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a b s t r a c t

The global effects of climate change will increase the frequency and intensity of extreme events such as
heatwaves and power outages, which have consequences for buildings and their cooling systems.
Buildings and their cooling systems should be designed and operated to be resilient under such events
to protect occupants from potentially dangerous indoor thermal conditions.
This study performed a critical review on the state-of-the-art of cooling strategies, with special atten-

tion to their performance under heatwaves and power outages. We proposed a definition of resilient cool-
ing and described four criteria for resilience—absorptive capacity, adaptive capacity, restorative capacity,
and recovery speed —and used them to qualitatively evaluate the resilience of each strategy.
The literature review and qualitative analyses show that to attain resilient cooling, the four resilience

criteria should be considered in the design phase of a building or during the planning of retrofits. The
building and relevant cooling system characteristics should be considered simultaneously to withstand
extreme events. A combination of strategies with different resilience capacities, such as a passive envel-
ope strategy coupled with a low-energy space-cooling solution, may be needed to obtain resilient cooling.
Finally, a further direction for a quantitative assessment approach has been pointed out.

� 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Climate change and extreme heat are critical issues faced by all
countries. The Intergovernmental Panel on Climate Change (IPCC)
defines climate extreme as ‘‘the occurrence of a value of a weather
or climate variable above (or below) a threshold value near the
upper (or lower) ends of the range of observed values of the vari-
able” [1]. The long duration and high intensity heatwaves are
becoming a potential natural hazard that presents significant risk
and challenge to humans, buildings, and building-related systems.
The extremely high temperatures can cause heatstroke, heat
exhaustion and other heat-related diseases, which are particularly
dangerous for vulnerable populations, such as the elderly or low-
income communities [2]. A most well-known hazard was the Euro-
pean heatwave 2003, which resulted in 14,800 excess deaths in
France; 74% of these excess deaths occurred indoors [3]. EuroHEAT
estimated that the increase in mortality ranges from 7.6% to 33.6%
during heatwaves by analyzing the impact of long heatwaves in
nine European cities (Athens, Barcelona, Budapest, London, Milan,
Munich, Paris, Rome and Valencia) [4].

Resilience is a concept widely applied in disaster risk manage-
ment. It refers to ‘‘the ability of a system and its components parts to
anticipate, absorb, accommodate, or recover from the effects of a haz-
ardous event in a timely and efficient manner, including through ensur-
ing the preservation, restoration, or improvement of its essential basic
structures and functions”, as defined by IPCC [5]. Resiliency in the
context of the building environment refers to the ability of buildings
and their systems to continue functioning as intended in the face of
natural hazards imposed by climate change [6]. Buildings shelter
humans from the outdoor environment and it is crucial that build-
Table 1
Definitions provided in literature for the concepts of resilience.

Ref Definition Cha

[29] ‘‘Building resilience is defined as a building’s ability to withstand severe
weather and natural disasters along with its ability to recover in a timely
and efficient manner if it does incur damages.”

Wit
rapi

[26] ‘‘A resilient building is a building that not only is robust but also can
fulfill its functional requirements (withstand) during a major disruption.
Its performance might even be disrupted but has to recover to an
acceptable level in a timely manner in order to avoid disaster impacts.”

Wit
reco

[24] ‘‘A resilient built environment as one designed, located, built, operated,
and maintained in a way that maximizes the ability of built assets,
associated support system (physical and institutional) and the people
that reside or work within the built asset, to withstand, recover from,
and mitigate the impacts of threats.”

Wit
miti

[14] ‘‘The intrinsic ability of the built environment to react positively before,
during and after the presence of the adversely exogenous input (e.g.,
landslides), i.e., the ability to absorb external disturbances, in order to
maintain the system’s original states or reach a new set of steady states
for serving its normal functionalities.”

Vuln
adap
reco

[21] ‘‘Resilient urban energy system needs to be capable of ‘‘planning and
preparing for”, ‘‘absorbing”, ‘‘recovering from”, and ‘‘adapting” to any
adverse events that may happen in the future. The complex, dynamic,
and adaptive systems (e.g. cities) would not necessarily return to an
equilibrium state.”

Prep
abso
adap

[27] ‘‘Resilience can be understood as the ability of the system to reduce the
chances of a shock, to absorb a shock if it occurs (abrupt reduction of
performance) and to recover quickly after a shock (re-establish normal
performance).”

Rob
redu
reso
rapi

[5] ‘‘The ability of a system and its component parts to anticipate, absorb,
accommodate, or recover from the effects of a hazardous event in a
timely and efficient manner, including through ensuring the
preservation, restoration, or improvement of its essential basic
structures and functions.”

Anti
acco
reco

[28] ‘‘Resilience is a continuous process starting from a reliable initial
condition, followed by a vulnerability-survivability state after a
disruptive event and eventually a recoverability phase aimed at
achieving a new stable equilibrium condition.”

N/A

2

ings maintain safe thermal conditions during extreme events, such
as heatwaves. Current building and building-related systemdesigns
strongly focus on energy efficiency to mitigate climate change
through reducing carbon emissions. However, energy efficient
strategies (technologies and practices) are not always consistent
with strategies that improve resilience to extreme heat; often there
is a trade-off between these two objectives [7]. Ren et al. [8] contend
that ‘‘Excessive striving for energy efficiency” could compromise a
building’s ability to maintain comfortable thermal conditions dur-
ing heatwaves, such as higher insulation and airtightness. Another
limitation for current building and building system design is the
use of typical weather or historical weather files for the calculation
of cooling demand and evaluation of the effectiveness of cooling
strategies [9,10]. As a consequence, the building and its systems
maynot be prepared to copewith heatwaves or climate change. This
is supported by the findings of several studies [11,12,13], which
show that the low-energy cooling strategies that work well today
might not remain effective under long-term climate change, or in
extreme events such as a heatwave or a power failure.

Like energy efficiency, sustainability and economic affordabil-
ity, resilience should be considered as an important property of
buildings and their systems in the early design phase. Ceré et al.
[14] note that resilience is already part of recent architectural
and structural building design practices.

The recently formed International Energy Agency (IEA) Energy
in Buildings and Communities Programme (EBC) Annex 80 ‘‘Resili-
ent Cooling of Buildings” addresses this need by developing,
assessing and communicating strategies for resilient cooling and
overheating protection against climate change and the consequent
hazards or events [15]. Many cooling technologies and solutions
racteristics Threats Scale Year

hstand, recover,
dity

Climate and natural
disasters

Building 2013

hstand, absorb,
ver, rapidity

Climate extremes Building 2019

hstand, recover,
gate

Natural hazards (geo-
hazards and hydro-
meteorological hazards)

Built environment 2008

erability,
tive capacity,
verability

Geo-environmental
hazards

Built environment 2017

aration,
rption, recovery,
tation

Disruptions in energy
supply

Urban energy systems 2016

ustness,
ndancy,
urcefulness,
dity

Earthquake Community (technical,
organization, social,
economic)

2003

cipate, absorb,
mmodate,
ver

Climate extremes and
disasters

System 2012

Flood Infrastructure system 2012
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are available both in the market and are under development. Pre-
vious studies have systematically compared various active and
passive cooling strategies in terms of energy performance
[16,17,18], thermal comfort and air quality [19], capital expendi-
ture [16,18] and applicability in different climate zones [20]. How-
ever, the resilience of cooling strategies has not been widely
discussed in the literature and it lacks a clear definition of resilient
cooling and the criteria for assessing it.

The present study aims to fill this knowledge gap. First, we
define resilient cooling and propose the criteria that can be used
to assess the resilience of a cooling strategy. Second, we review
the state-of-the-art of existing cooling strategies, assessing their
physical principle, typologies, and performance, with special atten-
tion to resilience, applicability and technology readiness level.
Finally, we use the proposed resilience criteria to qualitatively
evaluate cooling strategies under various extreme events, such
as, heatwaves and power outages.
2. Resilience and characteristics of resilient cooling

This section reviews the definition of resilience and the charac-
teristics of resilient systems, and further discusses resilient cooling
and the criteria for assessing it.

The concept of resilience originated in physics and psychology,
where it described the ability of an object to return to its initial
condition after a disruption [21,22]. The definition and interpreta-
tion of resilience vary from one discipline to another. Table 1 sum-
marizes various definitions of resilience within the context of
buildings and building-related systems.

One critical prerequisite for a comprehensive definition of resi-
lience is to identify the threats or external perturbations to the sys-
tems, which can be summarized into an essential question as
‘‘resilience to what?”[23]. The threats faced by buildings and
building-related systems are diverse and include both natural haz-
ards and human hazards. Natural hazards can further be divided
into geo-hazards, such as earthquakes, tsunamis, landslides,
hydro-meteorological hazards (e.g., hurricanes and floods), wind
storms and extreme temperature [24]. In the concept of resilient
cooling, the building and its systems are mainly challenged by
extreme heat events (heatwaves) and power outages. High power
demand from air-conditioning during a heatwave strains and
destabilizes the electrical grid [25]. Extreme heat can also impede
power generation. For example, during the heatwave in 2003, the
river water levels in France dropped so low that the cooling process
of nuclear reactors became impossible and the nuclear power
plants had to shut down [26].

Bruneau et al. [27] proposed four dimensions of resilience:
technical, organizational, social, and economic. This study will
mainly discuss resilient cooling from the technical point of view
and the other dimensions will be treated as supplementary condi-
tions. The resilience researches [5,21,27] considered various scales
from micro (building or building element) to macro (district, city,
or urban). The current study will address the resilience of
building-scale cooling strategies over the life of the building.

Some studies tended to define resilience by considering the
phases that systems undergo with external disruptions (initial con-
dition, vulnerability-survivability state, recoverability state, new
stable equilibrium state) [14,28], but most defined resilience
through its features and systems abilities [5,21,24,26,27,29]. Sev-
eral words commonly found in the literature to characterize resili-
ent systems include ‘‘absorb”, ‘‘withstand”, ‘‘recover”, and
‘‘rapidity”. Therefore, this study proposes to summarize the resili-
ent characteristics of cooling strategies by four criteria – absorptive
capacity, adaptive capacity, restorative capacity and recovery
speed.
3

� Absorptive capacity is the degree to which a system is able to
absorb the impacts of disruptive events and minimize their con-
sequences with little effort. For example, heavy thermal mass in
a building (capacitance) can absorb unwanted solar gain and
can minimize and/or delay the air temperature increase in the
building without the use of cooling energy.

� Adaptive capacity is the ability to adjust undesirable situations
by undergoing some changes. The system can learn from the
event, evaluate the system performance and modify its config-
urations, and make it more flexible to future disruptions. Adap-
tive capacity is distinguished from absorptive capacity in that
adaptive systems change in response to adverse impacts, espe-
cially if the absorptive capacity has been exceeded. For example,
a façade solar shade may be activated, when the air tempera-
ture in the building starts to increase because the storage capac-
ity of the thermal mass has been exceeded.

� Restorative capacity is the ability to return to normal or
improved operation. For example, night cooling can remove
unwanted heat gain accumulated in the thermal mass during
the day and provide a heat sink for the next day.

� Recovery speed is the speed of the recovery process. Recovery
may be accelerated if absorption activities are well imple-
mented and the system can quickly mobilize and effectively
use all the resources at its disposal [21]. For example, the speed
with which night cooling can remove heat from the building’s
thermal mass and restore the building to its desired condition
depends on the ventilation flow rate and the outdoor air
temperature.

Therefore, Annex 80 defines resilient cooling as a capacity of the
cooling system integrated with the building that allows it to with-
stand or recover from disturbances due to disruptions, including
heatwaves and power outages, and to adopt the appropriate strate-
gies after failure to mitigate degradation of building performance
(deterioration of indoor environmental quality and/or increased
need for space cooling energy) [23].
3. Review method

To provide an overview of the state-of-the-art of existing cool-
ing strategies, and assessing their resilience under various extreme
events, a systematic literature review was performed. The review
was carried out through a critical analysis of existing literature.
Different databases have been used to identify peer-reviewed aca-
demic literature, including Elsevier (ScienceDirect), IEEE, Google
Scholar, Scopus, SpringerLink. To address the resilience of cooling
strategies under extreme events, the keywords for the search
included resilience, overheating, heatwave, climate change, power
outage, disruptive events, cooling strategies/solutions/techniques.
Additional searches were performed by combining the keywords
for each cooling strategy. Take ventilative cooling as an example,
the following keywords were used: ventilative cooling, ventilation,
natural/mechanic/hybrid ventilation, night cooling, air-based sys-
tem. Besides peer-reviewed articles, relevant books and technical
reports have also been taken into account. There was no strict lim-
itation on the publication period, but priority has been given to
recent publications to address the state-of-the-art research. Table 2
summarizes the statistic of reviewed literature for different cooling
strategies.
4. Resilient cooling strategies

Annex 80 has created four cooling-strategy categories based on
their approaches to cooling people or the indoor environment.



Table 2
Statistic of reviewed literature for different cooling strategies.

Cooling strategies Number of
references

Year of
publication

Solar shading/glazing 172 1982–2020
Cool envelope materials 256 1975–2021
Green roofs, roof pond, and green

facades
39 1969–2020

Ventilated roofs and facades 47 2001–2020
Thermal mass including PCMs 89 1982–2020
Ventilative cooling 84 1996–2021
Adiabatic/evaporative cooling 33 1991–2020
Compression refrigeration 9 2008–2019
Absorption refrigeration including

desiccant cooling
10 1992–2019

Ground source cooling 79 1987–2020
Sky radiative cooling 32 2002–2021
High-temperature cooling system:

Radiant cooling
28 1995–2020

Personal comfort systems 26 1979–2020
Dehumidification including desiccant

dehumidification
27 1993–2020
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A. Reducing heat gains to indoor environments and people
indoors

B. Removing sensible heat from indoor environments
C. Enhancing personal comfort apart from cooling whole

spaces
D. Removing latent heat from indoor environments

This section will review the above cooling strategies from the
following aspects: physical principle, typologies, performance with
attention to resilience under extreme events, and technology
readiness level (TRL). The technology readiness level is based on
the guidelines from the U.S. Department of Energy [30].
4.1. Reduce heat gains to indoor environments and people indoors

4.1.1. Advanced solar shading/advanced glazing technologies
Windows are inserted into walls and roofs to provide a view to

the outdoors for occupants, and to admit and control daylight, sun-
light, and air. While windows usually comprise only a small frac-
tion of the overall envelope area (typically 5–35%) the impacts of
these transparent surfaces on cooling energy use, peak cooling
loads, and occupant comfort can be very large. Windows (glass,
sash, and frame elements) are commonly accompanied by shading
systems. When mounted on the building exterior, shading devices
are more effective in managing solar loads, but more costly. The
combined ability of window and shading technologies to provide
resilient cooling depends on the intrinsic properties of the win-
dow/glazing package as modified by any shading technologies.
Shading elements are commonly relied upon to manage solar gain
in the event of a heatwave or power outage.

To better assess the window/glazing/shading response in terms
of resilience it is useful to divide the available technology options
into static and dynamic technologies, and to further divide
dynamic solutions into manually operated and automatically
operated.

Glazing technologies manage cooling loads from solar gain by
absorbing, transmitting, and reflecting solar energy by virtue of
the materials used in the construction of the glass and glazing sys-
tem. Traditional clear glass has a very high solar transmittance;
glazing systems used in most windows today use body tints and
coatings for absorption and reflection, and can be further combined
into multiple glazings in an insulated glazing unit with two or
more glazing layers that provide a wide range of thermal manage-
ment capabilities. Several thousand different variants of glass are
4

commercially available with documented wavelength-dependent
optical properties [31]. The solar properties of the complete glass
package in a window, optimized for structural needs as well as
energy control, can be readily determined by simulation [32,33].
The most effective and widely used glazing products incorporate
low thermal-infrared emittance (‘‘low-E”) coatings which can
serve two purposes. All reduce the window thermal transmittance
(‘‘U-value”) and when properly positioned within an insulating
glass unit will reduce solar heat gain. Some low-E coatings provide
spectral control and admit most daylight [visible transmittance
(Tv) > 60%] while effectively reducing solar gain [solar heat gain
coefficient (SHGC) less than 0.30]. A wide range of light-
transmitting glazings is available with a light-to-solar-gain-ratio
(LSG = Tv/SHGC) ranging from 0.5 to 2.3 [34]. The ability to admit
daylight but minimize solar heat gain can reduce building cooling
loads attributable to electric lighting.

Glazings with fixed solar optical and thermal properties do not
have the flexibility to respond dynamically to changing environ-
mental conditions or to grid demands. After a 20-year R&D effort
manufacturers have commercialized several different ‘‘smart glaz-
ing” products. Thermochromic glass technologies have solar opti-
cal properties that vary moderately with temperature [35,36].
The solar-optical properties of electrochromic and liquid crystal-
based glazings are altered over a wide range with an applied volt-
age [37,38]. These show promising performance in laboratory
studies and field studies in buildings but adoption has been slow
because they are expensive and require new sensors and controls.
There is a significant global investment in ongoing R&D regarding
new or enhanced electrochromic solutions, as well as in other
active glazing technologies based on liquid crystal devices. This is
expected to provide new market options in the near term
[39,40]. One approach is to control visible transmittance and NIR
transmittance independently. This facilitates improved perfor-
mance in northern climates, and the window can reduce SHGC in
warmer climates but still admit daylight [41,42]. An emerging
technology solution incorporates transparent or semi-transparent
photovoltaic layers in the glazing to manage solar heat gain and
generate electricity [43].

Shading solutions for windows are diverse in terms of function,
materials, and operation in both homes and commercial buildings.
Shading systems can be static or dynamic, and are mounted either
exterior or interior to the glazing [44–50]. More complex solutions
utilize the cavities between glazing and shading layers to manage
air flow and heat removal or recovery; these ventilated facades are
discussed in more detail in section 4.1.4. The best-known shading
solutions are operable shades, blinds, and drapes on the interior,
and screens, shades, blinds and fins/overhangs on the exterior
[51–53]. The newest generation of exterior solar shading can incor-
porate power generation (i.e., PV arrays) in the shading elements
[54]. Since the solar loads depend on ever-changing solar position,
even fixed shading solutions will have an annual performance that
varies with latitude, orientation, and geometry. An interior opera-
ble shading system will always be less efficient than a similar exte-
rior system since the absorbed solar radiation is trapped within the
building [49]. Operable systems have limited effectiveness and
resilience if they are not triggered and operated appropriately in
response to climatic stress. The promise of improved controls,
wireless sensors, and better integration with building control sys-
tems should reduce costs and improve reliability [55–58]. Ongoing
studies on occupant response to glare and preferences in managing
the tradeoffs between daylight control, solar control, and glare
[59,60] are influencing design and deployment trends for the years
ahead.

Market availability and acceptance varies across these technol-
ogy solutions and also by region. Both spectrally selective static
glazing as well as high insulating glazing solutions, are widely
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available. Active and passive smart glazing solutions are still
offered by a limited number of companies globally. Fixed exterior
shading systems are available in the global market, although they
are infrequently used in many countries and for multiple building
types. Multiple solutions for operable interior or exterior shading
systems are also widely available. Exterior systems are in use in
Europe but less widely in the U.S. These systems are commonly
operated manually. Automated or motorized solutions are limited
but they are entering the market in increasing volumes.
4.1.2. Cool envelope materials
A cool envelope material (CEM), typically a reflective roof or

wall product, provides a solar-opaque surface that reduces net
radiative heat gain at the envelope [(solar absorption - fluores-
cence) + (thermal infrared absorption – thermal infrared emission]
to decrease heat flow into the occupied space [61–65]. Strategies
include static high solar reflectance (light-colored or ultrabright-
white CEM) [66–72], static high near-infrared (NIR) reflectance
(cool-colored CEM) [73–82], temperature-sensitive high solar
reflectance (thermochromic CEM) [66,83–86], angle-sensitive high
solar reflectance (directionally selective reflector CEM) [87–89],
static solar retroreflection (solar-retroreflective CEM) [90,91], and
static near-unity solar reflectance + static selective thermal emit-
tance (daytime sky radiator CEM) [92–94].

Except for daytime sky radiators, CEMs reduce heat flow into
the occupied space but do not increase heat flow out of the occu-
pied space. Therefore, CEMs must be coupled with heat modulating
strategies, such as thermal storage, or heat-dissipating strategies,
such as night ventilation, evaporative cooling, or mechanical cool-
ing, if the outside air is uncomfortably or dangerously hot.

CEMs save cooling energy in an air-conditioned building when
power is available; lower indoor temperatures in an unconditioned
(‘‘free-running”) building when power is unavailable, or the build-
ing lacks cooling equipment, and provide a combination of energy
savings and indoor temperature reduction when power is avail-
able, but the cooling equipment is undersized for an exceptionally
hot day. Hernández-Pérez et al. [95] summarize cooling load or
cooling energy savings simulated in over 20 studies; additional
simulations can be found in later studies [63,66,84,96–108]. They
also review space temperature reductions measured or simulated
in over 30 studies and discomfort hour reductions simulated in 4
studies; later works also report reductions in indoor temperature
[102–119] or discomfort hours [97,101,110–112,114,120], with
heat-wave benefits assessed by Porritt et al. [121,122]. Cool-roof
monitoring studies have measured reductions of about 1 to 3 K
in top-floor air temperature [98,99,123–126] and up to about 5 K
in top-floor operative temperature [112,127].
Fig. 1. Heat transfer in evaporative envelope surfaces, including (a) a waterfall façade, (
interpretation of the references to color in this figure legend, the reader is referred to th

5

The ability of a CEM to reduce the envelope’s net radiative heat
gain on a sunny day provides an ‘‘absorptive” capacity for heat resi-
lience by helping the cooling equipment meet its load, or by dimin-
ishing the temperature rise in an unconditioned building. As
passive solar-control measures, CEMs help whenever the sun shi-
nes, and continue to mitigate unwanted solar heat gain during a
power outage or heatwave. However, their absorptive capacities
diminish when cloudy, hazy, or smoky skies reduce incident sun-
light. A thermochromic CEM may provide adaptive capacity if a
heat event accelerates its switch from low to high solar reflectance.
While CEMs do not directly provide restorative or recovery capac-
ity, their abilities to reduce heat flow into the occupied space make
it easier for heat-modulating and heat-dissipating strategies to
moderate interior temperatures.

Both white and cool-colored roof materials are mature tech-
nologies that are widely available to both building owners and
building contractors [68,128], and identifiable via mature product
rating systems provided by the Cool Roof Rating Council [129]
and the European Cool Roofs Council [130,131]. Cool wall materi-
als, such as light-colored paints, claddings, and sidings, and some
cool-colored wall products, are similarly mature and available
(Appendix P of [70]), but their product rating system is still under
development [132]. Some novel CEMS such as directionally selec-
tive reflectors are specialty products with limited availability;
other CEMs, such as daytime radiators, solar retroreflectors, fluo-
rescent cool colors, and thermochromics remain under
development.
4.1.3. Green roofs, roof pond, green facades (evaporative envelope
surfaces)

Evaporation on the outside of the building envelope is an effi-
cient cooling technique, which can be managed with vegetated
surfaces, water films, ponds, and sprays [133–136] (Fig. 1).

The primary difference between façades (green or watered,
Fig. 1a,b,c) and roofs (green roof or roof pond, Fig. 1d,e) is linked
to the vertical water runoff, which amplifies the thermal transfer
due to the increased sensible and convective heat transfer in the
water stream. Moreover, evaporative façades require continuous
water spray or water supply to permanently irrigate the upper
part, while roof ponds and green roofs may adapt more easily to
various climate conditions without water supply.

The water retention potential is a key design parameter for roof
ponds [137] and green roofs [138]. A permanent water supply may
be required (for façades, or during dry periods), which brings out
the optimal control of the evaporative dynamic for a resilient cool-
ing strategy, and low water consumption. E.g., to increase the
evaporation process of a roof pond, Erell et al. [139] recommended
b) a spraying system, (c) a green façade, (d) a roof pond, and (e) a green roof. (For
e web version of this article.)
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droplet sizes of 0.5 to 1 mm, spray rates of about 1–1.5 volumes of
the roof pond per hour, and a spray height of 50 cm.

Innovative evaporative envelopes include the combinations of
increased albedo, the development of porous materials, or movable
claddings [140,141].

However, for hot, temperate and even cold climates, evapora-
tive envelope surfaces demonstrated strong cooling effects of the
roof and façades surfaces for summer conditions [142,143]. E.g.,
the surface temperature of the south-oriented wall can decrease
by 9.8 �C in Moscow, and 18.7 �C in Riyadh [139], while energy
cooling loads can decrease up to 100% in Brasilia and Hong Kong
with green roof and façades. These cooling techniques are also
widely recommended for their stormwater retention potential,
and their impact on sewer overflow, which translates into some
local policies such as the Toronto (Canada) green roof policy
[144]. This can be an efficient solution even considering the effects
of climate change, but some parameters like plant species [145] or
roof water retention capacity may have to be adapted.

Regarding evaporative surfaces, the most advanced TRL (TRL 9)
concerns green roofs and façades, which are widely available, and
included in policies and standards. However, few alternatives for
water retention systems on roofs exists, e.g., typical gravel roofs
(TRL 9). Most of these alternatives are only at a research or proto-
type stage, including various roof pond typologies with/without
radiative protections, or porous material, all mainly available as
lab prototypes, or full-scale experiments (TRL 4–6) [146].
4.1.4. Ventilated roofs and ventilated facades (ventilated envelope
surfaces)

Ventilated roofs and façades have been widely developed as an
adaptive element for both winter heat recovery and summer heat
dissipation. An additional opaque or transparent cladding forms a
ventilated double-skin, which allows various airflow strategies
(see Fig. 2) to cool the external side when required. Ventilation pat-
terns and additional controls, such as venetian blinds [147–150],
make these techniques highly adaptable to seasonal changes and
climate change.

The air-tightness and winter solar gains of the closed cavity
façade (Fig. 2a) are a good option for temperate climates, while it
can support high temperatures (up to 90 �C) with a long service life
without maintenance [138]. Yet, overheating of the air gap under
extreme summer conditions has led to the development of more
performant solutions, such as movable blinds and natural ventila-
tion. The solar heat gains observed in an experimental setup in
China were reduced from 330 to 28 W/m2 with Venetian blinds
[149]. The cooling performance is improved with ventilation open-
ings designed to remove heat, and outdoor or indoor air ventilation
strategies [151]. The indoor ventilation can be designed with air
outlets through the roof [152] or the wall (Fig. 2b,e), which can
be efficient for air-conditioned buildings even in extreme hot cli-
mates. Driven by the outside air–gap stack effect (amplified by
Fig. 2. Typologies of ventilated envelope surfaces: (a) closed cavity façade; (b) exhaus
coupled to a natural ventilation of the building.
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solar gains), the airflow may be intensified by the mechanical ven-
tilation system of the building. Similarly, outdoor air can be used as
the heat sink for the double-skin air gap (Fig. 2c,d). The study of a
ventilated pitched roof in Djibouti [153] demonstrated a heat gain
reduction of about 50% for the building, which underlines the
effectiveness of this ventilation technique in extreme summer con-
ditions, given the high solar gains of the roof, and the temperature
differences between the roof and outdoor air.

The ventilation rate is a key parameter for this technique’s cool-
ing efficiency. This ventilation rate is highly dependent on the
opening design. Then, the design and the optimal perforation rate
of outdoor façade claddings vary greatly depending on the location
and orientations [154,155]. The optimal perforated percentage var-
ies between seasons, and variations between 10 and 60% were
found to be optimum for Japan [143]. However, these optimal cool-
ing performances will drop under extreme heatwave events and
climate change, due to the outdoor air temperature increase. Yet,
some design parameters such as solar orientation [156] and pre-
vailing wind direction [156,157], will be much less sensitive to cli-
mate change.

Regarding ventilated surfaces, double-skin façades are very well
developed in the construction sector, from the first Trombe walls in
the 19200s to the transparent double-skins for high-rise office
buildings [158] (TRL 9). These techniques include many innova-
tions, such as the perforated and the closed cavity façades; yet
many lab developments are still ongoing (TRL 6), and some biomi-
metic solutions are arising, such as adaptive façades similar to a
natural foliage [159] (TRL8). Ventilated roof for cooling can be
found in research studies [153] (TRL5-6), but very few construction
products are available for this typology [160] (TRL9).
4.1.5. Thermal mass utilization including PCM
Thermal Energy Storage (TES) systems absorb, store, and release

thermal energy on a cyclical basis (usually daily) to regulate inter-
nal temperature and improve thermal comfort in buildings [161].
Thermal energy can be stored as a change in internal energy of a
material as sensible heat (e.g., ground, water tanks and aquifer
energy storage), latent heat (e.g., Phase Change Materials, includ-
ing organic and inorganic substances and ice storage), or chemical
energy (e.g., thermochemical storage). It should be noted that the
cooling capacity (in [kWh]) of a latent thermal energy storage com-
prises both a fraction of sensible and a fraction of latent energy.

TES systems increase the generation capacity by releasing the
stored energy during high demand which allows a smaller produc-
tion unit to be installed.. TES systems operate as a cost-saving mea-
sure by shifting the energy demand to low-tariff periods [162]. TES
systems also increase the cooling system reliability and can easily
be integrated with other functions such as on-site fire protection
water storages [163]. However, TES system performance is not
guaranteed during the days with small temperature swings. Stor-
age cycle efficiency (i.e., long-term heat loss reduction) and high
t air façade; (c) outdoor air curtain façade; (d) ventilated roof; (e) ventilated roof
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investment cost in latent and thermochemical heat storage are fur-
ther limitations of TES systems [164].

The performance of a TES is characterized by its storage capac-
ity and its ability to provide cooling or heating power as a function
of the state of charge of the storage. TES systems have shown to be
effective measures in reducing peak indoor air temperature and
dampening temperature variations in buildings during extreme
events such as heatwaves or power outages. TES cooling perfor-
mance under extreme conditions is highly sensitive to the temper-
ature gradient between cyclic cold (e.g., night) and warm (e.g., day)
periods. For instance, consecutive days with high nighttime out-
door temperatures deteriorate the cooling capacity of TES systems
significantly [165]. Kuczyński & Staszczuk [166] indicated that the
cooling effect and efficiency of increased thermal mass do not
change during the heatwaves and remain independent of the dura-
tion and distribution of heatwaves. In their analysis, the use of con-
crete ground floors and walls in a detached single-family house,
combined with nighttime ventilation and shading devices, sub-
stantially reduces the risk of overheating and the need for the
installation of active cooling systems.

PCMs are applied mostly for energy-saving purposes but have
shown some advantages in reducing overheating hours and
improving thermal comfort. Similar to increased thermal mass,
installing PCMs can reduce indoor air temperature variations
[167]. The effectiveness of PCMs in overheating reduction in build-
ings relies on PCM properties and climate [168]. Some studies
report a 50% reduction of discomfort hours [169,170]. However,
Kuznik et al. [171] found that while the use of PCMs is beneficial
in some periods during the year, it is not effective in very hot days
because it remains liquid throughout the day. According to
Ramakrishnan et al. [172] who optimized PCM melt temperature
for resiliency, parametric optimization for the current heatwave
events will not work for future heatwaves. Baniassadi et al. [173]
analyzed the effectiveness of wall-integrated PCMs during the loss
of air conditioning (i.e., power outage) coincident with heatwaves.
They found that although PCM application can mitigate overheat-
ing during power outages, its resiliency is highly correlated to tem-
poral factors (initiation time and duration of a power outage), PCM
properties, and climate. They stated that the PCM melt tempera-
ture is a crucial factor in determining its resiliency. In most cli-
mates, the optimum melt temperature for resiliency differs from
the optimum temperature for energy efficiency [173]. Considering
the fact that energy efficiency is the main driver of the installation
of PCMs, in most cases, there is no significant added resiliency
advantage by using PCMs [173]. However, in some climates, there
is a chance to select a melt temperature that has benefits for both
energy efficiency and resiliency [174].

Common materials for thermal mass utilization are concrete,
stone or masonry, bricks, and tiles. These materials are available
all around the world as they do not necessarily require special
technology to be produced. TES systems based on sensible heat
such as water tank or underground storage methods are widely
available, but devices based on latent heat such as PCM are mostly
under development. The higher costs of PCMs is a barrier to widely
enter the markets. The cost difference between sensible TES and
PCM is even higher in active applications. Another barrier is related
to the stability of the PCMmaterials. Further research and develop-
ment are needed in PCM to adopt these technologies in more cost-
effective manner.

4.2. Remove sensible heat from indoor environments

4.2.1. Ventilative cooling
Ventilative cooling (VC) uses the cooling potential of the out-

door air, and can be achieved with natural solutions (either by
wind-driven or buoyancy-driven flows), mechanical technologies
7

(fan), or a combination of both (i.e., mixed-mode or hybrid ventila-
tion). Some studies [175,176] categorized VC into daytime comfort
ventilation (or direct cooling) and night cooling (or indirect cool-
ing). Daytime comfort ventilation introduces the flow of outdoor
air through the building during the day to directly remove heat
gains. It aims to improve the occupant’s thermal comfort via con-
vective heat transfer, increasing the evaporative cooling effect on
the occupants’ skin, and decreasing indoor air temperature. Night
cooling has a double effect: on the one side it utilizes the building’s
thermal mass during the night, where thermal mass works as a
heat sink during the occupied period, and, on the other side, it
decreases indoor air temperature during the night hours.

The cooling performance of ventilation systems under extreme
events is strongly correlated to ventilation types (natural or
mechanical), building characteristics, local climate and occupant
behavior [177,178]. Alessandrini et al. [179] investigated the over-
heating risk in a naturally ventilated dwelling during heatwaves
under the weather condition of France, Paris. They observed that
by natural ventilation, the maximum indoor operative temperature
could be maintained 6–9 �C lower than the maximum outdoor
temperature which reached 39 �C during the five days of heat-
waves. Their study demonstrates that a well-designed natural ven-
tilation system can mitigate the surging cooling demand during an
extreme heat event. Architectural elements such as a solar chim-
ney, atrium, or double-skin façade can help facilitate natural ven-
tilation. A study by Lomas and Ji [180] demonstrated that
buildings with such architectural elements integrated with
advanced ventilation controls could provide greater resilience to
future climate change than single-side natural ventilation.

However, ventilative cooling will be less beneficial when cli-
mate change makes heatwave events more frequent [181]. Artman
et al. [182] quantified the effect of global warming on the night-
time ventilative cooling potential in Europe. They compared the
climatic cooling potential (CCP) index between monitored climate
conditions (1961–1990, European Climate Assessment and Data-
set) and possible future climate conditions (2071–2100, IPCC SRES
scenarios A2, more divided world, and B2 [183], world more
divided but more ecological). Their study indicated that future
warming would have a significant impact on the night-time ven-
tilative cooling potential across Europe. The CCP was expected to
decrease by 20–50% in Central and Northern Europe by the end
of the 21st century. At the same time, for Southern Europe, CCP
was found to become negligible in summer and decrease by 20–
55% during the transient season at the end of the 21st century.
Campaniço et al. [177] evaluated the impact of climate change
on direct ventilation for the Iberian Peninsula area. They predicted
a 20% reduction of CCP in the future climate (2070–2100) along the
annual cycle and up to 60% reduction in the summer season. The
impact of climate change on the uncertainty of thermal comfort
in a naturally ventilated office was investigated by Breesch and
Janssens [184]. The probability of discomfort increases signifi-
cantly when recent and warmer weather data sets are assumed.
To reduce the risk of overheating in a warming climate, natural
night ventilation should be combined with additional measures,
such as mechanical ventilation coupled with cooling coil or passive
cooling strategies (earth-air heat exchanger, indirect evaporative
cooling), or increased thermal storage in the building. Mechanical
ventilation increases resiliency, on the other hand, it will increase
energy consumption. It is therefore recommended to perform a full
life-cycle assessment to ensure energy efficiency and overheating
resilience over the long-term building life span [185].

Natural ventilation through openings and other passive devices
is widely available for most applications. Traditional examples
developed through centuries of trial and error are modified to pro-
vide contemporary solutions. Mechanical ventilation techniques
and solutions are also readily available for most applications. Both
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natural and mechanical solutions are available on the marked
reaching a TRL 9, although specific innovative solutions and control
techniques are under development at different TRL levels.
4.2.2. Adiabatic/evaporative cooling
Evaporative cooling is based on an adiabatic process in which

the sensible air temperature is reduced. Evaporative cooling may
be classified into two main approaches: direct coolers (e.g., desert
coolers) and indirect coolers (e.g., evaporative chiller units for fan
coil) [186,187]. Direct evaporative cooling (DEC) evaporates the
water directly into the air stream, while indirect evaporative cool-
ing (IDEC) evaporates water into a secondary air stream. The sec-
ondary air stream cools the main air stream through a heat
exchanger without adding humidity.

Direct evaporative cooling systems have been well known since
ancient times. Several historical buildings in hot (and dry) climates
show DEC solutions, such as the Ziza Palace in Palermo, Italy, or
Red Ford in Delhi, India [188,189]. The efficiencies of DEC systems
depend on the local wet bulb temperature depression, and they are
best suited to hot and dry locations. Performance of IDEC depends
on wet bulb effectiveness, dew point effectiveness, cooling power,
power consumption, and coefficient of performance [190]. Water
scarcity may limit the application of evaporative cooling systems
in desert or semi-desert areas.

The impact of climate change on the cooling potential of evap-
orative cooling has been studied by Campaniço et al. [177]. The cli-
matic cooling potential index has been calculated under past
(1970–2000) and future weather conditions (2070–2100) in the
Iberian Peninsula. A 10%-15% decrease in CCP (ventilative cooling)
is expected in the further climate due to increased outdoor temper-
ature, while evaporative cooling is shown to be more resilient to
climate changes than ventilative cooling. Osman et al. [191] found
that building design strategies in a hot and arid region should shift
from natural ventilation to more active cooling by the year 2070,
and that two-stage evaporative cooling comprised of DEC and IDEC
is the most resilient strategy for all of Khartoum’s seasons in the
future climate. Furthermore, the population of arid regions is
growing and climate changes are increasing human thermal stress
in arid areas. Evaporative cooling solutions and green infrastruc-
ture (evapotranspiration from vegetation) are essential technolo-
gies supporting resilience, although the potential reduction in
water availability requires high efficiency solutions.

Passive DEC systems are generally low cost, nevertheless, they
need high maintenance to avoid microorganisms and connected
diseases (e.g. legionella). DEC may be a valid dissipative system
for open or semi-open spaces, in where the growth of air absolute
humidity is mitigated by natural air movements [192,193]. In
enclosed spaces, DEC systems can be controlled to prevent too high
humidity values by adopting a control system. From the TRL point
of view, several DEC systems have been installed in different build-
ing typologies. This technology is at the market level (TRL9), nev-
ertheless, new researches are under development for new porous
materials, and to develop specific systems connected to ventilative
cooling solutions. In these cases, lower TRL may be found. Finally,
movable simpler evaporation solutions (e.g. personal evaporator
fan systems) independent by building system integration are com-
mercialized in everyday shops.
4.2.3. Compression refrigeration
Vapor compression refrigeration is certainly the most used ‘‘ac-

tive” technology to produce a cooling effect. The system mainly
comprises an evaporator, a compressor, a condenser and an expan-
sion device. A working fluid (refrigerant) successively flows
through these components and follows a thermodynamic cycle
[43].
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Vapor Compression Air Conditioning units (ACs) can be classi-
fied by the heat source and heat sink (e.g. air, glycol–water, water,
or soil), function (AC unit-cooling, heat pump-heating, reversible
ACs- heating or cooling modes, AC with heat recovery – heating
and cooling simultaneously), compressor technology, refrigerant
type (natural or synthetic)), configuration [194] (packaged units
(including window ACs and rooftop units), split ACs (including
ductless mini-split systems, ductless multi-split systems and cen-
tral ducted split-systems) and chillers (air-cooled, water-cooled,
evaporative cooled). The other classification of interest when con-
sidering resilient technologies is cooling capacity. Vapor compres-
sion refrigerant technology covers a large range of cooling
capacities going from a few hundred watts (household refrigera-
tors) to tens of megawatts (industrial chillers and large-scale heat
pumps) [44].

The cooling capacity of compression refrigeration systems is
more constrained by the design and size of the machine than by
the available capacity of the natural heat sink. Even though the
COP of the systemmight decrease due to the high outdoor temper-
ature during heatwaves, a well-designed system can still retain
sufficient cooling capacity to confront the heatwave, indicating
that compression refrigeration technology provides a high adap-
tive capacity. Hajidavalloo and Eghtedari [195] investigated the
impact of outdoor air temperature on the COP of a split-air-
conditioner with an air-cooled condenser. They found that when
the outdoor temperature increases to 49 �C from 35 �C, the cooling
capacity of this air-conditioner decreases to 5.6 kW from 6.8 kW,
and COP decreases to 3.14 from 4.56. The study also found that this
problem could be mitigated by using an evaporative-cooled con-
denser, which maintained the cooling capacity of the air-
conditioner at 6.7 kWwhen the outdoor air temperature was 49 �C.

Vapor compression systems rely on electricity and are not very
robust to the power outage. An approach to increase its robustness
is to connect with local electricity production, such as photovoltaic
(PV) panels in buildings. Chillers are more likely to operate simul-
taneously to PV electricity production compared with heat pumps,
i.e., the highest cooling demand usually coincides with the large
intensity of solar radiation. It is hence a good candidate to improve
building self-consumption. On the other hand, chillers connected
to energy storage (batteries, thermal storage units of building ther-
mal mass) can also apply as a backup solution to the management
of electrical grids by the flexibility provided by such combinations.
This flexibility is activated by a time of use tariff as a demand side
management (DSM) mechanism. It should be stressed that heat-
waves lead to electricity peak demands on the grid and DSMmech-
anisms become of paramount importance. Average cooling
demand around the world is responsible for 15% of peak electricity
demand; but during hot days, cooling can be responsible for up to
50% and more of residential peak electricity demand [196]. More-
over, for buildings equipped with on-site generation, the use of
thermal storage combined with specific net-metering programs
can promote better load matching between production and con-
sumption [197]. Another approach is to integrate the vapor com-
pression system with ice storage systems, which can help limit
the impact on the electricity grid of highly fluctuating distributed
renewable energy sources. Actually, they offer a mechanism of
building electricity consumption flexibility that can take profit of
dynamic electricity rates.

Vapor-compression ACs for buildings, with a wide range of
capacities and numerous configurations, show TRL values of 9. In
2020, roughly 2 billion AC units were in operation in the world,
with residential ACs representing 68% of these units [196]. The
market of AC units is growing in an accelerated way, with esti-
mated sales increasing by 10% between 2018 and 2019 (mainly
in emerging and developing countries) [196]. Building contractors
and engineering offices define the most appropriate cooling/heat-
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ing plants depending on the availabilities of heat sink/heat source,
on the building characteristics, on the ease of installation, on the
cost of the solutions, on the cost of energy (and the presence of
local electricity production), on local regulation/incentives, but
also on the customer’s expectations. AC efficiency rating varies
from one country to another, but it is always an image of the ratio
of the cooling effect to the electricity consumption (W/W). Average
efficiency rating of installed AC units has increased by 15%
between 2010 and 2020 [196], but still far behind the most effi-
cient products on the market [196].

4.2.4. Absorption refrigeration including desiccant cooling
Desiccant cooling systems were developed to handle sensible

and latent heat loads independently [198]. The dehumidifier
absorbs the moisture of the supplied air and afterward will pass
to the regeneration unit to recover its initial moisture absorption
capability [199]. The dry supplied air stream passes the cooling
unit for sensible cooling and is then routed to the conditioned
space. Additional heat exchangers could be added on different
points such as economizers to increase the system efficiency.

Desiccant systems are classified as solid or liquid desiccators
[200]. A rotary wheel with solid dehumidifiers is a compact system
made from matrix-shaped parallel channels coated with desiccant
material, such as SiO2, TiSiO4, or Al2O3, that operate continuously
with low corrosion probability [198]. The liquid desiccant materi-
als, such as ClLi, LiBr, CaCl2, TEG HCOONa, HCOOK, CH3COONa,
CH3COOK, or a combination of these solutions, ideally should be
stable, odorless, non-toxic, non-flammable, inexpensive, non-
crystalized in the operating temperature range, non-corrosive
and non-volatile with good heat transfer characteristics and low
surface vapor pressure at the contacting temperature [201]. The
low cooling capacity of solid desiccants and the corrosivity of liq-
uid desiccants are important limitations. Therefore, new desiccants
including bio-desiccants, composite desiccants, and polymer desic-
cants have been introduced; some of them could provide an
absorption capacity 2–3 times of traditional absorbers [202].

The major benefits of absorption cooling are discussed in Refs.
[198,203,204]. The system uses eco-friendly fluids including air
and water, which have no negative impact on the environment.
It could operate with diverse thermal energy sources, even low-
grade resources, in the regenerators. The required electrical energy
can be less than 25 % of conventional refrigeration systems and this
technique acts as an energy-efficient method, especially for hot dry
and hot humid areas. Finally, the desiccant cooling system works
near atmospheric pressure, which makes them easy to construct,
install, preserve and maintain. The major limitation of desiccant
cooling is that it needs an additional heat source for regenerating
the desiccant to provide stable operation [199]. However, the heat-
ing power can be provided by any source such as the waste heat
from industries through a district heating network or via solar col-
lectors or ground source heat pumps. This improves the overall
efficiency of desiccant coolers because the heat requirement can
be gained from sources with lower primary energy factor, i.e. waste
heat from a combined heat and power plant, industry or solar
energy which are also available during the cooling season. More-
over, to make the system more environmentally friendly, the
required electrical power can be provided by renewable sources,
for example, tidal energy in marine facilities, solar cells, or wind
turbines.

High outdoor air temperature during a heatwave might
decrease the efficiency of absorption refrigeration systems,
depending on the type and design of the systems. Kim et al.
[205] simulated the cooling performance of an air-cooled LiBr–wa-
ter absorption chiller in extremely hot weather. It was found that
when the ambient temperature increases to 50 �C from 35 �C, the
cooling capacity of the absorption chiller decreases 37.5% and
9

35.6% for direct air-cooled chiller and indirect air-cooled chiller
compared with their cooling capacity at 35 �C, respectively. Grze-
bielec et al. [206] confirmed that the outdoor air temperature plays
an important role in the efficiency of absorption refrigeration.
However, by using a spray-evaporative heat exchanger, the effect
of outdoor temperature can be reduced and the average cooling
capacity can be up to 44% higher than those with dry air cooler
devices.

Although the absorption refrigeration systems are partially acti-
vated by thermal energy, the systems are not robust during the
power outage events because the cooling water distribution sys-
tem cannot operate without power input. Like compression refrig-
eration, the system could integrate local electricity production and
energy storage to increase its resilience during the power outage.

Desiccator wheels are used for residential and primarily for
non-residential purposes. However, these usually use a simple sys-
tem with basic equipment and more advanced systems are not
widely implemented, though. Desiccant cooling technology could
be categorized in TRL 9 according to the Technology Readiness
Assessment Guide issued by the U.S. Department of Energy [207].
TRL 9 signifies that the technology operates and can achieve
defined requirements. For instance, desiccators can be used in var-
ious applications and are available in the market [208,209]; there-
fore as a mature technology providing cool and dry air, desiccant
coolers can be categorized in TRL9.

4.2.5. Ground source cooling
The working principle of ground-source cooling is based on the

fact that the ground temperature below approximately 10 m
remains fairly constant all year round at about mean annual ambi-
ent air temperature [210]. Thus, ground temperature over the cool-
ing period is less or not affected by hourly and daily temperature
variations, regardless of outside air temperature. It rejects heat to
the ground by circulating a working fluid through ground heat
exchangers. Based on the heat transfer medium (air or liquid),
the system can be further categorized as an earth-to-air heat
exchanger (EAHE) or a borehole heat exchanger (BHE). Ground-
source cooling can also be classified as direct ground cooling (pas-
sive) or ground-source heat pump (active). The direct-ground cool-
ing system utilizes ground as the only source for cooling the
working fluid without any mechanical refrigeration. In a ground-
source heat pump system, the cooling is provided through a
mechanical refrigeration system using the ground as a sink for dis-
sipating the heat [211]. Ground source systems may also be used to
pre-heat a heat transfer medium in winter seasons, nevertheless,
for this paper, only their cooling potential is analyzed.

Since the subsurface temperature below a certain depth is
insensitive to seasonal and diurnal variations, ground-source cool-
ing shows a high resilience under heatwaves. However, the cooling
capacity of ground-source cooling might be affected by climate
change. The sensitivity of ground-source cooling (EAHE) to future
climate was investigated by Chiesa et al. [212] considering histor-
ical and future North America climate conditions - future climate
were based on Five General Circulation Models (GCMs) from the
CMIP5 (Coupled Model Intercomparison Project Phase 5) multi-
model ensembles [213]. Results showed an expected reduction in
climate EAHE sensible cooling dissipative potential in future years,
while variations in the soil surface average temperature were iden-
tified to be a synthetic index to analyze variations in EAHE cooling
potentials.

Several measurement studies have shown that ground-source
systems perform better under peak-load conditions than under
off-peak load conditions [214–216]. This is partly because under
peak load conditions the ground heat transfer is higher, due to a
larger temperature difference between working fluid and the
ground. The percentage share of the parasitic energy consumption
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of circulation pumps and other auxiliary equipment under peak
load conditions is also lower. Passive ground-cooling systems have
larger absorptive capacities than active ground-cooling systems
because they are bigger and because of their greater ability to
adjust the working fluid conditions to match the cooling demand
of the building. The systems can adjust to extreme events including
heatwaves in many ways, such as by pre-cooling the building at
night and off-peak periods, by using active thermal energy storage
systems like chilled water or ice storage for load shifting, or by
reducing peak loads at the expense of lower thermal comfort.
The restorative capacity of ground-source cooling systems under
heatwaves is high, as the heat injected into the ground is dissipated
to the earth surrounding the ground heat exchanger. This can be
done using dry coolers at nighttime when the ambient air temper-
ature is lower. Depending on the soil’s thermal diffusivity, it can
take several hours to a few days for the system to fully recover
from heat injections to the ground [217,218]. However, the impact
of different recovery times have on the restorative capacity of the
ground is generally considered in the design of ground-cooling
systems.

The resilience of ground-source cooling systems to power
outages depends on the degree of disruption and the type of the
ground cooling system. The ground-source heat pump systems
require substantial electrical energy to operate the refrigeration
cycle and the auxiliary components. The direct-ground cooling sys-
tems require much less electricity as the only energy input to the
system is the work required to drive the circulation pumps.

At the system level, ground-source cooling is a fully mature
technology at TRL 9. It has been used worldwide for several dec-
ades and there are thousands of actual systems operating over
the full range of possible conditions. There exists a great wealth
of knowledge concerning design methods, installation procedures,
operating practices, and application examples in literature. More-
over, there are several scientific and professional bodies defining
norms and standards, protocols and guidelines, and best practices
at local, national, and international levels. At the subsystem level,
the heat exchangers and grouting materials used in ground-
source cooling systems are widely available commercially and
are at TRL 9. Nevertheless, there is still ongoing research into
developing innovative heat exchanger designs and materials to
enhance the ground heat transfer. The TRLs of the new develop-
ments range from early lab-scale (TRL 1–3) to commercial demon-
stration (TRL 8).

4.2.6. Sky radiative cooling
Sky radiative cooling represents the passive process in which

any object located on the Earth’s surface (sky facing terrestrial
object or surface) releases heat to the sky through net loss of
long-wave (thermal infrared) radiation [219,220]. The incident
solar radiation during the day, the convective heat transfer (for a
higher outdoor air temperature than the radiator temperature),
and cloud coverage can have a negative impact on the net cooling
output [92,221–226]. Thus, currently, this technology is mostly
associated with nighttime, when the sky can reach temperatures
below 0 �C [222,227] and there is no incident solar radiation. Still,
the radiative heat exchange with the sky can take place both dur-
ing night and day. Heat can be released in the broadband (4–
30 mm) or a selective band (8–13 mm), the latter leading to a higher
efficiency during an all-day cycle [92,228]. Thus, ideal material
properties for radiative cooling should present a maximum reflec-
tivity in the short-wave range (0.25–2.8 mm) to reflect solar radia-
tion while the emissivity should be as close as possible to unity
especially in the atmospheric window band (8–13 mm) and zero
otherwise [92,228].

In buildings, roof paints can be employed as a passive radiative
cooling solution to increase both solar reflectivity and emissivity of
10
the surfaces, although this may increase the heating energy use
during the heating season [92,228]. However, buildings can also
make use of roof ponds, movable insulation systems, radiators, or
existing solar heating systems integrated as passive or active sys-
tems (with or without pumps and fans) that extract the heat from
the indoor environment and release it to the sky [92,226,228]. This
way, sky radiative cooling presents the ability to restore the indoor
thermal environment to its original state, making it a resilient cool-
ing technology.

Nevertheless, as the cooling potential is influenced by air tem-
perature, relative humidity, air speed, and clouds (e.g. the cooling
potential is decreased in very hot and humid environments)
[222,224–226] its restorative capacity is dependent on the outdoor
climate. Thus, like other renewable energy technologies (e.g. wind,
solar), its recovery speed (rapidity of the restorative capacity) can
vary as well with the outdoor environmental conditions. Further-
more, the presence of solar radiation makes sky radiative cooling
time dependent. As objects (e.g. other buildings) can block the
radiative heat exchange with the sky while lack of space can dras-
tically reduce the surface area facing it [220,228], their restorative
and recovery capacities can be further limited in dense urban envi-
ronments. Clouds, if present for a short and long period (hours to
days), will reduce both its restorative and recovery capacity for
the respective period. Still, even for a clear sky when the radiative
heat exchange is not hindered by clouds, the convective heat
exchange could counter its effect for a high outdoor temperature
[221–226]. Therefore, the best sky radiative cooling solution must
be chosen according to the climate and setting (high versus low
building density), i.e. good planning is required for a high exploita-
tion potential.

If used passively, sky radiative cooling cannot be adequately
controlled and relies solely on favorable environmental conditions
and material properties to achieve its maximum potential. How-
ever, reduced time dependency and a constant recovery speed
could be achieved by employing night radiative cooling actively
combined with different storage techniques (e.g. building thermal
mass, storage tanks). This would allow the system to store cooling
during periods with favorable conditions and use it at later times
when the sky radiative cooling potential is limited. Furthermore,
when using the technology actively, parameters such as the flow
rate of the heat storage medium can be controlled
[220,221,223,229], allowing higher exploitation (higher recovery
speed), especially during periods when the potential is high, thus
using the available resources in a timely manner.

After heatwaves, the sky radiative cooling’s restorative capacity
was rated as low to moderate, as the cooling capacity could be
reduced by increased humidity and outdoor temperatures also
during night time [92,225,228]. For example, an increase in relative
humidity (50 to 100%) and outdoor air temperature (9 K) could
reduce the cooling power of thermal solar collectors by 18% to
41%, respectively [225]. However, recent progress in solar reflec-
tive materials with high emissivity in the atmospheric window
may further enhance the sky radiative cooling’s restorative capac-
ity as cooling could be achieved concurrently with the demand, i.e.
during the day [92,228]. Blackouts would not pose an issue and
thus the sky radiative cooling restorative capacity after blackouts
was rated as moderate. The recovery speed on the other hand could
vary between low and high depending on the way sky radiative
technology is employed, passively or actively. If the technology is
passively used, no additional auxiliary energy (e.g. pumping
power) would be required to start the process. Therefore, in those
situations, the recovery speed can vary from low (unfavorable
environmental conditions) to high (favorable environmental con-
ditions) during both heatwaves and blackouts. On the other hand,
active use could ensure an increased recovery speed through an
increased flow rate of the heat transfer medium (e.g. air, water).
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Although not an issue for short-term blackouts, one challenge for
active use during a long-term blackout, e.g. days, would be ensur-
ing the circulation of the heat transfer medium. In those situations,
without backup power the recovery speed would be low.

As the sky is a free cooling source, night sky radiative cooling is
a renewable technology available for any consumer. Moreover, it is
ready for market implementation since it can be employed through
existing technologies such as solar collectors and PV/Ts
[222,223,225]. However, further development and research can
improve and optimise both the equipment and the systems
employed, especially for daytime use [92,228]. Although it can be
used directly by any consumer, the experience of design engineers
and building contractors might improve its use leading to an opti-
mum operation of the desired application.

4.2.7. High-temperature cooling system: Radiant cooling
A hydronic radiant cooling system refers to a system in which

water is the heat carrier and more than half of the heat exchange
with the conditioned space is by radiation [230,231]. Heat transfer
from indoor spaces is by a combination of radiation and convection
via cooled surfaces. The convection is usually natural, unless the air
movement over the conditioned surface has been enhanced—e.g.,
by supplying air from a ventilation diffuser. These systems employ
high-temperature cooling, where the heat-transfer medium is near
room temperature. The system conditions large surfaces in indoor
spaces, usually floors, ceilings, and walls, and the large conditioned
surface areas make it possible to cool indoor spaces with a small
temperature difference between the conditioned surfaces and the
room. Supply water temperatures in radiant systems are usually
16 – 23 �C for cooling.

Radiant cooling systems can be classified as radiant cooling
panels, radiant surface systems, and thermally active building sys-
tems (TABS) [230]. Radiant panel systems and radiant surface sys-
tems can be used in both new buildings and renovated buildings.
However, TABS needs to be installed in the construction phase of
a building, which limits the use of TABS in renovation projects.
To address this limitation and to bring the benefits of TABS to ren-
ovation projects and to lightweight buildings, a particular type of
radiant ceiling panels has been emerging. This technology combi-
nes PCMs with radiant ceiling panels to create a similar system
to TABS—i.e., PCM radiant ceiling panels. Pipes are embedded in
the PCM. Water is circulated in pipes to control the charging (melt-
ing) and discharging (freezing) behavior of PCM, which in turn con-
trols the thermal environment in indoor spaces. This is a promising
solution and has been proven to perform similar to TABS in terms
of operation, energy performance, heat removal from rooms, and
resulting thermal indoor environment [232–235].

Radiant cooling systems have many benefits compared to more
conventional (e.g., all-air) cooling systems. The use of high-
temperature cooling enables the system to couple to natural heat
sources and sinks, such as ground, lake water, or seawater [236–
238]. It also creates favorable operating conditions for heating
and cooling plants (mainly due to operating temperature ranges
and return temperatures), increasing the efficiencies of heat
pumps, chillers, and boilers [81 83]. Radiant cooling systems have
the possibility of transferring peak cooling loads to off-peak hours,
reducing peak power demand [237]. Further benefits of radiant
systems have been summarized by Kazanci [206]. One of the major
characteristics of radiant systems is that they address only sensible
heating and cooling loads. Therefore, they need to be coupled with
ventilation systems, usually in the form of a dedicated outdoor air
system (DOAS). The main function of ventilation systems is to reg-
ulate humidity (i.e., to dehumidify the air) and provide fresh air to
indoor spaces [230]. There are various combinations according to
the location of radiant surfaces and air distribution principles. A
summary of the coupled system configurations and their perfor-
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mance in terms of thermal comfort and air quality have been sys-
tematically discussed in [239].

Radiant heating and cooling systems can be applied in almost
all climates and building types. The main challenge for using radi-
ant cooling systems is avoiding condensation; therefore, its appli-
cations in humid climate zones require careful design and
operation considerations. Studies have shown that when properly
designed, controlled, and coupled with an appropriate ventilation
system, radiant cooling systems can also be applied in hot-humid
climate zones without problems [240–243].

Radiant systems have similar characteristics under heatwaves
and power outages. The absorptive and adaptive capacities of radi-
ant systems under heatwaves and power outages range from low
to high - low for radiant ceiling panels, high for TABS, and in
between those two systems for the radiant surface systems. This
is because these systems have different amounts of thermal mass,
and, therefore have different operations, heat removal, and heat
storage characteristics. For example, due to the available thermal
mass, TABS can provide cooling even if there is no active heat
removal from the TABS structure for a period (e.g., no chilled water
circulation in the pipes in case of a power failure) and under a
heatwave, the pre-cooled thermal mass will be able to absorb a
certain amount heat from the space.

The restorative and recovery capacities of radiant systems
under heatwaves and power outages are high. This is because all
system types have the ability to return to normal or improved
operation once the heatwave is over or power is back, and this
can be done immediately.

The previously described radiant cooling systems (i.e., radiant
cooling panels, radiant surface systems, and TABS) are available
in the market. These systems and their components can be pur-
chased by building owners (e.g., for a residential building) and also
by building contractors. Note that, whereas the radiant ceiling pan-
els with PCMs that were described in this chapter, are not yet avail-
able in the market, all of their individual components are market
available (i.e., PCMs, piping, and metal panels).

4.3. Enhance personal comfort apart from space cooling: Personal
comfort system

A personal comfort system (PCS), also known as personalized
conditioning system, is a device to heat and/or cool individual
occupants directly or heat and/or cool the immediate thermal envi-
ronment of an individual occupant, under the control of the occu-
pant without affecting the thermal environment of other
occupants [244].

In contrast to total volume systems which condition entire
indoor spaces, PCS devices condition the immediate surroundings
of the occupants, creating micro-environments that can (1) extend
the range of temperatures that is generally perceived as comfort-
able, thereby reducing the energy used by mechanical space condi-
tioning; and (2) accommodate the interpersonal thermal
differences that are inherent in any occupancy, thereby increasing
the percentage of comfort in the space over that possible with uni-
form environmental control. The improved comfort may also
increase occupants’ productivity.

Cooling PCS devices may involve the following technologies:

� Vertical-axis ceiling fans and horizontal-axis wall fans (such
fixed fans differ from pure PCS devices in that they may be oper-
ated under imposed central control or under group or individual
control)

� Small desktop-scale fans or stand fans
� Furniture-integrated fan jets
� Devices combining fans with misting/evaporative cooling
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� Cooled chairs, with convective/conductive cooled heat absorb-
ing surfaces

� Cooled desktop surfaces
� Workstation micro-air-conditioning units including personal-
ized ventilation, some including phase change material storage

� Radiant panels (these are currently used less for PCS than for
room heat load extraction)

� Conductive wearables
� Fan-ventilated clothing ensembles
� Variable clothing insulation: flexible dress codes, variable
porosity fabrics.

PCS devices offer both comfort and energy benefits. PCS devices
use very small amounts of energy, making them inherently suit-
able for resilience applications and adaptable for use during energy
emergencies. PCS devices allow occupants to personally control
their thermal microenvironments and thereby satisfy their individ-
ual comfort requirements. Such comfort requirements differ due to
variations in gender, age, body mass, clothing habits, and meta-
bolic rate, and thermal adaptation [245]. The only published case
of a field study of office workers reporting 100% satisfaction
involved PCS installed in each workstation [246]. In a large-scale
field study, Kroner and Stark-Martin [247] suggested that it is pos-
sible to increase productivity by at least 2% using PCS.

PCS devices offer an opportunity to save HVAC energy in build-
ings. Since it is possible to relax the room temperature range in
either the hot or cold direction due to the use of personalized heat-
ing, ventilation or cooling, total HVAC energy use can be reduced at
a rate of 10% per K room temperature setpoint relaxation
[248,249]. Savings of this magnitude exceed those of virtually
any energy-conserving technology available in the industry.
Widening the temperature range for energy must continue to
ensure occupants’ comfort, or at least provide the same level of
comfort as in current buildings. Occupants themselves require far
less energy to heat and cool than does the entire indoor space that
houses them. PCS offers the opportunity to accomplish this. With
small amounts of energy, it can provide individual comfort within
a broader range of indoor ambient temperatures (varying over both
time and space).

The application of PCS enables relaxing the temperature
requirements for the ambient zones in buildings. This is based on
the assumption that the occupants have available to them individ-
ually controlled PCS devices at their workstations and that there is
general elevated air movement provided in other zones of the
building where they may spend time. Advantages for resilience
include

& Flexibility in space heating and cooling temperature setpoints -
the possibility of extended setpoints compared to traditional
systems such as extending the room temperatures below
20 �C in the heating season and extending the room tempera-
tures above 26 �C in the cooling season; these temperatures
are based on the Category II of EN 16798–1:2019 [250]. This
possibility will allow operating flexibility and will not load
the cooling plant unnecessarily during an extreme event (e.g.,
a heatwave) or coming back to normal operation after an
extreme event, and occupants can still be comfortable at high
indoor temperatures, as they would have personalized cooling
systems.

& Possibility of reduced-size cooling plant or a plant that is run
part-time during periods beneficial to the electricity grid and
supply sources.

PCS devices have no absorptive capacity under heatwaves, as
absorptive capacity mainly relates to building envelope and struc-
ture. Under heatwaves, PCS devices have a high adaptive capacity
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as PCS or the user controlling the PCS can adjust its cooling output
until its maximum capacity.

PCS devices have no absorptive capacity under power outage
events, as absorptive capacity mainly relates to building envelope
and structure. Assuming that there are no batteries or emergency
power generators during the power outage, PCS have a low adap-
tive capacity as only certain PCS technologies will be able to keep
on functioning (such as conductive wearables, fan-ventilated
clothing ensembles or PCM assisted PCS).

PCS devices have high restorative and recovery capacities under
heatwaves and power outage events, as the PCS will be functioning
normally once the heatwave or power outage is over, and it will be
able to recover immediately as long as the system has not been
physically damaged.

PCS devices are applicable in all climate zones. The above-listed
PCS devices are commercially available; however, their availability
could change from country to country. Even though there are com-
mercially available products, the technology is not as mature as
some of the other technologies e.g., compression refrigeration.
4.4. Remove latent heat from indoor environments: High-performance
dehumidification including desiccant dehumidification

Removing latent heat from indoor environments through dehu-
midification is an essential and important method, especially in
hot and humid climates, to reduce cooling load and increase
human comfort [251]. In high-performance buildings, the percent-
age of dehumidification energy consumption from the building’s
total energy consumption can be as high as 13–22 % [252]. There
are many dehumidification methods reported in the literature
and applied in practice, including desiccant dehumidification,
refrigeration dehumidification, ventilation dehumidification, and
thermos-electric dehumidification. Desiccant dehumidification is
to utilize the humidity-absorbing material to absorb moisture.
Refrigeration dehumidification uses a conventional vapor com-
pression cycle to dehumidify the humid air through cool-reheat
processes. Thermos-electric dehumidification is to utilize the ther-
moelectric effect (Peltier effect) to convert electricity into a tem-
perature difference across a Peltier module. The module includes
cold-side heat sink and hot-side heat source. Humid air driven by
the fan flows over the cold side heat sink and the air is dehumidi-
fied. Ventilation dehumidification replaces humid indoor air with
dry outdoor air.

Dehumidification technologies absorb the impacts of heatwaves
by decreasing the humidity of indoor air, which improves the com-
fort level and relieves part of the pressure of other cooling systems.
Desiccant refrigeration (see Section 4.2.4) and thermos-electric
dehumidification technologies work in principle in areas with
humidity higher than comfort level, while ventilation dehumidifi-
cation technology works in areas with dry outdoor air. Desiccant,
refrigeration, thermoelectric dehumidification, and mechanical
ventilation dehumidification each require electricity and therefore
are not very robust to power outages. Ventilation dehumidification
through natural means could operate during a power outage, but
its capacity to remove latent heat depends on building characteris-
tics, local climate, and occupant behavior (see Section 4.2.1).
Although dehumidification technologies could improve the ther-
mal comfort level during a heatwave or recovery the thermal con-
dition after a heatwave, their cooling capacity is limited due to the
fact, they only take care of the latent heat in the indoor
environment.

All these technologies have been well developed and commer-
cial products are available in the market in the forms of either large
dehumidification plants or small household dehumidifiers. Both
individual consumers and building contractors are quite free to
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purchase dehumidification products, although the desiccant dehu-
midification plants are usually purchased by building contractors.
5. Assessment and comparison of resilient cooling strategies

A qualitative assessment of the resilience of cooling strategies is
performed based on the criteria developed in Section 2. The resili-
ence criteria include absorptive capacity, adaptive capacity,
restorative capacity and recovery speed. Different disruptions or
extreme events will have different effects on the cooling systems.
‘Temperature hazard’ was identified as the primary risk associated
with the cooling strategies in buildings, which represents the over-
heating risk in buildings that threatens human health, activities
and productivity [253]. Heatwave and associated power outages
are identified as major disruptions because they have direct
impacts on the thermal environment of buildings and they are
listed as dominant threats faced by cooling systems, as stated by
Attia et al.[23]. Therefore, the four resilient cooling criteria are
evaluated separately for two extreme events in this study: heat-
wave or power outage. The resilient cooling strategies assessment
framework is illustrated in Fig. 4.

We present the following approach to evaluate the resilience
characteristics.

� Absorptive capacity can be calculated as the ratio of the
absorbed heat load (or heat storage) to the change in heat load
during a certain disruption.

� Adaptive capacity can be calculated as the ratio of the heat load
reduction to the change in heat load during a certain disruption.

� Restorative capacity can be calculated as the ratio of the heat
removed from the building to the heat stored after a certain
disruption.

� Recovery speed can be calculated as the time required to
remove the stored heat from a building until reaching a
designed thermal condition.
Fig. 4. Resilient cooling strategies assessment framework.
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The resilience capacities can be evaluated into three categories:
high, moderate and low. For recovery speed, high is within one
hour, moderate is several hours, and low is one or more days.
The other capacities are categorized by the following criteria:

� High: the strategy can maintain or even increase its cooling or
heat-load-reduction capacity during a certain event. For exam-
ple, a building’s heat load might double during a heatwave or
power outage due to the extreme high outdoor temperature
or the failure of the mechanical cooling system. (The strategy
can increase its cooling capacity to deal with a high heat load
during a heatwave or power outage.)

� Moderate: the strategy can maintain its cooling or heat-load-
reduction capacity most of the time during a certain event.
(The strategy keeps the same cooling capacity during a heat-
wave or power outage.)

� Low: the strategy will experience a decrease in cooling or heat-
load-reduction capacity during a certain event. (The strategy
reduces cooling capacity during a heatwave or power outage.)

Besides the resilience capacities under extreme events, the
cooling strategy’s applicability in terms of climate zone and tech-
nology readiness level are summarized in Table 3. The climate zone
classification is based on ASHRAE Standard 169 [254], as illustrated
in Fig. 5.

A qualitative method is used in this study, which relies on the
literature review carried out in Section 4 and focus group discus-
sion. IEA-EBC Annex 80 participants were invited to provide eval-
uations of the resiliency capacities for all cooling strategies based
on the categories proposed above. The participants are scientific
and professional experts in the field of cooling technologies and
building environments. The collected results were compared and
discussed within the focus group based on the results of the liter-
ature review and their expertise and experience, to reach a final
rating for each cooling strategy.

Table 3 presents assessment results of different cooling strate-
gies where addresses the four resiliency criteria, application and
technology readiness level. We obverse that cooling strategies con-
tributing to reducing heat gains to the indoor environment gener-
ally show a moderate to high absorptive capacity under heatwaves.
These strategies, such as solar shading/glazing, cool envelop mate-
rials, ventilated or evaporated envelop and thermal mass, mainly
relate to the design of building structure and envelope, and should
be considered in the early design phase of the buildings.

The cooling strategies with dynamic or flexible control present
a high adaptive capacity under heatwaves. For example, a well-
designed mechanical cooling system, such as compression refriger-
ation, absorption refrigeration, or active cooling with natural heat
sink, could adjust its cooling capacity to fulfill the demand based
on the change of the indoor and outdoor conditions or even pre-
pare the system before the extreme event occurs if predictive con-
trol is available. However, active cooling systems strongly rely on
the power supply and are not robust to the power outage. As men-
tioned in Section 4, an alternative approach to increase their
robustness is to have local or on-site power production or con-
nected to electrical or thermal energy storage. Another group of
cooling strategies that show a high adaptive capacity under heat-
waves is PCS devices, such as local fans, local cooled surfaces, or
wearable systems. Instead of providing space cooling, these
devices could enhance personal heat loss, and allow thermal com-
fort with higher ambient temperatures. In addition, PCS allow per-
sonal control of the microenvironment without affecting the
thermal environment of other occupants. Even though PCS devices
require a power supply, they could reduce cooling plant size or run
part-time during periods beneficial to the electricity grid and sup-
ply sources.



Table 3
Assessment of cooling strategies, in term of resilience capacities, applicability, and technology readiness.

Cooling-
strategy
categories

Cooling strategies Resilience under extreme events Cl zone Technology
readiness level
(TRL)

Heatwave Power outage

Absorptive
capacity

Adaptive
capacity

Restorative
capacity

Recovery
speed

Absorptive
capacity

Adaptive
capacity

Restorative
capacity

Recovery
speed

A Static solar
shading/glazing

Low-
Moderate

Low N/A N/A Low-Moderate Low N/A N/A Al 9

Dynamic solar
shading/glazing

Moderate-
High

High N/A N/A Low Low N/A N/A Al 9

Cool envelope
materials

High N/A (High for
thermochromic
CEMS)

N/A N/A High N/A (High for
thermochromic
CEMS)

N/A N/A Al ferable for 0-4B) Light-colored and
cool-colored
CEMs: 9; other
CEMs: 4–6

Green roofs, roof
pond, and green
facades

High Moderate- High
(Low for some
plant species)

Moderate-
High (Low
for some
plant
species)

Moderate-
High (Low
for some
plant
species)

High Moderate-High
(Low for some
plant species)

Moderate -
High (Low
for some
plant
species)

Moderate-
High (Low
for some
plant
species)

Al Green roofs and
façades: 9 - roof
ponds and
evaporative
systems: 4–8

Ventilated roofs
and facades

Low-
Moderate

Moderate -
High

Moderate-
High

Moderate-
High

Moderate-
High for
passive
system; Low
for activity
system

Moderate for
passive
systems; N/A
for active
systems

Moderate -
High

Moderate-
High

Al 4–9

Thermal mass
including PCMs

High N/A Low-High Moderate High N/A Low - High Moderate Al s effective 0–2) 4–9

B Passive
ventilative
cooling

Low Moderate Moderate Low -
Moderate

Moderate-
High

Moderate Moderate Low -
Moderate

Al s effective in 0A, 0B, 1A, 1B) 9

Active ventilative
cooling

Moderate High High Moderate -
High

Low N/A High Moderate -
High

Adiabatic/
evaporative
cooling

Moderate High High Moderate -
High

Moderate Moderate High Moderate-
High

Al pt 0A, 1A 9

Compression
refrigeration

N/A High High High N/A N/A High High Al 9

Absorption
refrigeration
including
desiccant cooling

N/A High High High N/A N/A High High Al ferable 0A,1A, 2A) 9

Passive ground
source cooling

Moderate Moderate High Moderate -
High

High Moderate High Moderate -
High

Al 9

Active ground
source cooling

High High High Moderate -
High

N/A N/A High Moderate -
High

Sky radiative
cooling

N/A N/A Low-
Moderate

Low-
Moderate

N/A N/A Moderate Low -
Moderate

In ed performance in climates that
ar or with high seasonal variation
(4 ) and dry (C, B) compared to hot
an rm (2, 3) humid (A) climates.

7–9

High-
temperature
cooling system:
Radiant cooling

Low - High Low - High High Moderate -
High

Low - High Low - High High Moderate -
High

Al 9
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The cooling strategies used to remove sensible and latent heat
present moderate to high restorative capacity. Mechanical cooling
systems, such as compression refrigeration and absorption refrig-
eration can efficiently remove the surplus heat from the indoor
environment in a timely manner regardless of the outdoor climate.
However, the cooling systems utilizing natural heat sinks can
remove the surplus heat only when there is a temperature differ-
ence between heat sinks and the indoor environment. Depending
on the physical properties of natural heat sinks, ground-source
cooling and evaporative cooling are more efficient than ventilative
cooling under heatwaves. The recovery speed of cooling systems is
influenced by the cooling potential (cooling capacity of mechanical
systems, the temperature difference between natural heat sinks
and indoor environment for natural or hybrid systems), design of
the cooling system (for example, the window opening area and
amount of thermal mass), and control or operation of the cooling
system (for example, occupant behavior on window opening). In
some situations, a certain cooling or building design might benefit
to one resilience criteria but results in a negative impact on the
other criteria. For example, a building with heavy thermal mass
might have a high absorptive capacity, but have a low recovery
speed due to all the stored energy that needs to be removed before
the indoor environment can return to acceptable thermal
conditions.

6. Discussion

6.1. Findings and recommendations

This section presents the primary findings of this study and pro-
vides recommendations to the building designers and engineers on
how to address resiliency characteristics in the early design stages.

1. Resilience should be considered as an important property for
cooling systems integrated with the building, together with
energy efficiency, sustainability and economic affordability.
Energy efficient cooling strategy does not equal to resilient
cooling strategy. Sometimes, ‘‘Excessive striving for energy effi-
ciency” could compromise a building’s ability to maintain com-
fortable thermal conditions during extreme events.

2. The resilient characteristics of cooling strategies are summa-
rized by four criteria – absorptive capacity, adaptive capacity,
restorative capacity and recovery speed. The definition of the
criteria and a qualitative approach for evaluating the resilience
characteristics are proposed in this study.

3. As suggested by Attia et al. [23] and Miller et al. [253], the
assessment of resilience must be based on the identification
of a specific threat or disruption. ‘Temperature hazard’ is iden-
tified as the primary risk associated with the cooling systems in
buildings, and heatwave and associated power outages are
identified as major disruptions since they have direct impacts
on the thermal environment of buildings.

4. Cooling strategies for reducing heat gains to the indoor environ-
ment present high absorptive capacity under heatwaves. These
cooling strategies strongly relate to the design of building struc-
ture and envelope, and should be considered in the early build-
ing design phase. Cooling strategies with dynamic or flexible
control present a high adaptive capacity under heatwaves.
These strategies could adjust their operating mode depending
on the indoor and outdoor condition or even prepare the sys-
tems or buildings before the extreme event occurs. PCS devices
also present high adaptive capacity, which could allow thermal
comfort with relatively higher ambient temperatures and pro-
vide personal control over the microenvironment without
affecting the thermal environment of other occupants. Cooling
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strategies for removing sensible and latent heat present high
restorative capacity. The mechanical cooling systems can
remove surplus heat from the indoor environment efficiently
without being influenced by the outdoor climate. For those
cooling strategies that use natural heat sinks, such as air, water,
ground and sky, the temperature difference between the heat
sink and indoor environment is critical for the efficiency of
these cooling strategies. The recovery speed (rapidity) of cool-
ing strategies depends on multiply factors, such as cooling
potential, design of the cooling system and control or operation
of the cooling system.

5. To attain resilient cooling, the four resilience criteria should be
considered from the design phase. The building and relevant
cooling system characteristics should be considered simultane-
ously to withstand extreme events. The literature review indi-
cates that a single cooling strategy normally does not contain
all the capacities or high levels of capacities. Therefore, a com-
bination of cooling strategies with different capacities might be
needed to obtain resilient cooling, and there may not be a uni-
versally optimal solution as certain cooling strategies might
perform better in certain climates.

6.2. Limitation and future directions

The study applies a qualitative approach to assess the resilience
of various cooling strategies. Some limitations observed by using
the qualitative approach, are explained below.

First of all, the amount of literature that discussed the resilience
of cooling strategies under extreme events is limited. The literature
review indicated that resilience is still a relatively new concept for
the development, characterization and evaluation of cooling
strategies. The current researches strongly focus on the energy effi-
ciency and performance of the system under ‘typical’ operating
conditions. However, the systems perform and respond to the dis-
ruptions, and the strategies for increasing the system resilience
require future research. Secondly, the literature studies analyzed
cooling performance under very different boundary conditions,
from weather datasets, reference building, system design and
operation, to performance indicators, which is difficult to conduct
a direct comparison between different cooling strategies based on
the results of these studies. Finally, the resiliency capacities pro-
posed in the current study are qualitative and theoretical concepts.
Even though we proposed categories for evaluation (low, moderate
16
and high), the outcome is a rather subjective assessment of resili-
ence than reaching an objective measure.

As a consequence, it is a challenge to provide a concrete assess-
ment and direct comparison between different cooling strategies
based on the qualitative approach. There is a strong need for a
more technical or quantitative resilience assessment methodology.
A numerical approach with consistent and measurable metrics for
the characterization of resilience capacities will be the further
direction of Annex 80.
7. Conclusions

Resilience should be considered as an important property of the
cooling systems integrated with buildings, to cope with extreme
events such as heatwaves and power outages. This study performs
a systematic literature review on the state-of-the-art of cooling
strategies, with special attention to their performance under
extreme events. A definition of resilient cooling is developed and
four criteria are proposed to describe resilience characteristics,
including absorptive capacity, adaptive capacity, restorative capac-
ity, and recovery speed. The developed resilience characterization
scheme is used to assess the resilience of various cooling strategies
qualitatively.

The literature review indicates that resilience capacities depend
on many parameters: the function of cooling strategies (reducing
heat gains, removing sensible/latent heat, or enhancing personal
comfort), the driven forces (passive or active), design feature, and
control and operation of the cooling system. A single cooling strat-
egy normally does not contain all the resilience capacities, there-
fore, a combination of cooling strategies with different capacities
is important to obtain resilient cooling of buildings.

The limitation of the qualitative resilience assessment approach
is discussed. There is a strong need for a quantitative assessment
framework with specified boundary conditions and consistent
and measurable performance indicators. A numerical-based
approach will be developed and discussed in further study.
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[166] T. Kuczyński, A. Staszczuk, Experimental study of the influence of thermal
mass on thermal comfort and cooling energy demand in residential buildings,
Energy 195 (Mar. 2020), https://doi.org/10.1016/j.energy.2020.116984
116984.

[167] G. Zhou, Y. Zhang, X. Wang, K. Lin, W. Xiao, An assessment of mixed type
PCM-gypsum and shape-stabilized PCM plates in a building for passive solar
heating, Solar energy 81 (11) (2007) 1351–1360, https://doi.org/10.1016/
j.solener.2007.01.014.

[168] M. Alam, H. Jamil, J. Sanjayan, J. Wilson, Energy saving potential of phase
change materials in major Australian cities, Energy and Buildings 78 (Aug.
2014) 192–201, https://doi.org/10.1016/j.enbuild.2014.04.027.

[169] H. Jamil, M. Alam, J. Sanjayan, J. Wilson, Investigation of PCM as retrofitting
option to enhance occupant thermal comfort in a modern residential
building, Energy and Buildings 133 (2016) 217–229, https://doi.org/
10.1016/j.enbuild.2016.09.064.

[170] J. Sage-Lauck, D. Sailor, Evaluation of phase change materials for improving
thermal comfort in a super-insulated residential building, Energy and
Buildings 79 (2014) 32–40, https://doi.org/10.1016/j.enbuild.2014.04.028.
20
[171] F. Kuznik, J. Virgone, K. Johannes, In-situ study of thermal comfort
enhancement in a renovated building equipped with phase change material
wallboard, Renewable Energy 36 (5) (2011) 1458–1462, https://doi.org/
10.1016/j.renene.2010.11.008.

[172] S. Ramakrishnan, X. Wang, J. Sanjayan, J. Wilson, Thermal performance of
buildings integrated with phase change materials to reduce heat stress risks
during extreme heatwave events, Applied Energy 194 (May 2017) 410–421,
https://doi.org/10.1016/j.apenergy.2016.04.084.

[173] A. Baniassadi, D.J. Sailor, H.J. Bryan, Effectiveness of phase change materials
for improving the resiliency of residential buildings to extreme thermal
conditions, Solar Energy 188 (Aug. 2019) 190–199, https://doi.org/10.1016/
j.solener.2019.06.011.

[174] H.W. Samuelson, A. Baniassadi, P.I. Gonzalez, Beyond energy savings:
Investigating the co-benefits of heat resilient architecture, Energy 204
(Aug. 2020), https://doi.org/10.1016/j.energy.2020.117886 117886.

[175] G. Carrilho da Graça, Q. Chen, L.R. Glicksman, L.K. Norford, Simulation of
wind-driven ventilative cooling systems for an apartment building in Beijing
and Shanghai, Energy and Buildings 34 (1) (2002) 1–11, https://doi.org/
10.1016/S0378-7788(01)00083-4.

[176] R. Yao, B. Li, K. Steemers, A. Short, Assessing the natural ventilation cooling
potential of office buildings in different climate zones in China, Renewable
Energy 34 (12) (Dec. 2009) 2697–2705, https://doi.org/10.1016/j.
renene.2009.05.015.

[177] H. Campaniço, P.M.M. Soares, R.M. Cardoso, P. Hollmuller, Impact of climate
change on building cooling potential of direct ventilation and evaporative
cooling: A high resolution view for the Iberian Peninsula, Energy and
Buildings 192 (Jun. 2019) 31–44, https://doi.org/10.1016/j.
enbuild.2019.03.017.

[178] V. Geros, M. Santamouris, A. Tsangrasoulis, G. Guarracino, Experimental
evaluation of night ventilation phenomena, Energy and Buildings 29 (2)
(1999) 141–154, https://doi.org/10.1016/S0378-7788(98)00056-5.

[179] J.-M. Alessandrini, J. Ribéron, D. Da Silva, Will naturally ventilated dwellings
remain safe during heatwaves?, Energy and Buildings 183 (Jan 2019) 408–
417, https://doi.org/10.1016/j.enbuild.2018.10.033.

[180] K.J. Lomas, Y. Ji, Resilience of naturally ventilated buildings to climate
change: Advanced natural ventilation and hospital wards, Energy and
Buildings 41 (6) (2009) 629–653, https://doi.org/10.1016/j.
enbuild.2009.01.001.

[181] M. Hamdy, S. Carlucci, P.-J. Hoes, J.L.M. Hensen, The impact of climate change
on the overheating risk in dwellings—A Dutch case study, Building and
Environment 122 (Sep. 2017) 307–323, https://doi.org/10.1016/j.
buildenv.2017.06.031.

[182] N. Artmann, D. Gyalistras, H. Manz, P. Heiselberg, Impact of climate warming
on passive night cooling potential, Building Research and Information 36 (2)
(2008) 111–128, https://doi.org/10.1080/09613210701621919.
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