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Abstract

Many buildings were designed using building codes that assumed stable climate conditions
over their service life. Today, rising greenhouse gas emissions are contributing to more
frequent and intense extreme weather events, rendering those assumptions increasingly
outdated. Regions previously unaffected by certain hazards may now be facing new risks,
increasing pressure on homeowners to undertake unexpected repairs or invest in climate-
adapted upgrades; a trend which is expected to grow. Compounding hazards, such as
extreme heat, wildfires and wildfire smoke make choosing effective adaptation retrofits
complex and increase the risk of maladaptation. This is further intensified by the need to
meet other objectives such as emission reductions, affordability goals or a combination of
goals. As more groups pursue resilience upgrades, clear, systematic and evidence-based
guidance is needed to support sound decision-making, especially since most buildings will
undergo only a single major retrofit in their lifetime. This paper proposes a new framework
that takes a holistic approach to identifying adaptation retrofits with the aim of minimizing
unintended consequences under both single- and multi-hazard scenarios. It outlines the
key steps, tools, and resources from hazard identification to implementation and highlights
critical research gaps. The framework, along with identified gaps, can guide future research
needed for sustainable, low-risk climate adaptation.

Keywords: resilient; residential; retrofit; adaptation; multi-hazard

1. Introduction

As of 2022, the total housing stock in Canada was approximately 16.5 million dwellings,
with 40% of those being constructed before 1983 [1]. These older dwellings were designed
following previous versions of provincial and territorial building codes that assumed
stationary climatic data and fixed loads over their service life. However, Canada’s climate
is not stationary and is subject to variability due to the effects of greenhouse gas (GHG)
emissions on earth’s atmosphere [2]. It is anticipated that Canada’s future climate will
become increasingly variable, with an escalating frequency and intensity (duration and
severity) of extreme climate events, including heat waves, droughts, wildfires, wildfire
smoke, snow, ice and hail storms, precipitation leading to flooding, and wind storms [3,4].
Additionally, extreme events may be experienced in areas where they have not occurred
before. Although climate change progresses slowly, the long service life of buildings means
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that the climate conditions at the time of their construction will likely differ significantly
from those at the time of their demolition [5]. While it is unlikely that new mechanisms of
degradation affecting structural durability will emerge due to climate change, buildings
are likely to be exposed to more extreme climate loads for longer periods of time and at a
higher frequency, leading to increased risk of an accelerated rate of degradation [6].

Climate events are already putting pressure on residential building owners to un-
dertake more frequent and unanticipated repairs, maintenance, and adaptation retrofits
while also affecting the cost of their insurance, fuel, and utilities. Furthermore, it is likely
that many Canadian jurisdictions will become vulnerable to multiple climate hazards
and be exposed to concurrent events that have competing or compounding risks to the
building and occupants [7]. As such, it becomes challenging to determine which adaptation
retrofit(s) to implement and when to implement them when balancing multiple factors and
competing interests. For example, measures selected to address the risks associated with
one climate hazard must be carefully chosen to avoid producing unintended consequences
or maladaptation for other hazards [8]. The selection and design process can be complicated
further when challenged to meet other metrics such as emission reduction, energy efficiency
and affordability targets.

The objective of this paper is to introduce a proposed framework for designing re-
silience into retrofits, including a summary of the tools and resources available within each
step of the framework. The paper highlights the interconnectedness between each step
of the framework and identifies the gaps in research, tools, and resources that may still
require further development to provide effective guidance for sustainable, low-risk climate
adaptation retrofit solutions. The resources that have been highlighted within each step of
this paper are primarily from North America and the systematic framework is envisioned
to be generically applicable to any location in the world for which data on the projected
climate risks is known. However, further research in other geographic areas is required to
validate this assumption. The paper presents a hypothetical application case based on the
proposed framework, examining a typical older, multi-unit community housing building
archetype without central air conditioning located in Kelowna, British Columbia. This
hypothetical application case study is described throughout the paper and presented in the
final section before the conclusion.

2. Methodology

As the issue of resilience becomes increasingly urgent, the number of groups and
organizations attempting to address these questions through the development of guide-
lines, tools, climate load projections, and educational resources has increased. To better
understand the current challenges and concerns of the industry, and to identify critical
areas of research needed to support resilient residential retrofits within Canada, a three-step
research framework was designed and implemented. First, a scientometric study was con-
ducted to analyze current research trends and advances in the understanding of resilient
retrofits for residential purposes from 2012 to the present [9]. The volume of resources
collected and the breadth of abstracts analyzed indicate that there is no effective “one size
fits all solution” when it comes to resilient residential retrofits, and that the “best” solution
for an application will depend on several factors including the vulnerability of the structure
and its occupants, preferences, and financial means. Building upon the findings of our
scientometric study, the second step of our research framework utilized a comprehensive
industry questionnaire [10]. The objective of the questionnaire was to explore what industry
considers as factors contributing to building and occupant vulnerability, and what can be
done to prevent “one size fits all” approaches to designing and retrofitting for resiliency.
The top identified research priorities from the questionnaire were (1) determining how
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to prioritize the most critical risks in a given location; (2) how to better understand com-
pounding risks to avoid maladaptation; and (3) how to consider other design parameters
within a holistic approach [10].

The third step of our research framework was a two-part industry workshop, where
the three identified priorities from the industry questionnaire were used as themes to guide
the discussions within breakout sessions [10]. In the breakout sessions, participants shared
information and resources relevant to the critical issues of the three research priorities.
During the discussions, participants emphasized the need to organize and coordinate the
fragmented efforts of different parties occurring in parallel; expressed desire to identify
information gaps and barriers hindering the creation of a resilient retrofit guidance within
the Canadian context; and highlighted the need for current scattered information to be
organized and easy to find, follow and connect. As such, our team attempted to categorize
the key resources and takeaways from the first workshop by their area of research and
objectives, forming the first iteration of our proposed framework for enabling adaptation
retrofits. This initial framework includes the following six categories: hazard and exposure
mapping, vulnerability assessment for building and occupants, identification of appropriate
adaptation retrofits, evaluation of the effectiveness of adaptation retrofits, implementation
of adaptation retrofits and ongoing monitoring and knowledge dissemination.

Following the industry workshops and the creation of the initial six steps, a literature
review was conducted to identify any gaps in information, tools or resources within North
America that may be a barrier in the creation of a resilient retrofit methodology that an
individual or professional planning a resilient retrofit could follow [11]. The resources
identified during the breakout sessions of our two-part industry workshop were used as
the initial reference point for our structured literature review carried out between 2023
and 2025. The objective of the review was to identify gray resources readily available to
individuals and professionals seeking to design for a changing climate. The review focused
on collecting resources that identified the risks to, and vulnerabilities of, buildings and
their occupants to hazards such as wildfire, wind, extreme heat, flooding, and multi-hazard
scenarios. Search terms were organized across three themes: climate, assessment and
retrofits, with each theme having its own sub themes and keywords. Searches were then
conducted using combinations of themes, sub themes and keywords as shown in Table 1.
Searches were conducted and literature collected from government agencies, standards
organizations, research institutes, industry groups, and non-profit organizations with
recognized expertise in climate adaptation and disaster resilience.

Table 1. Literature search terms.

Theme Sub Theme Keywords

Extreme heat, Droughts, Wildfires, Wildfire smoke,
Snow, Ice and hail storms, Flooding, Extreme wind

Hazard

Climate Mapping Vulnerability, Hazard, Risk
Data Change, Modeling, Projections
Vulnerability ~ Building, Occupants
Assessment Condition Resiliency, Adaptation, Risk
Risk Building, Occupants, Building & Occupants
. Adaptation, Risk, Risk reduction, Benefits,
Resilient Malad on. Eff Tmol -
Retrofit aladaptation, Ettects, Implementation
Resiliency Effectiveness, Cost, Challenges, Monitoring
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Sources were first screened for relevance to building resilience and the hazards of
concern, with inclusion criteria focused on structures (buildings, homes, residence) and
exclusion criteria focused on infrastructure (bridges, sewers), adaptation to surrounding
landscapes or hazards outside of the scope. Sources were then screened for relevance to
climate adaptation and were excluded if they focused exclusively on mitigation or energy
efficiency without a climate adaptation component. After screening, 158 gray sources and
9 white sources were used and referenced within the literature review [11].

During the literature review, eight resources specifically outlining frameworks for
adapting buildings to a changing climate and retrofitting for climate resiliency were re-
viewed [12-19]. Of these resources, both the LETI Climate Emergency Retrofit Guide and
The Standards and Guidelines for the Conservation of Historic Places in Canada specifically
highlight the need for a strategic plan when looking to undertake retrofit work, stating that
"the resulting impact of any proposed retrofit design should be carefully considered" such
that "the whole system works in harmony".

The LETI guide outlines a series of steps, including Define, Understand (the building
and risks), Plan and evaluate, Install and finishing with Check [15], as their method
to ensure that retrofits are designed with best practices in mind. However, its main
focus is on climate mitigation through energy-reducing and fuel-switching retrofits, and
only provides general guidance on adaptation retrofits, with limited guidance on what
actions should be conducted when experiencing a multi-hazard scenario. The guide for
Historic Places in Canada outlines a three-step process of Understanding, Planning and
Intervening [12], which has been further expanded by Moore et al. [20] to incorporate the
fourth step of Ongoing monitoring and documentation. This guide predominantly focuses
on conservation and preservation of historic structures, with little information on reducing
the vulnerability of occupants within. The frameworks and guidelines reviewed [12-19],
along with the other analyzed resources [11], helped further refine our six categories into
our proposed four-step framework, called the Resilient Residential Retrofit (R®) Framework,
for enabling holistic adaptation retrofits in residential buildings, detailed as follows and
illustrated in Figure 1:
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Figure 1. Proposed four-step Resilient Residential Retrofit (R®) Framework to enable holistic
adaptation retrofits in residential buildings.
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1.  Understand: hazard and exposure mapping and vulnerability assessment for build-
ings and occupants;

2. Plan: identification of appropriate adaptation retrofits and evaluation of the effective-
ness of adaptation retrofits;

3. Intervene: implementation of adaptation retrofits and ongoing monitoring;

4. Document: knowledge dissemination.

The literature review found that many groups and organizations provide resources
and guidance on climate adaptation for individual hazards [21-26], while a few resources
address multi-hazard retrofit strategies [27-29], most of which focus on specific hazard
combinations within their geographic contexts. Individually, the identified tools and
resources provide information that can help address components of vulnerability and
resilience. However, if they are used without an understanding of the interconnectedness
between the four steps of the R® Framework, there is a risk that proposed design solutions
may result in maladaptation or missed opportunities.

3. Proposed Framework
3.1. Understand

The first step of our proposed four-step R® framework for enabling holistic adaptation
retrofits in residential buildings is “Understand”, which outlines the critical building
information required to characterize the following: its current condition; how the building
is used; what its current energy performance level is; how the building may respond to
proposed interventions; and where maladaptation strategies may lead to damage and
unintended consequences. In the “Understand” step, the collection and documentation
of detailed building-condition assessments, building-use case reports and quantitative
performance metrics for energy and water usage is recommended [12].

However, in the context of a changing climate, considering building-specific infor-
mation alone is insufficient. Information on both current and future hazard exposure at
the building’s location should also be assessed during this first step. Without knowledge
of future hazard exposure levels that are not currently evident, critical evaluations may
be overlooked, potentially placing occupants and the structure at future risk. Conversely,
if the probability of exposure to future hazards is not properly considered, a structure
might receive an extreme risk score based on its current condition or construction relative
to a climate hazard. This could prompt costly retrofits in an area with limited current or
future projected exposure to that hazard, resulting in a low benefit-to-cost ratio. Therefore,
an understanding of both exposure and vulnerability is needed to formulate a balanced
understanding of risk to both buildings and their occupants; this will be explored next.

3.1.1. Hazard and Exposure Mapping

Within the “Understand” step, climate hazard maps and exposure must first be deter-
mined to know what the potential risks are. Climate hazard maps can convey information
on parameters such as climate loads, vulnerability, exposure levels and sensitivity. As
illustrated in Figure 2, the information gathered from these resources can help identify
regions and/or populations that are currently exposed, or potentially exposed in the future,
to climate-related hazards. Both exposure maps and climate load data can then be used to
complete risk assessments to estimate the potential for damage, injury and economic loss
in a given area [30].
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Figure 2. Exposure to hazards both now and in the future. Left—Flooding, Right—Wildfire.

The level to which a building and its occupants are exposed to a given hazard is a
critical factor in understanding overall risk. Exposure is defined as the presence of people;
livelihoods; environmental services and resources; infrastructure; or economic, social, or
cultural assets in places that could be adversely affected by climate change [3]. Exposure
alone does not necessarily translate into an increased risk of negative consequences for the
occupant or asset if the hazard were to occur, especially if adaptive strategies have been
implemented, as illustrated in Figure 2. The risk of adverse outcomes is determined by a
combination of both vulnerability and exposure to hazards [3]. The concept of vulnerability,
what it means for structures and occupants, and how it can be assessed, will be discussed
in more detail in the next section.

To anticipate potential loads from future climate events and identify areas where
hazard exposure may change, future climate data under a range of emissions forcing
scenarios is needed [2]. Datasets generated under these emission-forcing scenarios can be
used to estimate the range of loads a building may be exposed to throughout its service life
and assess if materials and assemblies are at risk of premature deterioration. Long-term
climate predictions are especially needed for smaller cities that generally lack the capacity
to collect and maintain these datasets [31].

In Canada, several resources are available for climate hazard identification and risk
assessment. The National Research Council of Canada (NRC) has made available multiple
datasets presenting a range of potential loads of future climate events under a range of
emission-forcing scenarios [2]. The national physical exposure model (CanEM) is a frame-
work for integrated risk assessments, published by the Geological Survey of Canada [30].
The CanEM framework includes tools, methods and knowledge to support the assessment
of exposure to significant natural hazard threats at both local and regional scales across
Canada. Further information on exposure and early warnings for climate events across
Canada can be found on the “Natural Hazards” webpage hosted by the Government of
Canada [32]. This website provides hazard specific information for avalanches, earth-
quakes, floods, hurricanes, landslides, severe storms, storm surges, tornadoes, tsunamis
and wildfires. Links are provided to exposure maps, emergency preparation techniques,
and short- and long-term forecasts, as well as severe weather warnings for locations across
Canada. Carleton University’s MacOdrum Library also hosts a database of historical and
future hazard exposure maps and climate load maps across Canada [33]. A summary of
websites and databases for climate hazards and loads can be found in Appendix A and a
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detailed summary can be found in the Roadmap to Enable Climate Resilient Adaptation
Retrofits literature review [11].

3.1.2. Building and Occupant Assessment and Vulnerability Identification

The next pieces of information to be gathered within the “Understand” step consist
of evaluating how exposure to a hazard can be translated into a vulnerability assessment
for buildings and their occupants. Vulnerability for buildings is defined as the degree to
which a system is susceptible to, or unable to cope with, the negative effects of climate
change—including climate variability and extremes [3]—and is a result of the risk less the
capacity to adapt to its adverse effects [14]. Generally, the level of risk associated with
a hazard can be estimated for a specific location by combining exposure models with
susceptibility or damage potentials specific to the buildings and infrastructure that may
be affected [30]. The damage potential of an area is estimated by combining aggregated
data, such as land use data, climate loads, and local structural and content damage curves
to assign an overall regional risk. A drawback to this high-level approach is that it relies
on averaged data which may obscure variations in individual risk for specific buildings
or occupants. If not addressed, this could leave certain archetypes, structures, or demo-
graphics (even within the same building) without a clear understanding of their actual
risk. As illustrated in Figure 3, occupant-centric parameters, including age, mobility and
health, may contribute to vulnerability, while building parameters—such as orientation of
the units or elevation within the structure—may influence hazard exposure, redefining the
combined risks to occupants. The scenario in Figure 3 illustrates this concept with an older
individual, a couple with a young child, and a young couple in a building with North- and
South-facing units. On the occupant side, those with higher vulnerability factors, such as
underlying health or mobility issues, may be highly vulnerable to periods of overheating
compared to occupants that are healthy, more mobile, and capable of adapting to the
conditions. On the building side, the orientation of the units can directly influence the
exposure to the hazard, where South-facing units within the Northern hemisphere have
more solar gains compared to North-facing units. Therefore, the combination of occupant
vulnerabilities and hazard exposure levels related to the building can lead to variability in
occupant risk to the hazard even within the same building.

Low
Combined Risk

\ Vulnerability:

E Building Level 6 Occupant

D

_
High

Combined Risk

i B 6

Low

: v\‘ Combined Risk ’_\
- =
B &

(=) (&)

N

Figure 3. Combined risk based on both building and occupant vulnerability.
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More detailed building and occupant condition assessments are needed to identify
risk scenarios and help guide resiliency strategies needed to maintain safe living conditions
for all. At the time of this publication, no tool has been identified as being able to assign
a combined risk level based on both occupant and building characteristics. To aid in the
development of such a methodology, the following subsections first describe building and
occupant vulnerability separately, then outline the information needed to address both
parameters in combination. A summary of building- and occupant-assessment resources
can be found in Appendix A, and a detailed summary of hazard-specific resources can
be found in the Roadmap to Enable Climate Resilient Adaptation Retrofits literature
review [11].

Building Vulnerability

Understanding the parameters which are important to assess during a building in-
spection for each hazard type, building type, and location can be a challenging task, as
there are numerous factors that can affect a building’s vulnerability to climate hazards. A
thorough investigation to determine the current condition of the building is necessary to
understand the vulnerabilities and reduce risk. These assessments can be aided through
guidance documents that define which components or building systems may be susceptible
to degradation or failure given exposure to specific hazard(s).

Examples of such guidance documents include reports published by the Institute for
Catastrophic Loss Reduction (ICLR), which provide general information for the effects of
different climate hazards, including wildfires; flooding; severe wind; extreme heat; hail;
snow and ice; and in some cases, consideration for multiple competing hazards. Each ICLR
report concludes with an inspection scorecard designed to provide practitioners and home-
owners with a means of assessing the risk level to the occupant or structure against these
climate hazards. As these building inspections scorecards have no means of determining
one’s level of exposure to a hazard at the location to be assessed, both the present and future
level of exposure should be obtained before performing the inspections and completing
the scorecards. In areas where there is limited current or projected future exposure to a
specific hazard, both time and effort could be saved by reducing the amount of detail used
or the scope of items that are assessed during an inspection for that hazard, allowing more
time and effort to be spent assessing for vulnerability against higher likelihood hazards.
This tailored approach may also reduce the number of low cost-benefit adaptation retrofits
that are presented to the decision maker, simplifying the selection process. On the other
hand, without knowledge of current or future exposure levels for hazards that are not
evident, an appropriate evaluation may be missed, putting occupants and the building
at future risk. Tools such as Climate Atlas of Canada and Risk Factor Pro (United States
only) can be used to bridge this gap, as they provide a summary of the current and future
risk levels of climate events occurring for specific locations across North America [34,35].
The Climate Atlas of Canada provides information such as the number of hot (+30 °C)
days, average annual temperatures and total annual precipitation under multiple climate
change scenarios. However, as the Climate Atlas does not provide a resulting “score”,
presented results require an interpretation or calculation as to what level of risk they would
translate to. Risk Factor Pro provides representative scores out of ten (10) as well as a
written summary describing the anticipated hazards, loads, and the probability of an event
occurring to help identify what might be expected if an event were to occur.

Inspection checklists and scorecards provide a useful starting point for identifying
items to consider when assessing a building’s vulnerability during site visits or inspection.
However, due to the qualitative nature of most scorecards and checklists, which often

v

feature “yes”, “no”, or “not applicable” answer options, the initial assessment may fall

https:/ /doi.org/10.3390/buildings16214189


https://doi.org/10.3390/buildings16214189

Buildings 2026, 16, 4189

9 of 26

short of accurately establishing the true condition or performance level of a building pre-
retrofit. As such, a detailed quantitative condition assessment of the building should be
performed before considering or implementing any alterations to the building. Performing
a building-specific condition assessment even for a home of identical appearance to another
home that has already had an inspection performed may be required, as factors including
how the home has been maintained or the number and demographics of the occupants
residing within could result in unique vulnerabilities. In the case of multi-hazard scenarios,
several analyses may need to be performed to determine how a single adaptation retrofit
may affect multiple objective parameters.

In addition to assessing the current condition of a building, the dollar value of the
structure and its contents should be evaluated by qualified professionals and the informa-
tion provided during a site-level inspection, as these influence cost-benefit ratios (CBRs)
and return on investment analyses. These economic values can be used alongside occupant-
centric metrics to help determine the criticality (level of risk) for protecting the structure and
its occupants and contents. However, in the case of residential buildings, focusing on risk
to occupant health and safety should be the driver in all decision-making processes before
any economic stance is taken. If a visual assessment and dollar-value estimation of the
structure and its contents cannot be performed by qualified professionals, the structure’s
replacement cost can be estimated using the property’s assessed or insured value under
normal market conditions and adding the total insured value of the contents. Additionally,
recent values of comparable housing sold in the area can be gathered from real estate sites.
These estimates may be normalized to a per-square-meter value to facilitate further analyses
and the development of standardized damage functions for both content and structural
components of the building [36]. When developing content damage functions for a location,
a comprehensive sampling of homes must be conducted to establish a representative value
for the area [36]. In areas where higher-value housing represents less than 1% of the homes,
the value of these higher-end homes may be undervalued based on the average. Therefore,
an additional multiplier may be needed to obtain a more representative value for select
higher-valued homes.

A review of the surrounding property should also be performed during a vulnerability
assessment, as the state of the property can increase a building’s vulnerability to multiple
hazards. One factor that should be considered for all hazards is the presence of debris on or
surrounding a structure. Debris can be a source of fuel during wildfires, obstruct drainage
systems in the case of flooding, or could be a projectile during high-wind and extreme-storm
events. As the size and weight of debris can vary, along with its potential for compounding
risks, creating an exhaustive list of debris to assess can be a significant challenge, making
retrofitting a building against this hazard relatively difficult [37]. Therefore, many resiliency
guides suggest general maintenance and upkeep of the property, including debris removal,
as a resiliency measure to address debris [38].

Occupant Vulnerability

In the context of climate hazards, the consequences of exposure to these hazards on
human life can vary. Occupant vulnerability is defined as the individual’s susceptibility
to harm relative to their ability to cope and recover from the effects of a hazard [39].
Sensitivity to natural hazards is defined as the degree to which an individual can be
affected by exposure to the hazard, while adaptive capacity is the ability of an individual
to adjust, recover, or react to potential harms and damages [39]. Importantly, individuals
are not always affected equally by the same hazard. For some, the results of exposure
could be severe enough to result in mortality, while for others, the same exposure may only
result in mild discomfort. Factors such as age, mobility and underlying health conditions,
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and economic resources can all contribute to a person’s sensitivity and adaptive capacity.
Individuals at the extremes of age are more vulnerable to hazards because of their increased
physiological and logistical needs in emergencies. Similarly, individuals with disabilities or
chronic health conditions may face higher risks in natural disasters due to limitations in
mobility or access to care during a hazardous event. These demographic and health factors
are crucial considerations for assessing vulnerability and inclusive planning to address the
challenges faced during hazardous events [30].

Exposure to climate hazards can affect both physical and mental health [40]. Climate
hazards have been shown to impact mental health, where the effects of these events may
be both severe and long-lasting, resulting in challenges such as anxiety, depression, and
post-traumatic stress disorder (PTSD) [41]. Community members that have been repeatedly
impacted by extreme climate events, those who have been displaced from homes, or those
being subjected to extended or delayed recovery processes, are particularly vulnerable
to such psychological challenges. Therefore, assessing whether proper health support
networks are in place is a necessary part of disaster recovery [41] and should be considered
in climate-resilience assessments.

The social and communication networks of a community can also contribute to its
resilience and adaptive capacity. These networks can determine the extent to which a
community can rely on one another for support and resources to reduce individual and
collective vulnerability. Communities with strong social networks often demonstrate more
resiliency by establishing action plans before climate events, ensuring they have organized
evacuation and recovery processes [41]. Moreover, developing and maintaining commu-
nication networks is especially important for the evacuation of individuals with limited
mobility and the warning of those living in isolation or remote communities [40]. Ensuring
that these networks are established and regularly maintained is critical to guarantee access
to food, water, medical attention, and resources during hazardous events [42].

The economic status of a community, household or individual may also influence
their vulnerability to climate hazards [41]. Those with lower socio-economic status may
experience a more challenging recovery process, especially if they do not have the financial
means to rebuild or relocate, resulting in prolonged displacement and further economic
hardship. Individuals with lower economic status may have limited access to healthcare
resources during and after climatic events compounding the impacts. One program to
address this need is Health Canada’s HealthADAPT program, designed to help the health
sector prepare for, and respond to, the impacts of climate change. The multi-year program
aims to increase understanding of climate change impacts on the health of Canadians
and healthcare systems, identify vulnerable populations, and develop climate change and
health adaptation plans [43].

3.1.3. Combined Building and Occupant Risk to the Hazard

The previous two sub-steps within the “Understand” step discussed what vulnerability
means for both buildings and their occupants, highlighting both the challenges faced
during assessments and the numerous parameters needed to define vulnerability and
risk. Understanding which aspects of a building increase its susceptibility to damage
under changing climate loads, or which demographics are most at risk if indoor conditions
deteriorate, is essential for selecting appropriate adaptation retrofits. However, these
insights alone do not indicate which adaptation retrofits should be implemented or when
they should be implemented, particularly when multiple vulnerabilities, hazards or design
objectives exist. Many situations could benefit from understanding the combined impacts
of climate hazard, occupant and building vulnerabilities, exposures, and risks. For example,
occupants living in an older community housing building without air conditioning could
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experience a wildfire smoke event coinciding with a period of extreme heat. In this
scenario, opening windows at night for cooling relief from overheating during the day is
not possible due to the smoke exposure. This issue is compounded when combined with
occupants vulnerable to overheating and respiratory issues. Factors such as capital costs, the
health and mobility of occupants, energy usage, and access constraints may all influence
and complicate the selection and timing of implementation of appropriate adaptation
measures. As such, additional information is needed to identify suitable adaptation retrofits
and evaluate how these retrofits may impact other design objectives, especially in multi-
hazard scenarios. The literature review identified a significant gap of available specific
tools or resources that could be used to rank or prioritize the combined building and
occupant risk [11]. Using the readily available information and resources outlined within
the “Understand” step of our proposed four-step R® Framework, a table of collected
information for the above example scenario is presented in a hypothetical “Application
Case Study” at the end of the paper to illustrate the concept. The next section addresses
the “Plan” step of our proposed four-step R®> Framework and focuses on identifying
appropriate adaptation retrofits. This step highlights the information needed to help
prioritize adaptation retrofits under a multi-hazard scenario to enable holistic adaptation
retrofits in residential buildings.

3.2. Plan

The second step of our proposed four-step R® Framework is “Plan”, which encom-
passes both the identification and evaluation of adaptation retrofits. The resources gathered
within the “Plan” step directly align with two of the top identified research priorities from
the questionnaire: how to better understand compounding risks to avoid maladaptation
and how to consider other design parameters within a holistic approach. These resources
can be used to narrow down possible adaptation retrofit strategies to rank solutions in
a “good, better, best” format for an application depending on parameters such as the
vulnerability of the structure, the occupants’ vulnerability, and occupant preferences and
financial means.

3.2.1. Identification of Adaptation Retrofits

Once the vulnerability of both the building and occupants are known, and a level
of risk has been assigned during the “Understand” step, the next priority is addressed
in the “Plan” step, identifying which adaptation retrofits may decrease this level of risk.
In situations where multiple vulnerabilities have been identified, one may need to imple-
ment one or more adaptation retrofits to decrease the risks associated with each hazard.
However, identifying which adaptation retrofits are applicable and how the adaptation
retrofits may interact or perform under a multi-hazard scenario is especially important to
avoid maladaptation.

Assessing how adaptation retrofits interact under multi-hazard scenarios should begin
with compiling all potential adaptation strategies available for a given hazard exposure and
vulnerability scenario and assessing the goal or desired outcome each retrofit is targeting.
These desired outcomes can be described as “adaptation objectives”. The potential out-
comes achieved between adaptation retrofits implemented in a multi-hazard scenario can
be generally categorized as conflicting, co-beneficial, or coordinated. Conflicting outcomes
may occur when an adaptation retrofit is implemented to decrease vulnerability for a
specific hazard, but its impact on other hazards is not considered during the selection
process. In certain circumstances, these adaptation retrofits may result in increasing vul-
nerability or unintentional risks to other hazards, otherwise described as maladaptation.
In contrast, adaptation retrofits that decrease vulnerability for more than one hazard can
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be described as a co-beneficial strategy. Coordinated adaptation retrofit strategies occur
when the characteristics of multiple retrofits are leveraged to achieve a desired adaptation
outcome. Coordinated adaptation retrofits can also be described as a series of retrofits that
could be considered alongside one another for practicality and convenience (saving time
and cost) to address one or more adaptation objectives.

While an exhaustive list of all possible adaptation retrofit strategies and their in-
teractions does not yet exist, the resources in the paragraphs below (as summarized in
Appendix A) have made efforts to catalog potential options in a holistic manner. A detailed
summary of hazard specific resources can be found in the Roadmap to Enable Climate
Resilient Adaptation Retrofits literature review [11].

Partners for Climate Action at the University of Waterloo have compiled a database of
example adaptation retrofits for increasing resilience of residential structures exposed to
one or more climate hazards [44]. The database addresses climate hazards such as floods,
extreme precipitation, heat, wildfire, wind, and snow and ice. Users are presented with
a range of adaptation retrofit options based on their selection of parameters including
hazards, challenges resulting from these hazards, or by the structural components where
the retrofits are applied. Each adaptation retrofit includes a description of how the retrofit
addresses the climate challenge, along with an estimate of the time or effort to install, cost,
and the level of experience required for implementation.

The Tribal Climate Adaptation Menu [45] was developed as a resource of climate-
change-adaptation actions for managing resources through natural processes. The menu
emphasizes the importance of taking the time to observe, listen, and learn, in order to
develop a thorough understanding of the problem and its root cause(s) before attempting
to find a solution. These initial investigations serve as an opportunity to seek guidance
from knowledge keepers on historical lessons learned and any location-specific strategies
or preferences. It is also an opportunity to hold open discussions with all affected or poten-
tially affected parties to develop a holistic strategy that seeks to avoid maladaptation for
others. The guidance shared within the menu has been known for some time, guiding our
current knowledge that adaptation efforts can be conflicting, co-beneficial, or coordinated
with other efforts, and that a holistic approach can reduce the likelihood of unintended
consequences.

Tools that can highlight which strategies or combination of strategies may decrease
one’s vulnerability to climate events can help focus the selection process of designing
for climate resiliency. However, they currently fall short of being able to determine the
optimal timing for implementation or rank the strategies that have been equally qualified
to decrease vulnerability. As such, the objective of the next section is to document tools
or procedures that can be used to evaluate the adaptation retrofits for their effectiveness
against multiple criteria, including cost-benefit analysis, return on investment, client
budget, energy consumption, and GHG emissions associated with the retrofit.

3.2.2. Evaluation of Adaptation Retrofits

While the previous sub-section in the “Plan” step focused on identifying adaptation
retrofits to decrease the vulnerability of occupants or structures to climate hazards, this
section compiles information on how one might select or rank adaptation options and how
to evaluate the effectiveness of the retrofits before implementation. There are many ways to
define what success or failure means for a retrofit, and just as many parameters that could
be used in the evaluation of the design, including budget, operational energy use, GHG
emissions, cost-benefit analysis, return on investment, and the embodied GHG emissions
associated with the retrofit itself. However, energy efficiency and operational costs have
generally been the driving factor for initiating home improvements over the last several
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decades, where energy retrofits are often initiated after a certain threshold has been reached
in terms of reducing operating energy costs [46]. Retrofits may also be initiated when
the costs associated with maintaining or repairing systems and assemblies have exceeded
an acceptable threshold or after an inspection and analysis has determined that current
systems or components can be replaced by newer, more efficient technologies to meet the
needs of the building [46]. By considering the risk of future climate change in the location
of the retrofit project, these energy-centric retrofits can be leveraged to decrease climate
related vulnerability and maladaptation going forward.

Evaluating Based on Risk Reduction

Climate-adapted retrofits have the potential to alter both the operational energy costs
and the maintenance and repair frequency of a building, but, most importantly, they can be
implemented to maintain a safer environment for occupants under the changing conditions
and frequency of events that a building is exposed to [18,19]. In some cases, adaptation
retrofits that may decrease vulnerability to an acceptable level may be at odds with other
design requirements such as cost or energy usage.

When building systems can no longer recover from the climatic events to which
they are exposed or maintain a safe indoor environment for occupants during a shelter-
in-place scenario, adaptation retrofits should be evaluated. Adaptation retrofits can be
undertaken proactively in anticipation of an event or retroactively after an event. The
benefits associated with completing the retrofits before or after an event vary based on the
exposure to the hazard, likelihood of the hazard occurring, the frequency of occurrence,
the severity of the outcome if the hazard was to occur, and the timeline over which design
service life is considered [14]. Using the expected frequency of an event (likelihood) and
the level of impact (severity) to describe the risk associated with a particular hazard, a “risk
assessment matrix” can be created to prioritize hazards when faced with multiple threats in
one area [14]. The use of tools such as a risk assessment matrix may be especially useful in
an area experiencing multiple hazards and when allocated funding or resources are limited.

A study was carried out between The Pembina Institute and Introba to determine what
resources were available for, and what challenges may be in the way of, retrofitting Multi-
Unit Residential Buildings (MURBs) in Alberta for climate resiliency [31]. The investigation
found that despite there being guides and best practices available for single detached homes,
little guidance or financial support was available for MURBSs to become more resilient. The
study concluded that to make resilient communities a reality, future efforts should be made
to identify adaptation retrofit options and best practices that are suitable for other building
types including MURBs, as well as finding ways to incentivize building to resiliency levels
beyond current code-minimum specifications. To determine where funding should be
made available to incentivize resiliency efforts, the study proposed that more effort be
made to fully quantify and demonstrate the installation costs and avoided costs associated
with retrofitting structures against one or more climate hazards. To guide future efforts, the
study suggested quantifying the financial benefits associated with resilient retrofits, such
as increasing property value and possibly reducing insurance premiums.

As not all adaptation retrofits will impact the operational energy use of a building or
be effective against all hazards, a common metric in which to compare the effectiveness
of a given retrofit strategy is needed. One way to estimate the effectiveness of adaptation
retrofits is by reviewing its cost-benefit ratio (CBR). CBRs can be used as indicators to
show the relationship between the potential cost of implementing a retrofit relative to the
economic savings (loss reduction) resulting from having the adaptation measure installed
before a climate event. When the CBR value exceeds 1, the suggested retrofit is considered
less cost-effective [47]. One challenge that arises with CBR values is interpreting what
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the value means when the benefits far outweigh the costs. In the case of low cost to high
benefit, the CBR number becomes a small decimal. As such, many guides for climate
resiliency use the inverse ratio otherwise known as the benefit-to-cost ratio (BCR) to
highlight the importance of a resiliency measure; the bigger the number, the more benefits
the strategy brings. Parameters such as the average value of homes in an area, estimated
damage costs caused by events and the effectiveness of adaptation retrofit at preventing
damage are used in the development of BCR values. In addition, there are metrics that
can be associated with the health of the occupants that should be considered in a holistic
BCR value. These occupant-centric metrics could include the costs associated with a
decreased use of sick days and reduced cost to healthcare systems [48]. There are also the
benefits associated with improvements to the surrounding environment such as enhanced
biodiversity and improved air and water quality [49] that some may wish to include in
their evaluation process.

There are many adaptation retrofits that can be used to decrease risk, where depending
on the level of exposure or the hazard, their implementation may only decrease vulner-
ability to some degree. However, if there are multiple options that all reduce risk to an
acceptable level, the BCR can be a useful metric to help articulate which solution may
bring added benefits for the given situation. A report published by the Government of
British Columbia is a useful tool to help define what may be considered as a minimum
level of risk reduction [27]. Tables within the report outline the minimum climate-resilient
standards and requirements for both new and existing public sector buildings. For each of
the requirements, the authors have provided a description of the required actions along
with links to the relevant sections of the National Building Code, standards, or supporting
references for design and implementation of the strategy. Although the table is not intended
to be used by individual homeowners, the information provides an excellent starting point
for understanding the minimum design requirements for the design or redesign of NBC
Part 9 residential buildings.

In a 2020 study, NRC sought to estimate the benefits associated with the implementa-
tion of all the adaptation retrofits identified within the Climate Resilient Buildings and Core
Public Infrastructure (CRBCPI) initiative at NRC [50]. The authors used a prior study by
the Multi-hazard Mitigation Council (MMC) of the National Institute of Building Science
(NIBS) (2019) as a reference to complete the analysis by transferring economic value from
United States to Canadian dollars based on material and labor costs [51]. In the study,
RSMeans 2019 costing data and costing software were used to estimate the added cost
for both the material and labor required to install the recommended resiliency measures
into a new home built within an area of higher exposure compared to a home built in an
area of no to low exposure [52-54], the results of which are summarized in Table 2. This
study helps articulate what the added cost would be to a new home if it were required
to be built in an area of exposure—a decision that is being considered more often as de-
velopers look to balance affordability and availability of land. The study found that if the
recommendations outlined within the Fire guide were implemented, an estimated benefit
of $45,000 could be seen, relative to the approximate (Unit cost) cost per home of $7500, if
an event were to occur during the service life of the house [50]. If the recommendations
outlined within the Flood guide were implemented, an estimated benefit of $30,000 could
be seen, relative to the approximate (Unit cost) cost per home of $5000, if an event were to
occur during the service life of the house [50]. The benefits resulting from implementing
resilience measures for overheating could not be valued on a per-house basis as the value
was estimated based on total number of deaths avoided for Canadians. The study then
used a projection to estimate the total number of future homes that may be built in both
wildland urban interface (WUI) areas and known flood zones. The estimate for the total
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homes built in areas of higher exposure was used to calculate both the total added cost (in
millions) to build to these guidelines and the total benefits (in millions) that may be saved
if an event were to occur over the service life of these homes.

Table 2. Estimated benefit-to-cost ratio (BCR) values for implementing resilience measures, Summary
from [37].

e 1. . . . Benefit—-Cost Cost Benefit
CRBCPI Guideline Unit Cost  Unit Benefit Ratio (BCR)  ($ Millions) ($ Millions)
National Wildland Urban Interface
Guideline & Standard $7500 $45,000 6:1
National Guidelines for the Flood
Resilience of Buildings $5000 $30,000 11
Overheating Tool N/A N/A N/A
National annual total cost and 12:1 $400 $4700

benefit (rounded)

Following their 2020 study, an analysis was conducted by Porter et al. (2021) to
determine the BCR of applying resiliency measures outlined within the WUI Guide on
different reference archetypes [47]. Their analysis considered strategies for both individual
homes and community-level implementations. RSMeans data was once again used to
generate estimate costs for:

1.
2.

Renovation cost of an existing home archetype to fully satisfy the WUI Guide;
Renovation cost of an existing home archetype to partially satisfy the WUI Guide,
excluding impractical or non-cost-effective modifications.

The study calculated the cost to retrofit homes to satisfy the WUI Guide in both low-
and moderate-to-high-hazard areas. In the study 102 houses across nine communities were
assessed, with three communities each in low-, moderate-, and high-hazard areas [47,55].
The results estimated that it would cost on average sixteen dollars per square foot to
retrofit an existing home to satisfy the WUI Guide. The high retrofit cost was the result
of replacing vinyl siding with non-combustible cladding and replacing windows with
tempered outer panes. The retrofit costs could be reduced to seven dollars per square foot
if vegetation within 10 to 30 m of the home could be controlled. Once retrofitted to meet
the WUI Guidelines, the BCR was calculated to be 14:1, within the high-hazard areas, 2:1
for retrofit work in moderate-hazard regions and was found not to be cost-effective in
low-hazard locations. The BCR for investing in immediate landscaping efforts alone was
32:1 for existing homes. There are many parameters that can be used to sway or make BCR
values more or less appealing. One such metric that could make retrofitting a home more
appealing would be the avoided costs associated with having to build a full new house
and the costs of temporary housing just to obtain a climate-resilient home. Another metric
to make pro-active resilience retrofits appealing is the impact and cost of displacement
and the compounding challenge of labor shortages with the high demand for rebuilding
or repairing many homes damaged or destroyed by wildfires. These metrics could be
especially decisive in swaying an outcome considering the current housing crisis where
not enough homes are being built to meet the demand [56].

The Intact Centre on Climate Adaptation partnered with the University of Waterloo
to develop a table of estimated cost ranges for residential flood protection projects for
single-family homes [57]. The table provides a range of prices from do-it-yourself options
to hiring a qualified professional, along with an estimate on service life for some of the
projects. The table also includes information as to whether the flood protection strategy is
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likely to qualify for any government subsidies or insurance discounts. A comprehensive
list of Canadian provincial and municipal flood protection subsidies and grants can be
found online at Intact Centre on Climate Adaptation [58].

Evaluating Based on Operational Cost and Energy Savings

In addition to potential economic savings resulting from increasing resilience, some
adaptation retrofits have the potential to alter the operational energy requirements of the
home. The operational energy usage associated with various residential retrofits was inves-
tigated by Prabath et al. (2020) using a HOT2000 energy simulation [46]. Their investigation
analyzed the potential for retrofits to improve the energy performance of two reference
buildings considering varying future climatic conditions and grid cleanliness levels. One
reference building contained a natural gas furnace and hot water tank, while the other
had electrical baseboard heating and an electric water heater. The energy performance of
both buildings was analyzed before and after retrofits to showcase possible improvements.
The study used estimated life-cycle energy values in their analysis to show how different
retrofit solutions may be more or less appealing to different stakeholders across the country
based on their initial investment, cost reduction over service life, or the life-cycle emissions
reductions. This framework could be used in future studies to evaluate any potential
energy savings associated with performing resiliency-based retrofits for occupant safety.

Evaluating for Climate Mitigation

Designing for a changing climate can be more than just adapting to current and
future climate loads. Climate-focused retrofits also have the potential to mitigate future
climate change by reducing the amount of lifecycle greenhouse gas emissions associated
with adaptation [14,59]. There is growing interest in including the embodied carbon
emissions associated with building materials in the decision-making process when selecting
strategies to improve resiliency against climate change. With the decarbonization of energy
supplies, and homes becoming more energy efficient, the proportion of embodied emissions
associated with the materials used in their construction increases [60]. Strategies that can be
used to decrease the embodied carbon within a building include consciously substituting
components with those made from natural materials, locally sourced materials, materials
that have longer service lives, or a combination of these options. Determining how the
service life of materials, components and assemblies may be affected by changing climate
loads can be the subject of future investigations. By including the metric of embodied
carbon into BCR values, the costs associated with selecting retrofit strategies that can
both adapt to a changing climate and mitigate the effects of climate change may start to
be captured.

The concept that retrofit strategies can enhance both building resiliency and climate
mitigation was explored in a report by Mantle Developments for the Standards Council
of Canada and The Institute for Catastrophic Loss Reduction [61]. The report presented a
methodology to assess the embodied carbon associated with adaptation retrofits, providing
individuals or practitioners with an additional metric to evaluate or rank solutions. The
report suggests that when you have options of multiple adaptation retrofits that can be
implemented to decrease the risks associated with a specific climate hazard, the embodied
carbon from the manufacturing and delivery stages (LCA stages A1-A5) and the operation
and maintenance stages (LCA stages B1-B6) should be considered [61]. This approach
allows for material substitutions that not only increase the structure’s resilience but also
help mitigate the effects of climate change [61]. By using a tool such as the one developed
by Mantle Developments in conjunction with an adaptation pathway or resilient retrofit
methodology that analyses adaptation retrofits for co-beneficial or conflicting relation-
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ships under multi-hazard scenarios, adaptation retrofits that are both climate-resilient and
climate-conscious may begin to be identified.

Depending on the adaptation retrofit(s) identified, one may have several questions:
Will the strategy be able to deliver on its adaptation objective(s)? How can the retrofit
be integrated into the building? How can these adaptation measures be paid for? Or a
combination of these questions. Demonstration projects provide opportunities to validate
or de-risk strategies under real-world conditions in a low to no risk environment. These
projects are used to address both the concerns regarding the effectiveness of adaptation
retrofits as well as identifying any potential challenges in their buildability. Results from
demonstration-project studies can help instill confidence in the technologies and strategies,
potentially leading to an increase in their uptake. Other approaches, such as grants and
subsidies, are used to help offset the costs associated with completing retrofit work, where
the extra financial incentives can also help encourage uptake. A detailed list of current
grants, incentives and initiatives within Canada can be found in the Roadmap to Enable
Climate Resilient Adaptation Retrofits literature review [11]. However, challenges can exist
when offering grants and subsidies if they are not targeting the adaptation that is needed
within an area or are not financially enticing enough for people to complete the desired
work. Overall, once adaptation retrofits have been selected, the next step in the four-step
R3® Framework is “Intervene”, enabling holistic adaptation retrofits in residential buildings.

3.3. Intervene
Implementation of Adaptation Retrofits

The third step of our proposed four-step R® Framework is “Intervene”. In this step, the
selected adaptation retrofit(s) can be implemented for the building. However as identified
as a key research priority, even the best designed adaptation retrofit can be undone by poor
installation and commissioning practices. Therefore, there is a need to develop best practice
guides for installation, including methods by which to assess that the adaptation retrofit
meets minimum performance criteria during the commissioning phase. Further, ongoing
monitoring should be implemented to ensure the adaptation retrofit is achieving the design
goals, reducing risk of maladaptation [15,20].

The lessons learned and information gained from demonstration projects and pilot
studies can also be used to inform the development of best practice guidelines for im-
plementing adaptation retrofits across building archetypes. These guidelines can then be
used by industry to ensure consistent implementation of adaptation retrofits and support
inspection processes that may be required for insurance purposes. Once adaptation retrofits
have been implemented, the final “Document” step can be initiated.

3.4. Document

The fourth and final step of our proposed four-step R? Framework is “Document”,
which includes the documentation and dissemination of the collected information. Docu-
mentation is a critical step in developing holistic science-based best practice guides. After
the science-based best practice guidelines have been developed, this step disseminates
this information to those who need it. Knowledge dissemination for adaptation retrofits
involves designing effective education materials tailored to the needs of audience (home-
owner, builder, renovator, tradespeople, etc.) to enhance climate resiliency literacy, build
capacity, motivate behavior change, demonstrate the investment case, and connect effec-
tiveness with local relevance. Many sources of information have been shared throughout
this paper; however, a more thorough list of resources can be found in the Roadmap to
Enable Climate Resilient Adaptation Retrofits literature review [11].
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4. Application Case Study

In this section, a hypothetical case study is presented using our proposed four-step
R3 Framework as a means of working through the decision-making process for holistic
adaptation retrofits in residential buildings. The hypothetical scenario consists of evaluating
adaptation retrofit(s) for a low-income multi-unit three-story walk-up community housing
building built in 1985 in the city of Kelowna, British Columbia. The building has ten
apartment units and does not have central air conditioning. Although the first step would
be to identify the hazards the building is exposed to, in this example we have assumed an
analysis has been completed wherein it has been determined that the building is sufficiently
designed for extreme wind events and located outside of any flood and priority zones for
wildfire. However, it has been determined that the building is exposed to both extreme
heat events and wildfire smoke. In this example scenario, as the building is low-income
community housing, there is a need to identify the best low-to-no-cost strategy(ies) to
adapt to the climate hazards identified. As only the owner and operators of the building
can alter the building and its equipment, the implementation of any proposed adaptation
retrofit must be considered, alongside strategies the occupant tenants could implement on
a personal level themselves. The following is a summary of the systematic approach taken
and decisions made, where Tables 3 and 4 present a summary of the resources used in each
step of the decision-making process.

Table 3. Information collected for sample scenario following proposed framework.

Steps of the . . References and
Retrofit Process Sub-Steps Information Obtained Sources
Hazard and Exposure Kelowna is exposed to both extreme heat
. g 1e [34,62,63]
Mapping and wildfire smoke events.
Periods where interior temperatures
Building Assessment exceed 26 °C and a leaky envelope leading [64,65]
for Vulnerability to infiltration of fine particulate during ’
Understand wildfire smoke events.

Units where an infant, a senior, and an

Occupant Assessment individual with severe asthma reside [30,40,41]

for Vulnerability were identified.
Combined Building and Conclusions indicate that there are units No tool vet
Occupant Risk of high-risk present. y
Identification and Selection of ~ See Table 4, highlighting conflicting, [44.66]
Potential Adaptation Retrofits co-beneficial and coordinated strategies. !
Plan Evaluation of Incentives currently available for heat No combined
Adaptation Retrofits pumps and air sealing work. tool yet, [67,68]
Increase the building’s air tightness;
The creation of a communal cooling room
with air filtration;
Intervene Implementation of Partial low-SHGC window replacement [11]
Adaptation Retrofits and window heat pumps installed on

South- & West-facing units;
Personal fans with air filters within
each unit.

Notices of changes to occupants
Document Knowledge Dissemination distributed along with infographics on [65]
best practices for keeping cool.
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Table 4. Adaptation objectives and recommended practices by hazard.

Hazard Adaptation Objectives Recommended Practice PT:SIYe or
ctive
Increase Cooling Install Air Conditioning Active
Increased Natural Ventilation Open Windows Passive
Increase Personal Ventilation Purchase Fans Active
Extreme Heat Decrease Uncontrolled Infiltration Increase Air Tightness Passive
Event Decrease Building Heat Gain Control of SHGC Passive
(Overheating) Decrease Building Heat Gain Control of Shading Passive
Decrease Building Heat Gain Increase Reflectivity Passive
Decrease Building Heat Gain Increase Insulation Passive
Increase Cooling Community Cooling Centers Active
Decrease Natural Ventilation Close Windows Passive
Wildfire Decrease Mechanical Ventilation Set HVAC to Recirculate Active
Smoke Decrease Uncontrolled Infiltration Increase Air Tightness Passive
Increase Filtration Install Air Filters Active

Conlflicting Co-beneficial Coordinated é)(e)i?;irlﬁot;

1. Understand

Hazard and exposure—ClimateAtlas data shows that historically (1976-2005) Kelowna
has seen on average 24 days per year where temperature exceeded 30 °C, whereas in the
future, this could increase to 38—41 days depending on low- or high-emission scenar-
ios [34]. Information from Interior Health and BlueSky Canada suggests that Kelowna may
experience 10-30 days of elevated air pollution annually [62,63].

Building assessment for vulnerability—a building-condition inspection was com-
pleted and a report issued. The report noted that the building has a central air handler, but
no air conditioning system, and that the units have operable windows for enhanced natural
ventilation. Blower door testing revealed an air-tightness value of 10.35 air changes per
hour at 50 Pa. The report also noted that the nominal thermal resistance of the exterior walls
was evaluated at R-12. The building’s electrical service was also identified as operating
near capacity. The vinyl-framed double-glazed windows in the building had been replaced
in 2000 and they tested at a U-Value of 2.8 and a Solar Heat Gain Coefficient of 0.75.

A field study was completed to evaluate the air quality within individual units of the
building. The study was limited to units that granted permission to install sensors; however,
there were enough units measured to establish temperature differences between orientation
and elevation within the building. Temperature and humidity profiles confirmed that units
on the south and west facades of the building were at higher risk of overheating conditions
compared to the units facing North, and analyses identified periods during which the
standard effective temperature (SET) of these units exceed 26 °C. Results from air quality
sensors throughout the building identified general air quality issues through the building
but the results could not be linked directly to wildfire smoke as there was no wildfire
smoke or air quality warnings issued during the measurement period. However, testimony
from residents and records showing a number of occupant complaints of extremely poor
air quality during the last wildfire smoke even were collected to be used as evidence that
infiltration of environmental pollutants is an issue.

Occupant assessment for vulnerability—during the door-to-door canvasing period,
where permission was sought to install the air quality sensors, residents were also pro-
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vided a voluntary questionnaire to better understand the demographics and health of the
occupants. Results identified that there were at least two units with infants (under 1 year),
five units that had one senior occupant (over 65 years), and a unit with an individual with
severe asthma.

Combined building and occupant risk—five of the ten units participated in the
questionnaire and the in-unit data testing. Combined results from the building-condition
assessment and the field study identified that three units had both overheating and high-
risk occupants present. Results from building simulations showed that of the remaining
unmeasured five units, there were likely additional units that could experience periods of
overheating. Despite no specific air quality warnings being issued during the sampling
period, results from the air quality sensors identified that the units on the lower floors
appeared to have more environmental pollutants, likely as a result of the stack effect. As
such, a warning was issued to specifically notify the occupant with asthma of possible
adaptation strategies they could implement as they reside on the first floor.

2.  Plan

Identification and selection of potential adaptation retrofits—using the results iden-
tified within the “Understand” step, the database from Partners for Action was utilized
to filter through adaptation retrofits that may be applicable to this application [44]. A
summary of possible results from the Partners for Action database can be seen in Table 4.
Results within the database were filtered by hazard type, by the objective of the adaptation
strategy, by cost, and by intrusiveness to the occupants. Improving the air tightness of
the building envelope was identified as a co-beneficial strategy that may achieve a posi-
tive outcome for both hazards. The specific strategies of resealing around windows and
adding weather stripping to exterior openings was identified from local resources such
as BC Housing—Illustrated Guide Achieving Airtight Buildings [66]. The installation of
personal air conditioning units, window heat pumps, or a central air conditioning unit—all
with air filtration—were listed as possible coordinated approaches. Importantly, it was
noted that opening windows to achieve night cooling during a wildfire smoke event could
be detrimental to the most vulnerable occupants. For wildfire smoke events, personal
air-filtration units were recommended as a strategy to ground floor units that would not
receive air conditioners.

Evaluation of adaptation retrofits—within the evaluation phase, parameters such
as the energy consumption, capital cost, and the intrusiveness of a select strategies were
considered. The effectiveness of the air-sealing strategies was estimated using building
simulation models to be able to bring the ACH down to approximately 5 ACH. Based
on the relatively low capital cost and intrusiveness to implement these strategies, they
were selected to be implemented. Personal air conditioners for each unit were identified
as having a low cost per unit but a high cost for the full building strategy. In addition,
with the limitation for the electrical load of the building, it was determined that it was
infeasible to implement an air conditioner for every unit without costly upgrades to the
electrical infrastructure serving the building. However, calculations did show that there
was electrical capacity to install window heat pump units on all South- and West-facing
units, as well as in a communal room that could be used by other occupants within the
building. The aging windows are in need of replacement, but as the capital cost was outside
of the owner’s budget, only South- and West-facing units received new windows with low
SHGC to reduce the amount of heat gain and energy demand from the new cooling units.
The window replacements enabled better air sealing around the windows at the same time.
The costs associated with the installations were reduced to a manageable amount thanks to
rebates and grants [67,68]. As such, the partial window and window-heat-pump strategy
became a suggestion for implementation.
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3. Intervene

The physical installation of the selected strategies was completed without challenges;
however, once a follow up blower door test was completed, it was found that the building
only improved to 7.5 ACH compared to the hoped 5 ACH.

4. Document

As the targeted ACH level for the building was not reached, a notification was dis-
tributed indicating that personal air filters would be provided to all units that did not
receive in-unit air conditioners. In addition, the Intact center on climate adaptation’s info-
graphic Three steps to cost-effective apartment and condo heat protection was distributed
to all occupants and a poster of it was hung within common spaces [65].

5. Conclusions and Future Work

This paper was compiled to provide a systematic method by which to undertake an
adaptation retrofit. Through a three-step research methodology, the R* Framework was
developed and described. This included highlighting the information required to enable
risk-reduced decision-making during the process of designing and preparing a residential
home for retrofits to increase its climate resiliency. The paper also identified information
gaps and barriers that may be in the way of developing a prescriptive adaptation retrofit
guide. The systematic framework was developed using information from workshops and a
previous scientometric study [9,10], and consists of the following:

1. Understand: hazard and exposure mapping and vulnerability assessment for build-
ings and occupants;

2. Plan: identification of appropriate adaptation retrofits and evaluation of the effective-
ness of adaptation retrofits;

3. Intervene: implementation of adaptation retrofits;

4.  Document: ongoing monitoring and knowledge dissemination.

While the resources that have been highlighted within each step of this paper are
primarily from North America, the systematic framework and its steps are envisioned
to be generically applicable to any location in the world for which data on the projected
climate risks is known. However, further research should test and validate the framework
in different geographic locations as well as using a real-world case study to assess the
procedure as a whole.

The first area of focus within the “Understand” step consisted of hazard and exposure
mapping. As hazard maps are valuable tools for identifying areas of concern related to
climate loads, vulnerability, exposure, and sensitivity, to address information challenges
and gaps, future efforts should be made to ensure their continued development and upkeep
for all areas regardless of the size of populations that may be affected. A second identified
challenge resulting from hazard and exposure mapping comes in the form of knowledge
dissemination once information is known. Future efforts should be made to ensure that
populations potentially exposed to climate hazards are aware of the climate loads they
may face, as well as to convey that risk is a combined factor which accounts for both the
exposure and vulnerability of individuals.

The “Understand” step also explores the concept of vulnerability as it relates to both
buildings and their occupants, along with a discussion of what a combined risk value
might look like. Currently, the vulnerability of a geographic area is estimated by combining
aggregated data to assign an overall regional risk, potentially obscuring variations in
individual risk for specific buildings or occupants. In addition, the granularity of many
checklists and scorecards used during building inspections within these areas may fail
to accurately establish the remaining service life of buildings, or if—or when—they may

https:/ /doi.org/10.3390/buildings16214189


https://doi.org/10.3390/buildings16214189

Buildings 2026, 16, 4189

22 of 26

become vulnerable to climate loads. As such, future efforts should look to continue to
improve methods for screening building and occupant vulnerability, as well as identify
what level of invasiveness may be required during condition assessments to appropriately
determine what resiliency strategies would be needed to maintain safe living conditions
for all.

Knowledge gained during the “Understand” step is used within the “Plan” step of
a project to identify potential adaptation retrofits that may reduce the risk of negative
outcomes resulting from a hazard event. Our review identified many resources outlining
adaptation retrofits to increase resiliency against a singular hazard, but only a handful
of resources that provide guidance under a multi-hazard scenario. As such, future work
may look for additional methods of presenting how adaptation retrofits interact in order to
identify strategies that may result in conflicting or co-beneficial results, as well as strategies
that could be combined in coordinated efforts to achieve performance metrics in addition
to occupant safety.

The review also identified that over the last several decades, energy efficiency and
operational costs have generally been the driving factor for initiating home improvements,
where success has been typically assessed using parameters such as budget, operational
energy consumption, and return on investment. However, there is a growing need to
identify additional metrics that can be used to quantify the effectiveness of retrofits in
reducing vulnerability to both occupants and structures. As such, the development of a re-
source that can rank adaptation retrofits which considers occupant safety and health before
considering other parameters such as energy usage or economics would be invaluable to
anyone designing for resiliency.

After gathering information from the previous steps of the proposed approach to
enable holistic adaptation retrofits in residential buildings, one may finally be able to move
to the “Intervene” and “Document” steps to identify appropriate adaptation retrofits to
decrease their vulnerability and to disseminate knowledge and learnings. However, despite
having this information being available, challenges to implementation remain, including
knowledge on how to integrate a retrofit into a structure and skepticism in the retrofit to
deliver on its design objectives. To encourage increased adoption, future efforts should
look to increase the number of demonstration projects and pilot studies to validate or
de-risk strategies in low- or no-risk environments to build confidence in the effectiveness
of solutions. Further investigations into the effectiveness of current grants and subsidies
relative to the level of intrusiveness or capital cost of a retrofit could also help ensure future
sources of funding are aligned with user needs and barriers to implementation.
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Appendix A

Table Al. Summary of building- and occupant- assessment re-sources.

Resource Title

Description

Reference

Hazard and Exposure Mapping

National Research Council
of Canada

An initiative to prepare climate data needed for building
simulations for 564 locations across Canada.

(2]

Physical exposure to natural hazards in Canada: developing a

Geological Survey of Canada method to assess the form and function of a built-up area to [30]
support the risk assessment of communities to climate hazards.
A website that provides hazard specific information from
Government of Canada mapping to emergency preparation techniques for [32]
multi-hazards
Carleton University—MacOdrum A compilation of links to both historical and future climate [33]
Library GIS data and maps for Canada.
Occupant Vulnerability
Provides in-depth analysis of the physical exposure to the
Physical exposure to natural Canadian population to natural hazards, based on factors [30]
hazards in Canada relating to the built human environment and human
settlement patterns.
Social Vulnerability to Natural Identifies disparities in Vulperabllltles among dlffgrent groups
. of people and populations in Canada based on their social and [40]
Hazards in Canada .
physical aspects.
Health of Canadians in a Changing Assesses health consequences of natural-weather-related
Climate (Chapter 3: Natural hazards due to climate change, emphasizing protective [41]
Hazards) measures and identifying vulnerable populations.
Identification of Adaptation Retrofits
Climate Resilient A database of retrofits that targets increasing the resilience of
Retrofits—Partners for Action and  residential structures that may be exposed to one or more [44]
University of Waterloo competing climate hazards.
b o Provides a framework to integrate indigenous and traditional
Dibaginjigaadeg Anishinaabe knowledge, culture, language, and history into the climate-
Ezhitwaad: A Tribal Climate (B CH e NgHABse, y [45]
. adaptation-planning process as well as climate-change-
Adaptation Menu . .
adaptation actions for natural-resource management.
Evaluate Adaptation Retrofits
Contains a table of proposed minimum climate standards and
requirements for both new and existing buildings. A
Climate Resilience Framework &  description is provided for each action and technique listed, [27]

Standards for Public Buildings

along with a link to the relevant codes, standards, or
supporting references that would be required during the
design or implementation of the strategy.
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