:' frontiers ‘ Frontiers in Built Environment

‘ @ Check for updates

OPEN ACCESS

Fahim Tonmoy,
Griffith University, Australia

Graziano Salvalai,
Politecnico di Milano, Italy

Sami G. Al-Ghamdi,
salghamdi@hbku.edu.qga

This article was submitted to Sustainable
Design and Construction,

a section of the journal

Frontiers in Built Environment

28 August 2022
31 October 2022
11 November 2022

Serdar MZ, Macauley N and
Al-Ghamdi SG (2022), Building thermal
resilience framework (BTRF): A novel
framework to address the challenge of
extreme thermal events, arising from
climate change.

Front. Built Environ. 8:1029992.

doi: 10.3389/fbuil.2022.1029992

© 2022 Serdar, Macauley and Al-
Ghamdi. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Built Environment

Perspective
11 November 2022
10.3389/fbuil.2022.1029992

Building thermal resilience
framework (BTRF): A novel
framework to address the
challenge of extreme thermal
events, arising from climate
change

Mohammad Zaher Serdar, Nadine Macauley and
Sami G. Al-Ghamdi*

Division of Sustainable Development, College of Science and Engineering, Hamad Bin Khalifa
University, Qatar Foundation, Doha, Qatar

Over the past 2decades, many parts of the world have experienced
unprecedented record-breaking temperatures; these extremes fall on both
ends of the temperature spectrum ranging from excessively hot to freezing low.
Moreover, recently, the rate and the impacts of these extremes have increased,
despite all the mitigation efforts, necessitating a resilience-based approach to
address these challenges stemming from the accelerated global warming and
the advent of climate change. Examples of such extremes include the 2003 and
2022 heatwaves in Europe, claiming approximately 4,000 and 12,000 lives,
respectively as well as the 2021 heatwave in the Pacific Northwest region of
North America and the deep freeze in Southeast Texas. In this paper, we reflect
on previous studies, identifying both internal and external aspects that
contribute to a building’s thermal performance. We then incorporate these
factors into a proposed framework, covering the important phases of a
building’s life cycle, to reflect its thermal resilience. During each phase, an
associated Building Thermal Resilience Profile (BTRP), taken from accumulated
data of previous phases, provides the needed assessment of the building, and is
regularly adapted to changes in the building and its surroundings. BTRP will be a
valuable tool for the resilience evaluation of different design options.
Furthermore, during the operation phase, it will contribute to real-time
monitoring and assessment, facilitating disaster management and response,
at both the buildings and city scale, reducing the causalities of extreme events.
Thus, the BTRF has the potential to expand into various fields such as
healthcare, green and resilient buildings rating systems, and even to improve
the municipal regulations. Nevertheless, the prime aim of this paper is to
address the challenge of extreme thermal events, arising from climate
change, and pave the way for the adoption of effective thermal resilience in
building design and operation practices.
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Introduction

Since the start of the new millennium, the world has
witnessed a drastic increase in the impacts and rates of
natural hazards attributed to climate change and accelerated
urbanization. During the past twenty years, the world has
witnessed several devastating natural disasters that have
brought far greater damage than in previous years; this trend
is set to increase due to global warming, climate change, and
rapid urbanization (Salimi and Al-Ghamdi, 2020; Tahir et al.,
2021; Chen et al,, 2022; Ma et al., 2022). The impact of climate
change on the world includes a wide spectrum of natural
disasters, such as unusual precipitation (in arid areas) and
unusual extreme heatwaves, accompanied by record-breaking
high temperatures (Tahir et al, 2021), (Attia et al, 2021),
(Garcia-Herrera et al., 2010). Generally, the global warming is
considered as one aspect of climate change (NASA, 2022), (U.S.
Geological Survey, 2022). The increase in heatwaves rate and
impact is particularly associated with global warming; as such,
increased emissions, as demonstrated in several simulated
scenarios, are expected to elevate the temperatures globally
and prolong the excessive-heat periods, thus increasing the
mortality rates and other destructive impacts to the built
2022),
(Perkins-Kirkpatrick and Lewis, 2020). For example, in

environment associated with them (Chen et al,

2003 and 2022, despite all government precautions and
efforts, Europe witnessed extreme heatwaves that claimed the
lives of around 4,000 and 12,000 people, respectively (Garcia-
Herrera et al., 2010). These continuing extreme climate events
have affected various development plans, and threaten the
success of international sports events, like the upcoming FIFA
World Cup 2022 in Qatar, that pushed organizers to delay the
event by several months over concerns regarding the health of the
athletes (Serdar et al., 2021a), (Serdar and Al-Ghamdi, 2021).
Furthermore, the world is suffering from unusual extremes in
temperature from both ends of the temperature spectrum,
presenting increasingly threatening and deadly challenges. For
example, in 2021, the Pacific Northwest region of North America
experienced a devastating heatwave, while in the same year,
Southeast Texas experienced a deep freeze; together, these
unprecedented events, claimed approximately 2,000 lives at a
staggering cost of USD$200 billion (Busby et al, 2021),
(Schiermeier, 2021). Moreover, it is important to realize that
such events increase electrical supply demand to excessive levels.
In turn, this leads to failures and prolonged outages, increasing
the damage of the disasters (Attia et al., 2021), (Serdar et al,
2021b; Busby et al., 2021; Schiermeier, 2021). The severity, and
cost of these events, provides evidence of the limitations in using
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a conventional thermal design approach with respect to
buildings, and highlights the need to adopt a resilience-based
approach to face this existential threat, even for the world’s most
advanced countries.

Resilience is a relatively new and vague concept and is
typically reflected through a balance between several qualities
and capacities of the described system. The concept of resilience
is relatively new in engineering fields; thus, it is sometimes
represented through various definitions affected by the
assessment method and threats under investigation (Hosseini
et al., 2016; Serdar et al., 2022a; Serdar et al., 2022b). However,
the general concept of resilience revolves around a system’s
ability to absorb a disturbance and recover from it swiftly,
which is interconnected with various qualities of a system, such
as robustness, and vulnerabilities (Serdar et al., 2022a), (Al-
Humaiqani and Al-Ghamdi, 2022), (Faturechi and Miller-
Hooks, 2015). Furthermore, in the literature, these qualities
are related to the thermal resilience of a building, through a
group of capacities, such as absorptive, adaptive, and
restorative, in addition to recovery rates, readers can expand
on the thermal resilience, especially during heatwaves, by
referring to (Attia et al, 2021), (Zhang et al, 2021).
However, in this paper, we will consider the building’s
thermal resilience to be its capacity to accommodate thermal
demands and preserve the lives of its occupants during thermal
stresses caused by disturbances, such as heatwaves, blizzards,
and power outages.

Nevertheless, the resilience qualities and capacities can be
reflected in the performance representation of a system by
plotting it against time, which facilitates quantifying the
resilience of a system through mathematical integration, as
suggested by Bruneau et al. (2003) and later adopted by many
researchers (Serdar et al., 2022a), (Faturechi and Miller-Hooks,
2015). Recent reviews, of the published literature, show limited
progress has been achieved in the field of thermal resilience of
buildings, with the majority of efforts focused on evaluating the
contribution of cooling strategies against heatwaves and power
outages, using a qualitative approach (Attia et al., 2021), (Zhang
et al., 2021), (Rahif et al., 2022; mailto Attia et al., 2021; Homaei
and Hamdy, 2021). Moreover, some researchers focused on the
threat of elevated temperature to the urban built environment
within the context of “SLow-Onset Disasters (SLOD)” which also
includes air pollution (Blanco Cadena et al., 1308), (Blanco
Cadena et al, 1186). Additionally, some researchers have
attempted to evaluate the balance between sustainability and
resilience considerations in buildings, while adhering to green
building rating system requirements, and highlighted the need to
avoid achieving energy savings on the expanse of a building’s
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resilience (Sun et al., 2020; Gholami Rostam and Abbasi, 2021;
Abedrabboh et al., 2022).

However, throughout the literature, we can observe several
approaches to improve the performance resilience of a building
and subsequently its resilience, whether it is passive, active, or
related to the building’s surroundings (Zhang et al., 2021), (De
Wit, 1997; Zhivov, 2021; Schiitnemann et al., 2022). Some
approaches focus on the building design, starting from the
building’s site characteristics, as a building’s location and
orientation can increase its thermal load (Azarnejhad and
Mahdavi, 2019; Felicioni et al., 2020; Schiinemann et al.,
2022). For example, a study indicates that the heat island
effect can create a temperature difference as high as 11°C
during a heatwave (Hong et al, 2021). Moreover, urban
planning best practices, such as providing open urban areas,
can improve thermal resilience, even against future climate
changes (Gherri et al, 2021), (D’Amico et al, 2021).
Additionally, the choice of building and insulation materials
can improve thermal stability and comfort. For example,
utilizing Phase Changing Material (PCM) as thermal energy
storage, can protect against rapid temperature changes, by
ensuring the comfort of occupants, during prolonged outages
(Kudabayev et al,, 2022). Building design, that aims to improve
natural ventilation potential and integrate thermal mass into a
building, contributes significantly to its thermal resilience during
power outages, but its efficiency differs depending on if the
weather is hot or cold (Heracleous et al., 2021; Su et al., 2022;
Zeng et al., 2022). During operation, occupant behavior and
occupancy rates can affect thermal load, thus, opening the way
for demand-side management practices (Schiinemann et al.,
2021). Electrical load shedding, during disasters, can also play
an important role in managing available resources and protecting
vulnerable communities (Zeng et al., 2022), (Wang et al., 1088).
Despite all efforts to evaluate different conditioning strategies, on
the thermal performance of buildings, a holistic evaluation
approach, regarding building thermal resilience, is still lacking.

In this paper, we suggest a framework, which spans across
different phases in the life cycle of a building, to assess a
building’s thermal resilience. This framework allows for
different factors, which affect thermal performance capacities
and qualities, to be considered. Moreover, this framework
facilitates quantifying a building’s thermal resilience. This
innovative framework permits different design options to be
compared, during the design phase, as well as allows for the
application of smart home and city concepts, facilitating disaster
management, planning, and response efforts to save the lives of
occupants.

Methods and discussion

To determine a building’s thermal resilience, we need to
deconstruct the challenge into several steps and components, as
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many factors can affect the overall performance of a building.
The thermal performance of any building is related to several
external and internal factors. External factors, such as climate,
power supply, expected downtime, location, and orientation, can
radically change the level of required thermal loads, and increase
direct solar heat gain, exposing a building to the heat island effect
(mailto Attia et al., 2021), (Felicioni et al., 2020). Other external
factors such as occupancy schedule, types of clothing, cold
beverage consumption, and thermal experience, can be
attributed to the perception and culture of the occupants,
significantly changing both thermal comfort and thermal
demand (mailto Attia et al., 2021), (Schiinemann et al., 2021),
(Aljawabra and Nikolopoulou, 2018). Internal factors, such as
envelop materials, natural ventilation potential, HVAC systems,
and integrated thermal mass, are related to a building’s design
and its systems (Zhang et al., 2021).

To ensure the effectiveness of the evaluation of a building’s
thermal resilience, the assessment process should start from
the design phase through to the decommissioning phase as
well as consider the variability of contributing factors, across
the various phases of a building’s life cycle. During the design
phase, the evaluation requires forecasting occupancy rate and
climate change impacts so that associated thermal loads can be
determined, thereby, enabling comparison of different
resilience improvement approaches. Towards the end of the
construction phase and, exactly during the commissioning
step, the structure’s resilience profile (which we will present
later) needs to be updated to reflect the as-built characteristics
of a building. Likewise, the resilience profile needs to be
regularly updated, during operation and maintenance, to
reflect actual performance and contribute effectively, during
a disaster, to life safety, rescue operation, and allocation of
emergency resources. To cover all these phases, we have
suggested a Building Thermal Resilience Framework
(BTRF), which oversees the development of a Building
Thermal Resilience Profile (BTRP), that evolves at every
phase by accumulating additional inputs, so that different
resilience assessment goals, suitable to that phase, are
addressed (See Figure 1.)

The BTRPs focus on the use of thermal loads and building
thermal capacities, under different scenarios, to allow both
forecasting and real-time monitoring of a building’s thermal
performance. The BTRP reflects the different capacities of a
building and their relationship with thermal load demands
during both hot and cold climates, as presented in Figure 2.
Depending on the stage of the building, different types of BTRP
will be developed, including Design BTRP to compare different
design options using simulation tools based on several factors to
be presented later; Initial BTRP, which will result from the actual
performance of the building in the as-built situation and present
the starting point of the real-time assessment; and the Dynamic
BTRP, which spans across the operation stage and dynamically
changes according to the real occupancy at the moment as will
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Building Thermal Resilience Framework (BTRF). During each phase of the building's life cycle, a modified version of the Building Thermal
Resilience Profile (BTRP) is created. These versions serve different needs at the associated phase and result from accumulating inputs from that phase

with the ones from previous phases.

further be explained later. The development of Design BTRP
requires defining several inputs, including:

o The expected power outage: the expected power outage can
yield the duration of power outages as well as be used for
managing limited power supply, during disasters, through
load shedding, while still avoiding threats to the lives of
occupants.

External factors: including climate forecast (based on
climate change models and scenarios), site-based factors
(location, orientation, and possible heat island effect), and
planned/expected occupancy rates and loads.

Internal factors: related to the design of the building and its

equipment, such as the HVAC system, natural ventilation
potential, envelope characteristics, and thermal mass.

Despite presenting the different resilience qualities in the
BTRP, the main aim is to quantify a building’s resilience. The
inputs mentioned above help in developing the Design BTRP,
which will be used to compare different options during the design
phase. This requires the use of several software packages, to
conduct performance simulation, and develop the BTRP for each
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design and then compute each design’s thermal resilience index
(R), based on Eq. I:

R= r P(f) - LT (¢) dt 1)

to
The resulting (R) values, between different design
options, will determine the optimal design option, from a
resilience perspective. Furthermore, the performance should
be checked if, at any point P(f) drops below LT (t), as this
indicates a life-threatening situation that may require
emergency services planning and intervention. The severity
index of such a case, represented by unmet critical thermal
loads and their duration, can be quantified by calculating the
severity index (S), equal to the area between P(t) and LT (t),
using Eq. 2:
ty
5= L LT(t)- P(r) dt @)
where t, and t, are the moments when the system loses the
capacity to meet life safety loads and when it regains capacity,
respectively (graphically represented when P(t) and LT(t)
intersect). This wvalue, the severity index (S), should be
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FIGURE 2

Building Thermal Resilience Profile (BTRP). The suggested BTRP covers both ends of thermal load (heating and cooling) and includes certain

limits: System Capacity (SC); Comfort Threshold (CT); Natural Ventilation capacity (NV); Life-safety Threshold (LT); to, t1, and t, are: the moment event
starts, the moment event ends, and the maximum allowed recovery duration, respectively; t; and t, are: the moment when the system loses the
capacity to meet LT loads, and the moment the system regains capacity, respectively; c & h subscriptions refer to cooling and heating capacities,

respectively. This figure shows two scenarios, the first one happens during a heatwave where the natural ventilation capacity (NV) still allows the
system to overcome LT demands; thus, we can evaluate the system resilience (R). The second scenario is during cold weather, where the system fails
to meet LT demands, and leads to calculating the situation severity index (S). In addition, some of the resilience qualities are presented in relation to
these limits. CT & LT are continuously changing, reflecting the occupancy rates and thermal demands, while SC & NV are calibrated and modified

only after regular maintenance.

compared to reference the thermal survivability of humans under
associated thermal loads and the duration of exposure.

During the commissioning step, the BTRP will undergo a
calibration process based on the as-built conditions, which will
serve as the basis for (initial) operational BTRP, during the early
stages. However, in later stages of operation, (due to
the
surroundings, and building occupancy rates), the BTRP will

degradation, maintenance programs, changes in
be subjected to a regular calibration process to update some
limits, in addition to continuous changes in the rest of the
limits, giving the profile a dynamic characteristic. The
accumulated changes in the regular calibration process, can
be significant as some researchers have reported that
degradation in thermal performance ranges from 20% to
30% over 20 years (Eleftheriadis and Hamdy, 2017). Thus,
making the initial BTRP outdated if it is not subjected to
regular updates. These regular updates will affect System
Capacity (SC) and Natural Ventilation capacity (NV). On
the other hand, the Dynamic BTRP will continuously change

according to the changes in the momentary occupancy rates,
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which changes the Comfort Threshold (CT) and Life-safety
Threshold (LT). The Dynamic BTRP could be connected to a
central disaster management authority, which can direct the
efforts, during disasters, to address specific situations as well as
prevent loss of life. The designated authority may choose
between several options, such as load shedding, evacuation,
and allocation of emergency resources, based on the resilience
evaluation of the different buildings (in a district) using live
monitoring data and short-term forecasting. The Dynamic
BTRP serves as an efficient application and can make an
important contribution to societal resilience and sustainable
resource management, as it has the potential to pave the way for
smart buildings and cities. Additionally, the dynamic nature of
the BTRP allows considering the efficiencies of different
interventions and can be developed to suggest the optimal
steps creating the potential for an Artificial-Intelligence (AI)
driven system.

Emergency management, during disasters, can be divided
into two parts, one related to resource allocation, like electrical
power shedding (in a sequence that reduces the possible number
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of individuals exposed to prolonged thermal stresses), and the
other to intervention, like directing community first responders
(to evacuate buildings expected to fall under lethal thermal
stress); both approaches can be employed in parallel, to
maximize the efficiency of life-saving efforts. Moreover, the
simulation of such scenarios can help in creating contingency
plans, ahead of the impact of heatwaves or winter storms, for
possible interventions and resources allocation (Zhou et al.,
2020), (Kubilay et al, 2021). By providing a rapid and
efficient way to quantify and simulate different scenarios and
interventions, the suggested BTRP can play a vital role in
overseeing and conducting planning and emergency
management best practices.

It is important to understand that, despite the linear
presentation of the various components of the BTRP in
Figure 2, the actual representation of the system will, most
likely, consist of non-linear slopes, especially during system
resistance and robustness. Moreover, the actual CT and LT
are continuously changing based on occupant activities,
creating an irregular shape that can only be presented
moment-by-moment. Thus, during the event, the use of a
short average period is required for the evaluation, as well as
the assumption it continues to be static. Finally, the developed
BTRP will be unique for each building, reflecting its
the

operational strategies. Yet, depending on the stage, it will be

characteristics, based on incorporated system and
flexible enough to facilitate comparability of the results, between
different designs or intervention options.

The suggested BTRP explicitly expresses different resilience
qualities and important resilience capacities reported in the
literature. As the BTRP is based on the concept agreed upon
in the literature, it expresses several capacities that are necessary
to reflect system resilience, such as absorptive, adaptive, and
restorative capacities (Zhang et al, 2021). Furthermore, as
highlighted in the resilience literature, it reflects various
resilience qualities which characterize and describe system
performance, such as robustness, vulnerability, and reliability
(Attia et al., 2021), (Serdar et al., 2022a), (Al-Humaiqani and Al-
Ghamdi, 2022). These qualities assure the framework’s alignment
with the general concept of system resilience, determined in the
resilience literature as well as the specific concept of thermal
resilience, as defined and explained in the literature (Attia et al.,

2021), (Zhang et al., 2021).

Conclusion

In recent decades, the world has witnessed several

catastrophes  associated ~ with  record-breaking extreme
temperatures. These unusual events, both in nature and
magnitude, have been associated to climate change.

Additionally, the increasing density in urban areas is creating
microclimates that magnify the impact of such events. The high
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cost of such events has clearly proven the limitations of the
conventional thermal design approach and motivated the need
for a resilience-based approach to buildings’ design and
operation. In this paper, we suggested a holistic framework,
that considers different phases of the building’s life cycle, in a
bid to provide a dynamic and evolving solution for the challenge
of thermal resilience in buildings. The framework, and the
associated BTRP, can evaluate the efficiency of different
design options. Later during the operational phase, the system
is regularly calibrated and can provide valuable input for real-
time assessment during disasters, thus, facilitating disaster
management at various levels. The suggested perspective
creates a holistic understanding of the building’s thermal
performance in a way that is occupant centric; thus, it has the
potential to be employed in health-oriented disaster management
practices. The design BTRP can evaluate different options, so it
can be embedded in the regulations as a mandatory step, to
ensure buildings’ safety, in order to acquire a development
license; this will facilitate achieving resilience by design
concept on the urban scale. Moreover, as the framework
stretches over different steps of the life cycle of the buildings,
it can create the backbone for building resilience rating systems
similar to green building rating systems, such as LEED which
offers certificates for both design and operation; however, such
step will require more development and the consideration of
other threats to create a holistic resilience evaluation, or
integrating specific aspects, such as thermal resilience into the
new versions of green building rating systems. Finally, as
suggested in the discussion, the BTRP can be used for real-
time monitoring and to simulate possible intervention strategies,
thus potentially being a valuable disaster management tool. The
perspective solution provided in this paper acts as the first step,
for an effective framework and further research, to address the
challenges of thermal resilience in buildings and integrate them
into professional practice, such as green and resilient building
rating systems. Furthermore, the outputs of thermal resilience
evaluation can be used as inputs, in developing and completing
future research, of building resilience evaluation.
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