiency 0.6; Maximum ACH of 5 facing North and East.
Bottom hung windows open from 9 pmto6amin  No baseline 4A [29] The highest operative temperature in the living
the living and sleeping rooms and on top of the room during a HW is 33°C. It took 84 h to bring
stairway temperatures below 25 °C in that room. The
percentage of occupied hours above 25°C increased
by 13.3 % compared to the typical meteorological
year (TMY).
b) Combination of strategies
cool roof, cool wall roof: white asphalt shingles, walls: off-white roof: conventional asphalt ~ 3C [27] Building-level SET DH reduced by 9.8 %, 9.5 %, 8.6
painted surface, SR = 0.6 shingles), SR = 0.3 % compared to baseline with no strategies for
walls: medium-brightness historical, future mid-term and long-term HWs
colored paint, SR = 0.25
roof: thermal absorptance 0.9, solar absorptance - 4A [28] Building-level SET DH reduced by 34 %, 26 %, 20 %
0.2, walls: thermal absorptance 0.9, solar compared to baseline for historical, future mid-
absorptance 0.4 term and long-term HWs
cool roof, cool wall, natural ~ Roof & walls: SR = 0.6 Roof & walls: SR = 0.3, 2A [26] Building-level SET DH reduced by 17.1 % compared
ventilation, air sealing, Natural ventilation: 3 ACH, No natural ventilation, Air to baseline with no strategies
advanced glazing, solar Air sealing: 0.25 ACH sealing: 0.3 ACH
shading Advanced glazing: U = 3.73 W/m?K, SHGC = Glazing: U = 4.26 W/m’K,
0.057, VT = 0.42 SHGC = 0.25, VT = 0.564,
Shading: SR = 0.8 no shading
cool roof, cool wall, roof: thermal absorptance 0.9, solar absorptance Roof & walls: -No cavity 4A [28] Building-level SET DH reduced by 36 %, 25 %, 25 %
ventilated cavity 0.2, compared to baseline for historical, future mid-
walls: thermal absorptance 0.9, solar absorptance term and long-term HWs
0.4
Cavity: Mirror finished aluminum plates, thermal
emissivity of 0.8, solar absorptivity of 0.19,
cavity thickness of 0.05 m
adiabatic cooling, night Adiabatic cooling: Operation time 7:30 am - 6:00 No baseline 4A [30] Zone-level DH during occupied hours increased

linearly with increasing HW severity, intensity and/
or duration and were orders of magnitude higher
than the TMY

2 Information not provided in the paper.

b Solar reflectance = SR.

¢ Visible transmittance = VT.
4 Solar heat gain coefficient = SHGC.
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The aim of this work is to evaluate the resilience performance of
individual passive cooling strategies across different climate zones in
representative buildings. The climates 2A, 3A, 3B, 4A and 6A, cover a
wide variety of weather patterns. Moreover, this work uses the same HW
prediction methods across climates [31] and the same set of resilience
KPIs covering three distinct criteria of thermal resilience performance:
heatwave impact, absorptivity, recovery rates. It contributes to IEA
EBC’s Annex 80 “Resilient cooling of Buildings” and is a companion
study to the qualitative assessment of resilient cooling strategies con-
ducted in Ref. [19]. The novelty of this paper lies in its application of a
quantitative resilience assessment that incorporates simultaneously
three distinct resilience performance metrics, which have not been
previously used in the literature. These metrics are applied across
diverse climates and reference buildings for the first time, enabling a
comprehensive evaluation of passive cooling strategies’ effectiveness in
minimizing heat stress during extreme or prolonged HWs. This approach
goes beyond traditional overheating assessments by offering a more
dynamic and holistic evaluation of resilience under climate extremes.

2. Methods

The thermal resilience performance of 5 buildings across different
climates was investigated under two conditions: (a) the baseline case
with no strategies and (b) the case implemented with individual passive
cooling strategies. This manuscript defines passive cooling as cooling
methods that rely on natural processes (such as convection, radiation, or
evaporation) and renewable resources without active mechanical cool-
ing systems like compressors or extensive energy inputs. The strategies
that will be considered here are cool roofs, cool walls, advanced glazing,
shading and ventilative cooling (natural ventilation, adiabatic cooling).
Note that despite the possibility of fan usage with adiabatic cooling and
natural ventilation, they will be considered as passive cooling strategies
as they rely mainly on water evaporation and convection from outdoor
air respectively to reduce the air temperature. The evaluation was car-
ried out under multiple HWs. The workflow adopted can be seen in
Fig. 1. Since the focus was on assessing the performance of passive
cooling strategies within each climate zone, without making cross-
climate comparisons, there was no need to normalize the results based
on building characteristics such as mass, volume, occupation times,
fenestration extent, and surface areas facing the equator. Studies that
want to compare across different climates may require normalization to
account for variations in these factors.

2.1. Case study buildings

Table 2 gives an overview of the different buildings. Table 3 presents
the thermal characteristics of all the cooling strategies. All the consid-
ered buildings were free running with no mechanical cooling or venti-
lation. The baseline cases are the buildings with no strategies. The
retrofitted cases are the baseline cases implemented with the individual
available cooling strategies which will be simulated for different HW
scenarios. The case study buildings had to be representative cases that
must comply with national building codes and standards. Further in-
formation regarding the buildings can be found in the supporting ref-
erences found in Table 2 and in the e-component.

2.2. Definition and quantification of historical and future heatwave
weather scenarios

The IEA EBC Annex 80 developed a methodology that defines his-
torical and future weather files covering three time periods: historical or
contemporary (2001-2020), mid-term future (2041-2060), and long-
term future (2081-2100) [31,44]. There were many future climate
datasets available to choose from. There are global climate models
having a coarse resolution making them unsuitable for building thermal
simulations and local impact studies such as resilience assessment due to
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HWs [45]. An alternative was to use statistical downscaling (morphing
method [46], stochastic weather generators [47]). While being a simple
method with low computational power, it was not adopted in [32,45] as
climate change and future extreme events were not well represented,
models and scenarios used depended on the tool making difficult to
assess uncertainties and it assumed that future weather patterns will be
similar to present-day observations. To overcome these obstacles, dy-
namic downscaling (regional climate models (RCMs)) was adopted. Due
to their higher spatial resolution, they allow better representation of
local climate effects. RCMs also have a refined time resolution, allowing
them to better represent extreme events such as heat waves [48].

To assemble future weather files, multi-year climate data projections
from the Coordinated Regional Downscaling Experiment (CORDEX)
were used [49]. The latter are dynamically downscaled regional climate
multi-year projections from global climate models. Climate data for
many weather variables (dry-bulb temperature, specific humidity, at-
mospheric pressure, global horizontal radiation, cloud cover and wind
speed) are available in NETCDF4 format. The future projections were
based on the highest baseline emissions scenario defined by the IPCC,
the representative concentration pathway (RCP) 8.5 [50].

In Europe, RCMs have an unprecedented resolution of ~12 km and
are part of the European CORDEX (EURO-CORDEX [51]). The resolution
in the Middle East and North Africa is 25 km and 50 km for the rest of the
world. Data are available at the multi-year format on different time
scales: monthly, daily, every six hours and three hours, during the his-
torical period from 1976 to 2005 and for the future period, from 2006 to
2100. Since the CORDEX data have a time step of 3 h, interpolations
were made to downscale to 1 h format. Bias adjustment of the raw
outputs from the RCMs was also conducted for both the historical and
future periods. Subsequently, the climate data was divided into three
20-year periods (historical, future mid-term and future long-term).

After obtaining the 1-hour bias adjusted data over the historical and
future periods (mid-term and long-term), future weather files could be
assembled. They include typical years (TMY) defined according to the
EN ISO 15,927 4:2005 [52] and extreme heatwave years according to
the method of Ouzeau et al. [53]. From the temperature time series,
three thresholds (Spic, Sdeb and Sine) could then be calculated and the
heatwave years subsequently detected. Spi. represents the threshold
beyond which a heatwave event is detected (99.5 percentile of the
temperature distribution over the 30-year period). Sgqe, defines the
beginning and the end of the heatwave (97.5 percentile) and Sy is the
interruption threshold, used to merge two consecutive heatwave events
without a significant drop in temperature (95 percentile). Multiple
heatwave events can be detected in the three time periods. They are
characterized by different intensities (maximum daily mean tempera-
ture reached during the heatwave), duration (in days) and severity
(aggregated temperature above the 97.5 threshold in°C.days). From the
obtained family of heatwaves in each climate, the most intense was
selected in the current study for each period as can be seen in Table 4.
The TMY and HW weather data files for the considered climate zones
could be downloaded from the world data center for climate platform
[54].

Given that HWs have multiple characteristics and there is a total of
15 HWs to be tested, it would be advantageous for visualization pur-
poses to represent each HW with a single normalized value that com-
bines these characteristics—specifically, its duration and intensity. For
this purpose, the normalized degree of shock (doS) introduced in [30]
will be adapted. The normalized doS is expressed in Eq. (1) as the
product of the HW relative magnitude and duration. The relative
magnitude is the ratio of the difference in the average HW dry bulb
temperature (Tg, yw) and TMY dry bulb temperature during the same
period of occurrence of the HW (Tgptmy) over Tgqpmy. The relative
duration is defined as the ratio of the HW duration (tyw) to that of the
longest possible HW (tiw jongest) that can be detected per climate zone in
the time frame in which the HWs occur. Note that for each of the three
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Step 1:
Develop baseline & retrofitted models of case studies
* Building geometry and thermal zoning
» Envelope elements, HVAC systems and control, natural ventilation flows, etc.
»  Occupancy and equipment schedules

8-

!‘ DesignBuilder

»  Historical or contemporary (2010s)
*  Future midterm (2050s)
*  Future longterm (2090s)

45

Step 2:
Definition of heatwave (HW) scenarios and associated KPI

» Definition of the normalized degree of shock (doS) index

HW Long-term Severe-Longest (3B)
T T T T T

Time (days)
T

T
1 5 10 15 20 25 30

) 4

‘&

Energyfls

Step 3:
Simulation of the different cases during HW years
Solving heat and mass transfer inside the zones

144

MODELICA

A 4

e Visualize results

T(°C)

> t(days)

Step 4:
Data processing and thermal resilience assessment
*  Output zone air temperatures, relative humidity
» Calculate standard effective temperature (SET)
» Calculate resilience KPI (SET degree-hours, absorptivity, and recovery times)

o

Resilience KPls

doS

Fig. 1. Illustration of the methodology and workflow.

time periods (historical, future mid-term and long-term), there is a
corresponding TMY weather file that is used to calculate Tgp my. Thus,
the doS calculation considers the dynamic effect of global warming.
Table 4 illustrates the doS for the different climate zones and the
different time periods. More information can be found in the
e-component.

Tavaw — Tavmy tiw
doS =
Tdb,TMY tHW,longest (1 )
——
Relative magnitude Relative duration

2.3. Thermal resilience assessment

The thermal resilience assessment followed the quantitative frame-
work based on [36] which proposes to characterize the resilience per-
formance by three aspects: a) HW impact, b) Absorptivity rate and c)
Recovery rate assessed during occupied hours.

HW impact: The HW impact is expressed using the SET DH [55]. It
depends on the maximum SET reached (SETpay), the time it takes to
reach it from a pre-defined temperature threshold as well as the time it
takes to go back to this threshold from SET .. The SET is an equivalent
temperature of a hypothetical or reference environment at 50 % RH
where the person has the same skin temperature and wetness as the real
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Illustration of the simulated case study buildings and corresponding cooling strategies in climate zones 2A, 3A, 3B, 4A and 6A.

City Climate Building information Building illustration Baseline Simulated cooling strategies
zone [21]
Sao Paulo, 2A detached two-bedroom No mechanical cooling/ advanced solar shading, cool
Brazil single-family home [30,31] ventilation. Naturally roof, cool walls, advanced
ventilated (45 % of window glazing and ventilative cooling
opening)”

Rome, Italy 3A refurbished single-family No mechanical cooling/ advanced solar shading, cool
house for the construction ventilation. Naturally roof, advanced glazing and
period 1946-1960 [34] ventilated ventilative cooling

Los Angeles, 3B detached three-bedroom No mechanical cooling or advanced solar shading, cool

CA, USA single-family home [33] mechanical/natural ventilation roof, cool walls, advanced
glazing, and ventilative
cooling

Ghent, 4A two-floor educational No mechanical cooling or advanced solar shading and

Belgium” building [30,35,36] mechanical/natural ventilation  ventilative cooling

Montreal, 6A two-floor educational No mechanical cooling or advanced solar shading, cool

Canada building [40-43] mechanical/ natural roof and ventilative cooling

ventilation

# Retrofitted case improved window opening to 100 % (Table 3).
b Other resilient studies conducted in Belgium [37-39].

environment. It is based on the two-node thermoregulation model of
Gagge et al. [56]. It can be calculated using the pythermalcomfort Py-
thon package [57]. The SET is calculated for each HW weather file
generated according to the methodology of Machard et al. [32,45], for
each climate zone and each of the three time periods (Table 4).

The ASHRAE 7-point predicted thermal sensation (PTS) scale can be
used to quantify occupants’ perceived thermal sensation within a space.
It ranges from -3 (cold) to +3 (hot). Eq. (2) shows the relationship be-
tween the SET and the PTS derived in [58] for an average population.
Different regression models exist for different climates and reflect the
adaptability of different populations [59].

PTS = 0.25SET — 6.03, R?> = 0.998 (2)

According to Eq. (2), three SET thresholds (SETcomf, SETalert; SETemer)
can be determined in relation to occupants’ heat stress [60,61]. For an
average population, when PTS = 0 (neutral), SET¢oms = 24.12 °C; when
PTS =1 (slightly warm), SET et = 28.12°C; and when PTS = 2 (warm),
SETemer = 32.12 °C. To calculate the SET DH, the SETyjert threshold was
adopted. SET,)er¢ was calculated for each climate zone considered (2A,
3A, 3B, 4A, 6A) using the PTS-SET regression models of Ji et al. [59].
The resulting thresholds were 28.8°C, 30.9°C, 29.8°C, 27.1°C, and

25.7°C, respectively. To ensure a consistent basis for evaluating resil-
ience performance across these diverse climates, an averaged threshold
was adopted. The aggregated average threshold (28.46°C) closely
matched the SETyje for an average population. Thus, finally, to calcu-
late the SET DH, the SETgjers = 28.12°C threshold was adopted. A con-
ceptual curve of the SET can be seen in Fig. 2. The HW impact can be
seen in the hashed red area on the curve.

To calculate the SET DH, for residential buildings, the reference
occupant had a metabolic rate (MET) of 1 and a clothing insulation value
of 0.5 clo when awake, and MET of 0.7 and a clothing insulation value of
1.38 clo when sleeping. A MET of 1.1 and a clo of 0.57 was adopted for
offices and schools [62]. According to [62], overheating occurs for
average age adults when the SET DH exceeds 230+42 °C-h.

a) Absorptivity rate: Absorbing a HW impacts occupants throughout
the transient absorption period. The rate of change of temperature
has been shown in experimental literature to have a significant
impact on the health and comfort of occupants. Larger temperature
step changes deviating occupants even further away from their state
of thermal equilibrium are perceived as more uncomfortable.
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Table 3
Illustration of the thermal properties of the different cooling strategies in each climate.
Strategy Climate
2A 3A 3B 4A 6A
Advanced 1) Overhangs, area of 51  External roller blind with 1) Overhangs and fins, depth of ~ Automated external External roller blind with
solar m?. Horizontal position solar transmittance (ST) of 13 0.5 m, horizontal overhang on shading on the south fagade, = ST = 0.10 and SR = 0.35
shading covering the entire % and SR of 42 % that closes south facade; vertical fin on operated for 15 minutes that close when the window
building perimeter when the global solar southern side of the window, on ~ when the GSI > 250 W/m? GSI > 250 W/m?
OR irradiance (GSI) on the the east and west fagades, no
EAutomated Venetian window exceeds 300 W/m? overhangs or fins on the north
external blinds Installed facade.
in the living room & OR
bedroom. Blinds close 2) External solar control
when outdoor air screens, SHGC = 0.2, VT = 0.3
temperature is >26 °C 3) Automated Venetian
external blinds, SHGC = 0.1,
VT = 0.09
Cool Cool exterior wall paint  Cool roof coating witha SR =  Cool exterior wall paint OR n/a Cool roof coating with SR
materials and cool roof coating 0.50, TE = 0.86 cool roof coating with a SR = = 0.80, TE = 0.90
with SR = 0.80, thermal 0.60, TE = 0.90
emittance (TE) = 0.90
Advanced Multilayer glazing, Ultra selected double-glazed  Electrochromic dynamic n/a n/a
glazing SHGC = 0.32, VT = 0.24,  windows, SHGC = 0.30, VT =  glazing, switching from light
thermal transmittance 0.64, U = 1.2 W/m%K (SHGC = 0.50, VT = 0.75) to
(U) = 3.6 W/m2K dark (SHCG = 0.10, VT = 0.15)
when window GSI > 100 W/m?%
U =17 W/m*K
Ventilative Cross natural Mechanically driven Naturally driven ventilation 1) Mechanical cooling with ~ Natural night ventilation
cooling ventilation 100 % of ventilative cooling using an with an opening area of 16.6 m®>  indirect evaporative with an opening area of 25

glazing area openable.
Windows open if:

1. The room is occupied.
2. Indoor dry bulb

axial fan. 200.0 1/s, pressure
drop of 200 Pa, motor power of
0.2 kW with an efficiency of
0.9. There is one fan for each

representing 50 % of the window
opening area. Window open
when the outside air
temperature is above the heating

cooler. The fan supplies a
flow rate of 611.1 1/s per
room. It operates when the
outdoor dry bulb

%. As there were no
occupants present during
the night to manage the
windows; they were

temperature Tq,> 19°C; floor and it is active when the
3. Indoor Tg, > outdoor outdoor air is at least 2°C
Tap cooler than the indoor air.

setpoint 21 °C and below the
cooling setpoint 24.9 °C.

temperature exceeds 22 °C
and the maximum zonal
temperature exceeds 24.5 °C.
2) Natural night natural
ventilation activated from
10 pm to 6 am between April
and October. The total
operable area of the windows
is 4 % of the floor area. They
open if max zone temperature
T, >22 °C and higher than
the outdoor air temperature
Toa by 2 °C, and max T, from
the previous day

>23°C, Toa > 12°C and RH
<70 %

intended to either stay open
or remain closed
throughout the night.

Moreover, the final steady state comfort state of occupants is much
worse after larger temperature step changes [63,64].

In this work, the absorptivity rate A,p,s (°C/h) was considered as a
KPI during the absorption of the HW. A,y is defined as the rate of change
of temperature from when the SET crosses the SET,jert = 28.12 °C
threshold (at time t;) and reaches its maximum value SETy,x at tmay as
seen in Eq. (3).

ASET _ SETuax — SETten

A =
abs A tabs

tmax - tl (3)

A 24 h period prior to t; is analyzed to check whether SET was below
SET1ert = 28.12 °C. The counter on At,p, starts at t; only if the SET <
SETgjere during the 24 h buffer. Otherwise, additional time periods are
added before t; and considered in the calculation of Aty until this
condition is satisfied. This is since occupants can recover from the HW
during 24 h. Larger A, signify steeper temperature transients and
worse resilience performance. During the absorption of the HW, it is
additionally important to look at the final thermal state of the ambient
environment expressed by SETmax. Thus, Ag,s and SETpax will be
analyzed together.

a) Recovery rate: The recovery rate Ar.. (°C/h) is defined in Eq. (4) as
the rate of change of temperature from when the SET declines from
its maximum value SETyax to reach the SET e = 28.12 °C threshold
(at time ty):

_ ASET _ SETmax - SETalert

Arec =— ™ 4

ty — tmax

In this work, the recovery time At, is defined as the time it takes by
the building to go back to below the SET,jert = 28.12°C at time t from
SETmax- Similarly to the absorptivity rate, the counter on Aty is only
stopped if the SET goes below SET e for at least 24 h. Otherwise, At is
calculated cumulatively until this condition is satisfied (Fig. 2). Larger
recovery rates A signify faster temperature transients towards the
threshold conditions and better recovery performance and thus better
resilience performance.



D. Al-Assaad et al.

Building and Environment 274 (2025) 112698

Table 4
HW characteristics per climate zone.
Climate  Period Average HW Average TMY Tab, max(°C) time (h) to reach Duration (days) Global intensity doS
Tan(°C) Tap(°C) Tab, max(°C) (°C.days)

2A Historical 28.6 21.6 36.2 180 9 (Jan 5 - Jan 13) 20.7 0.122
(2015)
Mid-term 29.3 23.3 36.9 134 14 (Feb 9 - Feb 22) 42.2 0.150
(2059)
Long-term 30.7 18.7 43.4 227 16 (Nov 3 — Nov 18) 70.6 0.405
(2083)

3A Historical 27.9 25.4 34 132 15 (July 17 - July 229 0.016
(2015) 31)
Mid-term 28.5 249 37 445 42 (July 12 - Aug 334 0.064
(2059) 22)
Long-term 30.8 23.4 41 1431 95* (June 6 — Sept 40.1 0.316
(2084) 18)

3B Historical 24.1 19.2 32.7 11 5 (Aug 3 — Aug 7) 6.0 0.025
(2019)
Mid-term 24.8 19.8 39.4 444 21 (Aug 21 - Sept 35.5 0.104
(2051) 10)
Long-term 24.2 19.4 37.8 801 51* (Aug 6 — Sept 65.3 0.247
(2086) 25)

4A Historical 24.8 18.6 40.9 256 27 (July 5-July 31)  26.3 0.201
(2002)
Mid-term 27.4 17.4 42.6 179 16 (June 27 - July 25.5 0.179
(2051) 12)
Long-term 25.0 18.3 41.7 399 45" (July 2 - Aug 46.1 0.362
(2090) 15)

6A Historical 26.7 20.8 40.9 136 7 (June 17 — June 5.2 0.055
(2020) 23)
Mid-term 24.9 22.6 42.6 325 15 (July 10 — July 12.3 0.042
(2044) 24)
Long-term 27.6 22.4 41.7 347 36" (July 7 — Aug 34.5 0.232
(2090) 11)

* Longest HW duration used to calculate the doS according to Eq. (1). In climates 3A, 3B, 4A and 6A, the HW with the longest duration corresponded to the long-term

HW. The exception was climate 2A where tyw jongest = 24 days.
3. Results

3.1. Resilience performance of individual strategies in different climate
zones

Figs. 3, 4, 5 and 6 illustrate the resilience performance aspects of the
baseline scenario and selected passive cooling strategies for climates 2A,
3A, 3B, 4A and 6A during a) historical, b) mid-term future and c) long-
term future HWs (see Table 4). The results were showcased for the most
overheated zone. Table 5 illustrates the results of the different resilience

performance aspects of the strategies ranked by descending order of
performance and the % of improvement. It can be generally observed
that all performance aspects deteriorated with increasing doS for all
climate zones and all strategies.

3.1.1. Climate 2A: hot-humid

HW impact (Fig. 3): In the baseline apartment, the most overheated
zone (living room) did not exceed the acceptable SET DH threshold of
230+£42°C-h during historical HWs. This was due to the combination of
heavy thermal mass, which slowed internal heat storage, small window
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Fig. 2. Illustration of the temporal variation of SET during a HW event (yellow shaded area).
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size limiting solar gains, and the short duration of the HW (9 days). The
combination of cool roof coatings and cool wall paint resulted in the
lowest SET DH during historical, future mid-term, and long-term HWs.
For all HW periods, SET DH remained below the acceptable threshold for
historical and future mid-term HWs, slightly exceeding it by 7 % during
future long-term HWs. Therefore, in climate 2A, cool materials effec-
tively minimize HW impacts on wellbeing. Additionally, cool materials
kept indoor SETmax below the emergency threshold (32.12°C) for his-
torical and future mid-term HWs, with a 9.5 % increase for future long-
term HWs (Fig. 4). Overhangs, which cover the building perimeter,
outperformed ventilative cooling (natural cross-ventilation during

Building and Environment 274 (2025) 112698

occupied hours), followed by Venetian blinds and advanced glazing
across all HW periods (Table 5). Notably, overhangs were more effective
than Venetian blinds, as they protect not only the windows but also a
significant portion of the uninsulated exterior walls.

Absorptivity rate A,p,s (Fig. 5): Cool materials caused the largest
reduction in A,ps among all strategies for all three HWs dampening their
impact. E.g., during historical HWs, cool wall paints and cool roof
coatings had A,ps of 0.006 °C/h as opposed to the baseline value of 0.040
°C/h. This is mainly due to the significant reduction in indoor temper-
atures compared to the baseline (cool materials had always the lowest
SETmax, See Fig. 4) rather than absorptivity time At,,s as the latter was

Overhangsf/fins
[ Blinds/screens

:l Baseline

|:| Ventilative cooling ||;||

=1 Cool roof
Cool wall

Cool roof & wall Bl Advanced glazing

------- SET DH threshold a) Historical
10000 A 10000 Ty 10000 3B 10000 A 10000 oA
9000 1 (doS=0.122) | 9900 1(doS=0.016) | 9000 | (d0S=0.025) | 9000 | (doS=0.2) 9000 +(doS=0.055)
8000 - 8000 8000 1 8000 8000
7000 - 7000 7000 7000 1 7000
6000 6000 6000 — 6000 6000
25000 - 5000 - 5000 5000 - 5000 A
& 4000 - 4000 - 4000 - 4000 - 4000 -
3000 3000 - 3000 - 3000 -
2000 2000 - 2000 A 2000 -
1000 1000 1000 - 1000 -
b) Future mid-term
10000 A 10000 10000 5 10000 A 10000 oA
9000 (doS=0.15) 9000 ek | 9000 1(d0s=0.103) | 9000 1 (d0S=0.179) | 9000 1 (doS=0.042)
8000 8000 8000 - 8000 - 8000 -
7000 7000 7000 - 7000 - 7000 -
- 6000 - 6000 6000 1 6000 6000 -
2 5000 - 5000 5000 1 5000 5000 A
@ 4000 - 4000 4000 1 4000 - 4000 -
3000 3000 3000 — 3000 3000 A
2000 2000 2000 1 2000 2000 A
1000 -_@—1 ! 1000 1000 - 1000 1000 A
0 == ; 0 == 0 -1= 0 /= — o =t
c) Future long-term
10000 A 20000 10000 5 10000 i 10000 ”
9000 1 (40S=0.405) | 18000 - ) | 9900 1 (doS=0.247 9000 1 (do$=0.362) | 9000 1 (4o5=0 232)
8000 - 16000 - 8000 - | 8000 A 8000 A
7000 A 14000 - 7000 1 7000 - 7000 -
6000 1 12000 - 6000 1 6000 A 6000 -
=5000 - 10000 - 5000 - 5000 - 5000 -
%4000 - 8000 1 4000 - 4000 - 4000
3000 A 6000 - 3000 1 3000 - 3000 1
2000 4 4000 - 2000 1 2000 - 2000 -
1000 - @:! 2000 1000 1000 1000 I
0 0 - 0 z 0 0 L= '"

Fig. 3. Illustration of the SET DH of different cooling strategies for the different climate zones (note that the y-axis scales in c) 3A is different to improve the visibility

of the results).
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the shortest for cool materials as opposed to the other strategies for all
three HW periods (e.g., cool materials: ASET = SETax — SETihresh= 4 °C
during 241 h vs baseline: 7.2 °C during 294 h during future mid-term
HW).

As for solar shading, both strategies reduced A,ps compared to the
baseline during historical and future mid-term HWs due to lower ASET
and more significantly longer Aty (e.g., overhangs: 1.7 °C during 187 h
vs baseline: 2.6 °C during 65 h for historical HWs). Both strategies had
lower SETax than the baseline for all three HW periods (3 % and 1 %
reduction for overhangs and blinds respectively) but remained above
SETemergency- No improvement was noted for future long-term HWs given
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lower ASET with shorter Atg,; compared to the baseline (e.g., blinds: 9.7
°C during 314 h vs baseline: 10.1 °C during 316 h). Both overhangs and
venetian blinds performed similarly except during historical HWs where
overhangs had much lower A, than venetian blinds (0.009 °C/h vs.
0.033 °C/h) due to 65 % higher At,s.

Ventilative cooling had the highest absorptivity rate among all
strategies for the three HW periods even exceeding the baseline in the
case of future mid-term HWs (0.026 °C/h vs. the baseline value of 0.023
°C/h). This is due to shorter absorptivity times At,ps (the second shortest
Atyps after cool materials) in combination with larger ASET which was
comparable to the baseline (e.g., 2.5 °C during 65 h vs baseline: 2.6

) =1 Cool roof
I:I Baseline 8?{532?3”32@: ! Ventilative cooling %888: \rl\g(a)l% & wall - Advanced glazing
a) Historical
el A Nl A 1l BTNl A ]
(d0S=0.122) (doS=0.016) (doS=0.025) (doS=0.2) (doS=0.055)
40 - 40 - 40 - 40 - 40 A
038- 38 - 38 - 38 A 38 -
‘::36- 36 - 36 - 36 - 36
34 34 34 34 34
E_‘Eaz ] 32 32 32 | 32
a3o- 30 30 A 30 A 30 1
28 - 28 - 28 - 28 A 28 A
26 - 26 - 26 - 26 - 26
24 24 24 - 24 24 A
22 22 22 - 22 - 22 -
b) Future mid-term
44 44 44 44 44
42 2A 42 3A 42 38 42 A oA 42 oA
(doS=0.15) (doS=0.064) (doS=0.103) (doS=0.179) (d0S=0.042)
40 - 40 40 - 40 40
o 38 - 38 - 38 38 38
© 36 36 - 36 36 - 36 -
% 34 1 34 - 34 34 - 34
532 - 32 32 32 A 32 -
& 30 - 30 - 30 - 30 - 30
28 - 28 - 28 28 - 28 -
26 - 26 - 26 26 26
24 24 - 24 24 - 24 -
22 22 22 | 22 4 22 |
c) Future long-term
44 A 44 i 44 - 44 A 44 A
429 (dos=0.405) | ** | (dos=0.316)| *? 17| (des=p$a})| *21 (d0s=0.362)| *?1 (dos=0.232)
40 4 40 40 40 40
38 - 38 38 - 38 - 38 -
§36- 36 - 36 - 36 - 36 -
= 34 34 34 - 34 - 34 -
[__g 32 32 - 32 - 32 - 32 -
K230 1 30 - 30 - 30 30
28 - 28 28 - 28 - 28 -
26 - 26 26 - 26 26 -
24 - 24 24 - 24 - 24 -
22 22 | 22 22 | 22

Fig. 4. Illustration of SET,.x of different cooling strategies for the different climate zones.
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°C during 65 h during historical HW). This can be seen by looking at
Fig. 4. Ventilative cooling could not reduce SET.x compared to the
baseline for all three HWs. Ventilative cooling was closely followed by
advanced glazing strategies for the same reasons. However, advanced
glazing technologies had slightly lower ASET reducing their A,,s by an
average of 5.6 %.

Recovery rate Ay, (Fig. 6): During historical HWs, venetian blinds,
ventilative cooling and advanced glazing slightly reduced A given that
their recovery time At,. was equal to that of the baseline with lower
ASET (Fig. 4). Overall, they did not significantly impact the recovery of
the building. The use of overhangs significantly improved the Arec

Building and Environment 274 (2025) 112698

compared to the baseline increasing it by 43.4 % given a substantial
decrease in Aty (118 h with overhangs vs. 319 h for the baseline) in
tandem with a reduction in ASET. Thus, the use of overhangs, can help
recover the building quickly and restore it to safer conditions. However,
cool wall paints and cool roof coatings reduced A.. by 80 %. This is
since the reduction in ASET was higher than the reduction in At
(overhangs: 0.3 °C in 190 h vs baseline: 2.6 °C in 319 h). However, this
effect is negligible since the SET decrease was only by 0.3°C over a
duration of 8 days.

During future mid-term HWs, the use of overhangs, venetian blinds
and advanced glazing did not significantly impact the recovery capacity

Overhangs/fins I . E-Cool roof
Baseline : Ventilative cooling == Cool wall Advanced glazin
] B Biinds/scieens 9 E==1¢00l roof & wall ] glazing
a) Historical
0.05 0.05 0.05
2A 3A 0.05 3B 0.05 4A 6A
(doS=0.122) (d0S=0.016) (d0S=0.025) (d0S=0.2) (doS=0.055)
0.04 +— 0.04 0.04 - 0.04 - 0.04 4
-
S 0.03 | 0.03 A 0.03 - 0.03 - 0.03 -
£
:é 0.02 0.02 - 0.02 | 0.02 0.02
0.01 0.01 0.01 - 0.01 - 0.01 1
0.00 0.00 - 0.00 - 0.00 0.00 -
b) Future mid-term
0.05 0.05 0.05 0.05 0.05
2A 3A 3B 6A
(doS=0.15) (doS=0.064) (doS=0.103) (do 79) (doS=0.042)
0.04 4 0.04 - 0.04 - 0.04 - 0.04 -
= |
S 0.03 A 0.03 0.03 A 0.03 0.03 -
£
£0.02 1 0.02 0.02 1 0.02 0.02 -
<
0.01 4 0.01 1 0.01 4 0.01 1 0.01 A
0.00 0.00 :.:[. 0.00 - 0.00 0.00 -
c) Future long-term
0.05 - 0.05 0.05 0.05 0.05
2A 3A 3B 4A 6A
(d0S=0.405) (d0S=0.316) (doS=0.247) (doS=0.362) (d0S=0.232)
0.04 - 0.04 - 0.04 - 0.04 - 0.04 -
£
g o003 {7 0.03 0.03 A 0.03 - 0.03 -
£
£ 0.02 - 0.02 0.02 - 0.02 - 0.02 -
<
0.01 A 0.01 - 0.01 A 0.01 - 0.01 -

Fig. 5. Illustration of the A, of different cooling strategies for the different climate zones.
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Overhangs/fins _— - == Cool roof
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0.05 0.05 0.05 0.05
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(d0S=0.122) (doS=0.016) (doSFQ.025) (d0S=0.2) (doS=0.055)
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0.00 - 0.00 - 0 —% T' 0.00 0.00 -
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Fig. 6. Illustration of the A, of different cooling strategies for the different climate zones.

of the building. The use of cool materials and ventilative cooling
increased Ay by 12 % and 36 %. This is due to a 49.4 % and 37.7 %
reduction in At,. and a 40.3 % and 2 % decrease in ASET compared to
the baseline respectively.

During future long-term HWs, the use of overhangs, venetian blinds,
ventilative cooling and advanced glazing did not significantly impact
the recovery. However, the use of cool materials reduced Ay by 24 %
compared to the baseline. This is since cool materials only reduced ASET
compared to the baseline (7.5 °C vs. 10.1 °C) with no change in Aty

3.1.2. Climate 3A: warm-humid

HW impact (Fig. 3): It was observed that the SET DH for all three
HWs significantly exceeded the permissible threshold of 230-+42°C:h,
even with the implementation of passive cooling strategies. This was due
to the shorter heat events in climate 3A, where heat gradually accu-
mulated in the space before the HWs began. With the building’s high
thermal mass, heat dissipation was also delayed. Furthermore, climate
3A experienced relatively longer HWs compared to other climates
(Table 4). Among all strategies, ventilative cooling (mechanical-driven
ventilation using an axial fan, activated when the outdoor air

12
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Table 5

Ranking of resilient cooling strategies per climate zone with % of improvement with respect to the baseline (n/i = no improvement).

Building and Environment 274 (2025) 112698

Resilience aspects

Climate zones

2A

a) Historical HWs

3A

3B

4A

6A

HW impact
(SET DH)

Absorption rate
(Aabs)

Recovery rate
(Arec)

HW impact
(SET DH)

Absorption rate
(Aabs)

Recovery rate
(Arec)

HW impact
(SET DH)

Absorption rate
(Aabs)

Recovery rate
(Arec)

Cool roof+wall (85 %)
Overhangs (40 %)
Ventilative cooling (18 %)
Venetian blinds (17 %)
Advanced glazing (15 %)

Cool roof+wall (86 %)
Overhangs (77 %)
Venetian blinds (18 %)
Advanced glazing (8 %)
Ventilative cooling (4 %)

Overhangs (44 %)
Ventilative cooling (n/i)
Advanced glazing (n/i)
Venetian blinds (n/i)
Cool roof+wall (n/i)

b) Future mid-term HWs
Cool roof+wall (83 %)
Ventilative cooling (26 %)
Overhangs (16 %)
Venetian blinds (8 %)
Advanced glazing (6 %)

Cool roof+wall (27 %)
Overhangs (32 %)
Venetian blinds (29 %)
Advanced glazing (4 %)
Ventilative cooling (n/i)
Ventilative cooling (57 %)
Cool roof+wall (16 %)
Venetian blinds (5 %)
Overhangs: n/i

Advanced glazing: n/i

¢) Future long-term HWs
Cool roof+wall (83 %)
Overhangs (12 %)
Venetian blinds (7 %)
Ventilative cooling (6 %)
Advanced glazing (5 %)

Cool roof+wall (19 %)
Venetian blinds (6 %)
Overhangs: n/i
Ventilative cooling: n/i
Advanced glazing: n/i
All strategies: n/i

Ventilative cooling (77 %)
Advanced glazing (28 %)
Solar shading (22 %)

Cool roof (8 %)

Ventilative cooling (54 %)
Advanced glazing (32 %)
Solar shading (21 %)

Cool roof (11 %)

All strategies: n/i

Ventilative cooling (61 %)
Advanced glazing (23 %)
Solar shading (17 %)

Cool roof (6 %)

Ventilative cooling (61 %)
Advanced glazing (20 %)
Solar shading (17 %)

Cool roof (4 %)

All strategies: n/i

Ventilative cooling (50 %)
Advanced glazing (20 %)
Solar shading (9 %)

Cool roof (5 %)

Ventilative cooling (61 %)
Advanced glazing (47 %)
Solar shading (15 %)

Cool roof (6 %)

Ventilative cooling (25 %)
Other strategies: n/i

Ventilative cooling (63 %)
Overhangs & fins (44 %)
Advanced glazing (41 %)
Cool walls (22 %)
Exterior screens (21 %)
Cool roof (n/i)

Overhangs & fins (14 %)
Advanced glazing (13 %)
Exterior screens (n/i)
Cool walls (n/i)

Cool roof (n/i)

Ventilative cooling (n/i)
Ventilative cooling (85 %)
Cool roof (n/i)

Cool walls (n/i)
Overhangs & fins (n/i)
Exterior screens (n/i)
Advanced glazing (n/i)

Ventilative cooling (65 %)
Overhangs & fins (21 %)
Advanced glazing (18 %)
Exterior screens (10 %)
Cool walls (n/i)

Cool roof (n/i)

All strategies: n/i

Ventilative cooling (85 %)
Cool roof (n/i)

Cool walls (n/i)
Overhangs & fins (n/i)
Exterior screens (n/i)
Advanced glazing (n/i)

Ventilative cooling (64 %)
Overhangs & fins (16 %)
Advanced glazing (14 %)
Exterior screens (8 %)
Cool walls (8 %)

Cool roof (n/i)

All strategies: n/i

Ventilative cooling (55 %)
Cool roof (n/i)

Cool walls (n/i)
Overhangs & fins (n/1i)
Exterior screens (n/i)
Advanced glazing (n/i)

Solar shading (30 %)
Ventilative cooling (26 %)

Solar shading (17 %)
Ventilative cooling (12 %)

All strategies: n/i

Ventilative cooling (8 %)
Solar shading (5 %)

Ventilative cooling (5 %)
Solar shading (n/i)

All strategies: n/i

Solar shading (35 %)
Ventilative cooling (26 %)

Solar shading (50 %)
Ventilative cooling (16 %)

Solar shading (44 %)
Ventilative cooling (19 %)

Solar shading (30 %)
Cool roof (14 %)
Ventilative cooling (8 %)

Solar shading (28 %)
Cool roof (25 %)
Ventilative cooling (n/i)

All strategies: n/i

Solar shading (28 %)
Ventilative cooling
(33 %)

Cool roof

(18 %)

Solar shading (26 %)
Ventilative cooling
(n/i)

Cool roof

(n/i)

All strategies: n/i

Solar shading (40 %)
Ventilative cooling (22 %)
Cool roof (15 %)

Solar shading (58 %)
Ventilative cooling (18 %)
Cool roof (n/i)

Ventilative cooling (8 %)
Solar shading (n/i)
Cool roof (n/i)

temperature is 2°C lower than the internal temperature, Table 3) ach-
ieved the lowest SET DH for all three HWs. Ventilative cooling reduced
SETmax by 4.8°C, 5.6°C, and 3.9°C compared to the baseline for his-
torical, future mid-term, and long-term HWs, respectively. It was fol-
lowed by advanced glazing (ultra-selective double-glazed windows with
SHGC = 0.3, VT = 0.64, U = 1.2 W/m?*K), solar shading (external roller
blinds with ST of 13 % and SR of 0.41, activated when solar irradiance
exceeds 300 W/m?), and finally cool roof coatings (SR of 0.5, infrared
emittance of 0.86). The percentage improvements for the different
strategies can be seen in Table 5.

The trends of reduction of SETy.x followed the same trends as the
SET DH. Advanced glazing reduced SET,.x by 2.4 °C, 2.1 °C, 2.1 °C
compared to the baseline for historical, future mid-term and long-term
respectively. Solar shading reduced SETy,x by 1.5 °C, 1.9 °C, and 1.6

13

°C compared to the baseline for historical, future mid-term and long-
term respectively. Cool materials on the roof reduced SETy,,x by 0.7
°C, 0.1 °C, 0.6 °C compared to the baseline for historical, future mid-
term and long-term respectively. However, SETm.x remained above
SETemergency for all strategies during all HWs except for ventilative
cooling where SETemergency threshold was only exceeded during future
long-term HWs.

Absorptivity rate A g (Fig. 5): The trends of A,y followed the same
trends as the SET DH and SETp,y. Ventilative cooling reduced (and thus
improved) Agps followed by advanced glazing, solar shading and cool
materials. These strategies reduced the absorptive capacity by mainly
reducing ASET and some by increasing At,,. For example, ventilative
cooling and advanced glazing increased At by 381 h and 396 h during
future long-term HW respectively. The other strategies did not
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significantly impact Atgps.

Recovery rate A, (Fig. 6): The trends of A,.. followed the same
trends as the SET DH and SET,.x and A, for historical and future mid-
term HWs. Ventilative cooling reduced (and thus degraded) A, fol-
lowed by advanced glazing, solar shading and cool materials. This
occurred due to the strategies reducing ASET without impacting At;e.
This led to a slower more gradual recovery. For future long-term HWs,
the trends of Ay differed. Advanced glazing, solar shading and cool
materials reduced Ae. by 25 %, 17.5 % and 5.5 % but ventilative cooling
increased Are. by 25 % due to a significant decrease in At,e. by 1163 h.

3.1.3. Climate 3B: warm-dry

HW impact (Fig. 3): The SET DH in this building for all 3 HW periods
exceeded the permissible SET DH threshold of 230+42 °C.h significantly
even with the implementation of strategies. This can be due to the design
of the single-family home representing the 2019 vintage with high
insulation and less air infiltration, which would be often overheated
throughout the year. The latter had U-values of 2.7, 3.7 and 5.5 W/m%.K
for the walls, floor and roof respectively in addition to light thermal
mass. Ventilative cooling (Natural driven ventilation operational when
the outside air temperature is above the heating setpoint 21 °C and
below the cooling setpoint 24.9 °C) reduced SET DH the most, followed
by solar shading (Horizontal overhang on south facade, Vertical fin on
southern side of the window on the east and west facades with depth of
0.5), advanced glazing (Electrochromic dynamic glazing, SHGC and VT
switched from light (0.5, 0.75) to dark (0.1, 0.15) when GSI > 100 W/m?
on window, U = 1.7 W/m?2.K) for the 3 HWs. Exterior screen and cool
walls paint and cool roof coating (solar reflectance of 0.6, infrared
emittance of 0.9) performed similarly for the 3 HWs. Cool roof did not
bring any improvement to the SET DH in any of the HW periods. Cool
walls did not bring any improvement to the SET DH only in the future
mid-term HW. The improvement % can be seen in Table 5. Overhangs
outperformed exterior screens as was the case with climate 2A.

The strategies reducing SETy,x the most were overhangs-+fins and
advanced glazing technologies by 1.5 °C and 1.4 °C for historical HW,
2.1 °C and 1.8 °C for future mid-term HW, 2 °C and 1.9 °C for future
long-term HW respectively. This was followed by exterior screens,
ventilative cooling and cool walls which reduced SET,.x similarly by 0.5
°C, 0.2 °C, 0.3 °C for historical HW, 1 °C, 0.8 °C, 0.7 °C for future mid-
term HW, 1.1 °C, 0.9 °C, 0.6 °C for future long-term HW respectively.
Cool roof did not reduce SETpax.

Absorptivity rate A, (Fig. 5): It can be observed that in climate 3B,
the absorptivity rates of all the strategies except for ventilative cooling
did not significantly change A, from the baseline value for all three HW
periods. At,,s was not impacted and the slight decrease in ASET did not
cause changes in the A,;. Ventilative cooling increased A,,s by 40 %, 73
% and 17 % for historical, future mid-term and future long-term HWs
respectively compared to the base case. While ventilative cooling
reduced ASET by 0.2 °C, 0.8 °C and 0.9 °C, it decreased At,,s more
significantly.

Recovery rate A, (Fig. 6): For historical and future mid-term HWs,
all the strategies (except for ventilative cooling) did not influence the
Arec compared to the baseline. Ventilative cooling sped up Are. signifi-
cantly by 85 % and due to a decrease in At by 1302 h. For future long-
term HWs, overhangs+fins and advanced glazing slowed down A, by
14 % and exterior blinds by 8 %. Ventilative cooling sped up Apec
significantly by 55 % and due to a decrease in Atec by 397 h. The rest of
the strategies did not impact Ape..

3.1.4. Climate 4A: mixed-humid

HW impact (Fig. 3): The SET DH for all 3 HW periods exceeded the
permissible SET DH threshold of 230+42 °C.h even with the imple-
mentation of strategies. This can be due to heat events occurring prior to
the HW itself causing some heat storage that the heavy thermal mass of
the building could not fully dissipate. The implementation of solar
shading (exterior automated screen that close for 15 min with the solar
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radiation > 250 W/m?) and ventilative cooling (indirect evaporative
cooler + night ventilation) decreased SET DH compared to the baseline
with ventilative cooling outperforming solar shading (Table 5). The
trends of SETpax were proportional with ventilative cooling causing a
larger reduction compared to the baseline (Fig. 4). E.g., in future long
term HWs, ventilative cooling reduced SETpax by 2.3 °C while solar
shading reduced it by 0.8 °C.

Absorptivity rate A,y (Fig. 5): For historical and future long-term
HWs, ventilative cooling and solar shading slowed down A, due to a
reduction of ASET which was larger than the reduction in Atg,. Solar
shading had a lower A, since it did not significantly reduce At as was
the case with ventilative cooling. During future mid-term HWs, solar
shading increased A,p,s due to 86 h reduction in At,ys. This increase was
larger than the rate of reduction in ASET of 10 %.

Recovery rate A, (Fig. 6): For historical and future mid-term HWs,
ventilative cooling and solar shading reduced A, due to a reduction of
ASET for a similar At as the baseline case. Ventilative cooling had a
lower A, since it did not significantly reduce At as was the case with
solar shading. During future long-term HWs, solar shading increased
Arec due to 686 h reduction in At.. This increase was larger than the
rate of reduction in ASET of 11 %.

Particularly for climate 3B and 4A, with increasing doS, the resilience
KPIs improved for all strategies going from historical to future mid-term
HWSs. While this seems counterintuitive, it is due to larger sky coverage
and a reduction in solar radiation during the future mid-term HW as
predicted by the weather generation method. For future long-term,
values deteriorated once more.

3.1.5. Climate 6A: cold-humid

HW impact (Fig. 3): The SET DH was lower than the permissible SET
DH threshold of 230442 °C.h for historical HW (even with the base case)
and future mid-term HW with the implementation of strategies. The
performance of the three strategies were similar during historical and
future mid-term HWs. During future long-term HWs, solar shading
performed best followed by ventilative cooling and cool materials
(Table 5). The trends of SETp,x Were proportional with solar shading
causing the largest reduction compared to the baseline (Fig. 4). For e.g.,
in future long term HWs, solar shading reduced SETp.x by 4 °C while
ventilative cooling and cool roof coatings reduced it by 1 °C and 0.8 °C
respectively.

Absorptivity rate Ags (Fig. 5): For historical HWs, all strategies
decreased A,ps compared to the base case due to a reduction of ASET.
Solar shading had a lower A, since it had the lowest ASET of 1.5 °C
followed by ASET of 3.1 °C and 2.6 °C for ventilative cooling and cool
materials respectively. During future mid-term and long-term HWs,
solar shading and ventilative cooling decreased A,y with solar shading
outperforming ventilative cooling. This is due to the reduction in ASET
which was larger than the decrease in At,s. Cool materials caused an
increase in A,ps compared to the baseline due a large decrease in Aty (e.
8., 216 h during future long-term HWs) accompanied by ASET that was
slightly smaller than that of the baseline.

Recovery rate A, (Fig. 6): For historical HWs, all strategies
reduced Ae. due to a reduction of ASET for a similar At,.. as the baseline
case. For future mid-term HWs, solar shading reduced A, due to a
reduction in ASET for a slightly shorter At (i.e., 50 h). Ventilative
cooling caused no change (reduction in ASET had the same rate as the
decrease in Atyec). Cool roof coatings reduced A, the most due to ASET
similar to the baseline for a longer At (i.e., 240 h). For future long-
term HWs, solar shading reduced A, due to a reduction of ASET that
was higher than the reduction in At.. compared the baseline. Cool
materials reduced Ae. due to increased At,e. compared the baseline with
no improvement in ASET. Ventilative cooling improved A by short-
ening both At and reducing ASET.
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4. Discussion
4.1. Resilience performance of individual strategies

Fig. 7 showcases the three resilience performance indicators
normalized with respect to their baseline values (SET DH*, A%, A;,.) for
the cooling strategies per climate zone. Smaller SET DH* (<1) signify a
lower HW impact, smaller A}, (<1) signifies a slower absorptivity
(more gradual) and a larger A}, (>1) signifies a faster recovery. The
graphical representation in Fig. 7 allows to analyze the full resilience
spectrum of each strategy and draw conclusions regarding its suitability
for a climate.

Solar Shading: Solar shading strategies, such as overhangs, fins, and
blinds, reduce solar heat gains by casting shadows or blocking solar
radiation on glazing. During historical HWs, solar shading successfully
reduced both HW impact and absorptivity rates across all climate zones.
Overhangs and fins outperformed automated blinds in climates 2A and
3B, as they provided a constant shadow, reducing solar gains more
effectively. In future HWs, all solar shading strategies continued to
reduce HW impact and absorptivity but with less effectiveness due to
longer durations, higher temperatures, and increased solar radiation.
However, solar shading strategies did not improve recovery times, as
they only address heat gains without altering the heat transfer mecha-
nisms (e.g., convection or conduction) that control the rate of heat
dissipation.

Ventilative cooling: Ventilative cooling reduces indoor tempera-
tures by bringing in cooler outdoor air through natural or mechanical
ventilation when conditions are favorable. During historical HWs, it
effectively lowered HW impact, absorptivity rates, and, in some cases,
recovery times across all climate zones, with the greatest success in 3B,
followed by 3A. The performance variation is due to outdoor tempera-
ture conditions and building design. In climate 3B, ventilative cooling
was available 24/7 when outdoor temperatures were below 25°C, which
often occurred during the day, making it highly efficient and aiding fast
recovery. In climate 3A, despite less favorable conditions, it still worked
well due to acceptable diurnal temperature gradients and heavy thermal
mass, leading to slower absorptivity. In climates 2A, 4A, and 6A, the
impact was less significant as the buildings weren’t as overheated. In
future HWs, ventilative cooling continues to perform well across all
climates, with only a slight reduction in effectiveness due to increased
HW intensity and duration, and fewer favorable conditions for its
activation.

Cool materials: Cool materials lower facade temperatures by
reflecting solar radiation, reducing indoor peak temperatures. During
historical HWs, they effectively reduced HW impact and absorptivity
across climates 2A, 3A, 3B, and 6A, with the best results in 2A. This was
due to high solar reflectance (0.8), infrared emittance (0.9), extensive
coverage, high thermal mass, and low WWR (17 %). In 3A and 6A, their
effectiveness was reduced as they covered only the roof, had lower solar
reflectance (0.5), and the building was well insulated. In 3B, cool roofs
were less efficient than cool walls due to light insulation, low thermal
mass, and a lower solar reflectance coating (0.6). In future mid- and
long-term HWs, cool materials remain effective, especially in 2A. In 2A,
HW impact reduction stays consistent, but absorptivity rate reductions
drop significantly due to smaller temperature gradient changes and
increased HW duration. In 3A, performance is similar to historical HWs
with a slight decline due to a less severe increase in HW duration. In 6A,
cool materials continue to reduce HW impact but no longer improve
absorptivity due to the increased duration of HWs. In 3B, their impact is
minimal, as future HWs last 21-51 days with temperatures exceeding
39°C, making cool materials ineffective due to the apartment’s light
thermal mass and insulation.

When it comes to recovery, cool materials did not speed up the re-
covery rate from any HW period in any climate as they did not influence
the recovery time. They could not dissipate the heat faster from the
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building. This is since coating only address heat gains but does not
modify the underlying mechanisms of heat transfer (e.g., convection or
conduction) that control the rate of heat dissipation.

Advanced glazing: Advanced glazing technologies use special
coatings to reduce solar heat gains and indoor maximum temperatures.
During historical HWs, they reduced HW impact and absorptivity rates
in climates 2A, 3A, and 3B, though least effectively in 2A. This was likely
due to the small glazing area (7 m? vs. 43 m? floor area) and a limited U-
value reduction (36 %). In 3A, advanced glazing performed better
despite a low WWR, thanks to ultra-selective double glazing with low-
emissivity coatings, which allowed visible light while blocking heat
gains. In 3B, it was most effective at reducing HW impact and second
best for absorptivity rates. This was due to dynamic glazing that adjusted
based on solar radiation, switching between dark (SHGC 0.1, VT 0.15)
and light (SHGC 0.5, VT 0.75) when solar radiation exceeded 100 W/m?,
effectively blocking unwanted heat.

During future mid- and long-term HWs, advanced glazing continues
to reduce HW impact and absorptivity rates relative to the baseline but
with lower effectiveness due to prolonged exposure to solar gains from
increased HW doS. Its performance remains weakest in 2A and declines
further in 3B compared to 3A. This is due to the light thermal mass and
insulation in 3B, where advanced glazing, like cool materials, becomes
less effective. For recovery, advanced glazing, similar to cool materials,
offers no benefits in any HW period, as it only reduces temperature
spikes without affecting recovery times.

5. Limitations

This study simulated different cooling strategies and quantitatively
assessed their full resilience spectrum using different KPIs that simul-
taneously describe different resilience aspects. This allowed to rank the
different strategies per climate and HW period (Table 5). However, this
study does not allow to draw cross-climate comparisons. This is since
different buildings and design of cooling strategies were simulated,
which can impact resilience performance as seen in [65]. Moreover, in
some climates (3B, 4A), it was seen the future mid-term HW was less
severe than the historical HWs (lower HW impact, Fig. 3). This is due to
limitations regarding the methodology of generating the climate files
detailed in [31]. This study was an aggregation of the simulation ac-
tivities conducted in the framework of IEA EBC Annex 80. Thus, simu-
lations were conducted on a selection of climates on the moderate end of
the spectrum. Moreover, not all the cooling strategies were simulated in
all the climates. Consequently, more insight is needed on the resilience
performance of all cooling strategies in all climates including more
extreme climates (0A, OB, 7).

Another limitation is the exclusive focus on the highest emission
scenario RCP 8.5. This approach was chosen to evaluate the proposed
measures under the most challenging conditions. However, this does not
account for the potential variability in outcomes under more optimistic
scenarios, such as those associated with lower emission pathways.
Including a broader range of emission scenarios, particularly lowest
emission scenario, would provide a clearer understanding of the im-
provements in resilience achieved by different measures across varying
climate conditions. Future work will aim to address this limitation by
incorporating both worst-case and best-case scenarios to offer a more
comprehensive evaluation of the proposed measures. Moreover, while
the use of an averaged SET,e threshold to calculate HW impact pro-
vides a unified benchmark for resilience assessment across diverse cli-
mates, it may not fully capture localized variations in thermal
adaptation and comfort preferences. Future studies could explore the
use of climate-specific thresholds to better account for the unique
thermal responses of populations in specific environmental contexts.
Finally, this study does not account for urban heat island (UHI) effects.
Most weather files used in the analysis are sourced from airport open-
space measurement sites, which may not accurately capture the actual
or peak UHI conditions experienced in densely built urban areas. This
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Fig. 7. Radar chart of the resilience performance spectrum (i.e., normalized KPIs: SET DH*, A7, - and A;,

zones and HW periods.

discrepancy could lead to an underestimation of localized heat stress and
its impacts on resilience strategies. Future work should consider incor-
porating site-specific UHI data or high-resolution urban climate models
to address this gap.

6. Conclusions

In this work, the resilience performance of individual passive cooling
strategies was assessed for climates 2A, 3A, 3B, 4A and 6A and 3
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) Of the different cooling strategies for the different climate

different HW periods (historical, future mid-term and future long-term).
This work is an aggregation and analysis of the simulations conducted by
IEA EBC’s Annex 80: Resilient Cooling of Buildings. The main conclu-
sions are summarized below:

e Deploying solar shading at the start of a HW or preemptively offers
moderate benefits in all climates (improvements < 50 %). As doS
increases, shading enhances resilience but with reduced effectiveness
(improvements < 30 %). However, it does not accelerate recovery,
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nor can it fully mitigate HW impacts to achieve a resilient building.
Similar conclusions were drawn in [20] where external solar shading
improved zone level resilience in climate 6A but could not reach
building-level resilience.

e Ventilative cooling strategies help reduce HW impact and absorp-
tivity rates across all climates, performing especially well in 3A and
3B. Unlike other strategies, they accelerate recovery times and rates.
Their effectiveness depends on favorable temperature gradients and
building thermal mass. While future HWs may reduce temperature
gradients, their performance remains largely consistent.

e Cool materials can be an efficient strategy in reducing HW impact
and its absorptivity rate in all climates and during all HW periods,
especially in climate zone 2A where it reduced the SET DH to
acceptable levels as was seen in [24]. Climate zone 3B benefited from
cool materials only slightly during historical HWs and not at all
during future mid-term and long-term HWs. Cool materials did not
speed up recovery from HWs.

e Advanced glazing effectively reduces HW impact and absorptivity
rates across all climates, especially in 3A. In 24, its benefits were
minimal during historical HWs and absent in future mid- and long-
term HWs. It does not accelerate recovery. In 3A [19], advanced
glazing reduced overheating but less so during longer HWs. In 2A
[24], the reduction in SET DH was also moderate due to the use of
advanced glazing (improvements < 30 %).

While solar shading, cool materials, and advanced glazing effectively
reduce heatwave impacts and absorption rates, ventilative cooling
stands out as the most versatile strategy that can also accelerate recovery
after a heatwave, particularly in climates with favorable day-night
temperature gradients. Since no single strategy could single handedly
mitigate HW effects, future work includes combining multiple cooling
strategies with ventilative cooling in different climates and giving
insight on the most resilient combinations.
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