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Abstract: Climate change requires our built environment to be adaptable in order to serve the
community well. Among the components of the built environment, housing and its occupants
are especially vulnerable. Over the years, there have been variations in the designs and building
techniques used in the construction of houses able to adapt to these changes. In this study, a
systematic review with the preferred reporting items for systematic review and meta-analyses
(PRISMA) protocol was conducted to identify, classify, and investigate existing climate-adaptive
measures for housing on the basis of 65 articles selected. In total, 21 climate-adaptive measures
were identified and classified into three categories, namely, passive design, building technology, and
building performance assessment tools. From the identified climate-adaptive measures, 16 distinct
benefits were identified, the majority of which are related to improved thermal comfort and energy
efficiency. This review lays the foundation for further research examining the roles of existing, new,
and emerging technologies in enhancing building performance and the adaptive ability of houses in
response to climate change.

Keywords: built environment; climate change; housing; climate adaptation; systematic review

1. Introduction

Housing is widely regarded as one of the primary and most critical human needs and
human rights [1]. It is also fundamental in forming a community, and plays a vital role in
community coherence [2]. The housing standards established by the United Nations (UN)
include categories such as security of tenure; the availability of services, materials, facilities,
and infrastructure; affordability; habitability; accessibility; location and cultural adequacy.
To meet all of these requirements, the design and plan of a house need to consider all
potential changes in the environment that would affect housing performance [3].

Among all these changes in the environment, climate change has become one of the
greatest humanitarian challenges facing society [4]. Climate change is known to many
people in the form of changing weather patterns, sea levels rising, and increasing global
temperatures [5]. Over the past decade, it has reached the top of the political agenda in
many countries. The impact of climate change is diverse, ranging from flash flooding,
caused by torrential rains, to coastal erosion and heatwaves. The root cause of climate
change, however, is believed to be the anthropogenic actions of humans, such as the
burning of fossil fuels, deforestation, land-use changes, the decomposition of waste in
landfills, soil cultivation practices, and chlorofluorocarbon applications [6]. According to
the Intergovernmental Panel on Climate Change [6], the global average temperature is
increasing at a rate of between 0.8 °C and 1.2 °C per decade, and will likely reach a rate
of 1.5 °C per decade between 2030 and 2052. However, the impact of such temperature
increases on our natural systems and human societies is uncertain, as the rate, peak and
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duration of warming depend at least in part on the mitigation and adaption measures that
are implemented.

Research into climate change and housing has shown that among built structures,
housing and its occupants are especially vulnerable to climate change [7]. For example,
high temperatures can cause overheating in a house that does not have any proper cooling
appliances or measures [8]. In some cases, extreme heat experienced inside the house can
lead to health problems and even death in its inhabitants [9]. As the occurrence of extreme
weather becomes more common, the durability and structural integrity of a house may
become compromised [10]. Statistics from the emergency events database (EM-DAT) show
that, over the past 10 years, the estimated value of all damage and economic losses due to
weather-related events is considerable. In 2019, worldwide, this totaled approximately USD
150 billion [11]. In New Zealand, specifically, climate-related events lead to around NZD
17.8 million (USD 12.6 million) in damage per year [11]. Similarly, the cost is estimated
at over USD 54 billion per year for the United States of America, over USD 22 billion per
year for China, and nearly USD 7 billion per year for Japan [11]. These costs account for
approximately 0.01%, 0.25%, 0.08%, and 0.14% of the national GDP for New Zealand, the
USA, China, and Japan, respectively.

In addition, the construction of housing also contributes to climate change. A report
from the UN Environment and International Energy Agency [12] suggested that, on average,
buildings contribute 30% to total energy consumption, of which 22% comes from the
housing sector. In addition, buildings account for 28% of global energy-related carbon
dioxide emissions, of which 17% are related to residential houses [12]. Given the role that
housing plays in driving climate change, it has been suggested that housing could be a
mediator between climate change and human society [13].

Over the past decade, two concepts, namely, adaptation and mitigation, have be-
come the main paradigms governing the response of the built environment to a changing
climate [14]. While mitigation involves efforts to minimize or prevent greenhouse gas
(GHG) emissions through the design of more energy-efficient buildings [15], adaptation
refers to the adjustments needed to cope with the effects of climate change [16]. Mitigation
solutions include sustainable housing [17], low-carbon or low-energy housing [18], and
net-zero energy or net-zero carbon buildings [4]. Adaptive strategies, however, often
include passive building designs to improve heating, ventilation, and air conditioning
(HVAC) [19], the incorporation of resilience concepts into building design [20], and the use
of smart technologies to improve thermal comfort [21-24]. It has to be noted that some
climate adaptation measures, such as passive building design to improve the HVAC of a
building, are often used together with mitigation strategies when reducing a building’s
carbon footprint through reduced energy consumption [25].

2. Background

Comparisons between buildings and the natural world have been carried out long
before climate change reached the top of the agenda. Humans have always been in need of
shelter to protect themselves against unfavorable environmental conditions [26]. While
buildings provide this protection, they may also act as a threat to the natural environment
in terms of resource consumption and depletion [27]. Unfortunately, the paradox is that, in
the context of climate change, the built environment both affects it and is affected by it.

Designing shelters and structures to conform to specific climatic conditions is not a
new concept. As early as in the fourth century BC, architects and builders were already
considering the importance of designing buildings to conform to a particular climate. For
instance, the windows of a house were often oriented towards the sun’s path to capture
heat and light, whereas walls with exterior stucco rendering were built to block sunlight
and keep an area cool [28]. Over the past several thousand years, building techniques have
been developed with a view to making houses more resilient to extreme environmental
conditions. It was not until the past three decades that climate change’s effects on the built
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environment have warranted a shift in the building design paradigm from traditional to
contemporary, with climate mitigation and adaptation [29].

According to Kinnane et al. [3], both climate mitigation and adaptation embody new
technologies and/or processes to achieve buildings that are resilient to the changes in
the environment. Thus, continuous efforts in research and development are underway
to address these changes and improve the functionality of the built environment. For
instance, the Intergovernmental Panel on Climate Change (IPCC) has started gathering
and presenting scientific evidence about climate change and the challenges that it poses.
This has involved international collaboration from the 1990s up to the present day, with
outcomes presented through regular releases of the IPCC assessment reports, comprehen-
sive scientific reports aimed at addressing the current climate situation for adaptation and
mitigation, and integration into sustainable development policies. Other global initiatives
include the formation of the United Nations Framework Convention on Climate Change
(UNFCCC) in 1994; the Berlin Mandate in 1995 which laid the basis for the Kyoto Protocol;
the adoption of the Kyoto Protocol in 1997, the first GHG emissions reduction treaty; the
launch of the European Union (EU) Emissions Trading Scheme in 2005, one of the major
pillars of the EU climate policy; and the adoption of the Bali Road Map in 2007 which
identified new processes for addressing climate change, through the Bali Action Plan and
its five main categories: shared vision, mitigation, adaptation, technology, and financing.

Compared with mitigation, adaption deals with the development of ways to protect
both people and the built environment by reducing their vulnerability to climate impacts.
Most of the time, it is studied at the sectoral level, and can be seen as direct damage
prevention [30]. Adaptation also enhances resilience and introduces an adaptive capacity
regarding changes in climate. Moreover, adaptation occurs in multiple ways, some of
which are related to technologies or innovations, while others are fueled by government
policies and society in general [14].

Although climate adaption principles have been recognized as essential in making
houses more climate-resilient, there is no holistic understanding of the types of measures
available and their associated benefits and challenges with respect to implementation. A
better understanding of existing climate-adaptive measures for buildings, especially for
the housing sector, would help us enhance the theory on how the built environment can
mediate to reduce the effects of climate change. Furthermore, climate adaptation measures
are often examined independently, but they are often used in combination to achieve certain
building functions. It is therefore important to understand how different measures can be
taken together by considering housing as a system. This understanding will pave the way
for exploring the mechanisms whereby humans, the physical built environment, and the
natural environment interplay in driving or reversing climate change trends.

In this systematic review, we aim to address the following research questions:

1.  What measures have been used to make houses adaptable to rising global tempera-
tures in light of climate change?
2. What are the benefits of applying these measures in a housing system?

The methodology used in the systematic review is presented in the next section. The
results, aligned with the two research questions, are then used to propose a framework for
climate-adaptive housing which incorporates and categorizes the measures identified in
the systematic review. Suggestions for how researchers and practitioners may make use of
the findings, along with future research directions, are provided.

3. Materials and Methods

A systematic review approach was used to investigate the climate-adaptive measures
that have been used in buildings, with a focus on the housing sector. The approach
has been used primarily in the field of medicine [31], and is now commonly used in
other disciplines such as management science [32], construction management [33], the built
environment [27,34], management systems [35], and computer science [36]. Compared with
a conventional literature review, a systematic review uses a systematic and documented
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process for identifying, selecting, screening, and synthesizing the literature for inclusion in
the review [31]. It uses a methodical scheme that includes a comprehensive set of standards
or pre-defined eligibility criteria to rate the reliability and validity of the literature [37-39].
According to Shamseer et al. [39], because of its exactness, transparency, reproducibility, and
completeness, the systematic review method is considered valuable in providing a reliable
evaluation of studies from which researchers can form conclusions, make decisions, and
identify gaps in their topic of interest. However, one of the potential limitations of applying
this method lies in the selection process. The set of article selection criteria determined
for the literature search may be subject to the opinion of the person (s) evaluating the
criteria; therefore, some relevant articles that do not meet the selection criteria may be
excluded [36].

As shown in Figure 1, a protocol for this review was developed based on the pre-
ferred reporting items for systematic review and meta-analyses (PRISMA) protocol guide-
lines [37,39]. This process consists of four distinct stages, namely: (1) the identification of
articles; (2) the screening of articles; (3) an eligibility assessment of articles; and (4) inclu-
sion and synthesis. The identification of articles began in July 2019 and was completed in
December 2019.
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Figure 1. Flowchart of the review process (PRISMA flow diagram).

Step 1: Identification of Articles

Three databases, namely, Scopus, Engineering Village, and Science Direct, were se-
lected for searching relevant articles. These databases were chosen as they each contain
a wide range of research articles that cover the sciences, engineering, medicine, social
sciences, and the arts [40]. The search was limited to (“environment*” OR “climate”) AND
(“hous*” OR “building*”) as the terms. In the initial search, only literature published from
January 1990 to December 2019 was included. The year 1990 was chosen because it aligned
with the United Nations framework convention on climate change (UNFCCC), the first
initiative that drew attention worldwide to the effects of climate change. The search also



Sustainability 2021, 13, 6744

50f 20

only included full-text research articles and those written in English. On the basis of these
criteria, the initial search generated a total of 352,602 articles.

Step 2: Screening of Articles

With these 352,602 records, at this screening step, the duplicates were removed, and
an initial check was carried out with respect to the relevance of an article, by cross-checking
all of the records across the three databases. In addition, a total of 128,130 duplicates were
removed, resulting in 224,472 articles for screening. Next in the screening process, both the
title and abstract of each article were checked, and on this basis, a decision was made about
whether or not an article was in the scope and thus should be included in the review. This
resulted in the removal of 212,903 articles, leaving 11,569 for further eligibility assessment.

Step 3: Eligibility Assessment of Articles

In this step, an eligibility assessment was carried out for the remaining 11,569 articles
based on three criteria: (1) the quality of the article, (2) the relevance to the research
questions, and (3) the rigor of the methodology. The quality assessment was based on the
metrics of the journal in which the article was published. Among journal metrics, such
as the Journal Impact Factor (JIF), the SCImago Journal and Country Rank (SJR), and the
Source Normalized Impact per Paper (SNIP) [41], S]R was selected as it also assesses a
journal’s rank using quartiles in a specific research area [42]. In our review, to ensure we
only included high-quality articles, only those published in Quartile 1 (Q1) and Quartile 2
(Q2) journals were included, representing the top 25% and 25-50% of journals, respectively.
This resulted in a total of 5993 articles retained.

A detailed relevance check was then conducted with those 5,993 articles to assess to
what degree an article contained relevant information for answering the research questions
as set out. A rating scale of relevance was used, consisting of “low”, “medium”, and
“high”, with an assigned grade of “1”, “2”, and “3”, respectively. An article was rated as
“1” indicating “low” relevance if it only mentioned or described certain climate-adaptive
measures, without providing a detailed discussion about the challenges or benefits of
using them. A rating of “2” was assigned if the article described the application of a
certain adaptive measure but did not provide any substantial data or empirical studies
to demonstrate the associated benefits. A rating of “3”, high relevance, was assigned
to articles that described certain climate-adaptive measures in detail, and discussed the
benefits of their implementation, with detailed experiments or case studies. For the purpose
of this review, only those articles of high relevance (rated “3”) and thus published in high-
quality peer-reviewed journals (Q1 and Q2) were included. This relevance check resulted
in 65 articles.

Step 4: Inclusion and Synthesis of Selected Articles

With the remaining 65 articles, a content analysis [43] was undertaken to identify the
key themes and extract critical information from each article. The information, including
the title of the article, the names of the authors, the publication year, the source of the
publication, the country of the affiliation of the first author, the country under investigation
(the studied region), the climate zone of the studied region, the climate-adaptive measures
discussed, and the benefits and the challenges associated with using these climate-adaptive
measures, were extracted from each article and imported into an Excel spreadsheet. Further
descriptive statistical analyses were then undertaken to answer the research questions. A
synthesis of the results is presented in the next section.

4. Results
4.1. Summary of the Selected Articles
4.1.1. Distribution of Papers within the Period of 1990 to 2019

Figure 2 presents the temporal distribution of papers included in this review. Although
the United Nations Framework Convention on Climate Change (UNFCCC) was first
initiated in 1990 as a call for action to combat climate change, there was a vacuum of
relevant research published between 1990 and 2000, and there were only seven articles
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published in the subsequent decade, from 2001 to 2010. It was only after the year 2011 thata
significant increase in research-related climate-adaptive measures for buildings developed,
as reflected in the sudden growth of material that appeared in 2015 (9 articles) and 2019
(16 articles).
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Figure 2. Distribution of journal articles published within the review period.

4.1.2. Distribution of Papers Based on Publication Source

Based on the SJR metric, 82% of the articles included were published in what are
considered to be Q1 journals, and 18% in Q2 journals. Table 1 shows the distribution of
articles based on the publication source. The three most commonly selected journals for
the papers identified in this review were “Energy and Buildings” (with 14 articles out of
65, 21.54%), followed by “Building and Environment” (6 articles out of 65, 9.23%) and
finally, “Buildings” (5 articles out of 65, 7.69%). Overall, the majority of the selected papers
(46 articles out of 65, 70.77%) were published in 12 journals, while the remaining articles
(19 articles out of 65, 29.23%) were published in 19 different journals, and grouped as
“Other journals” in Table 1.

Table 1. Summary of the distribution of papers based on publication source.

Publication Source Count Percentage (%)

Energy and Buildings 14 21.54
Building and Environment 6 9.23
Buildings 5 7.69
Journal of Engineering Sustainability 3 4.62
Sustainability (Switzerland) 3 4.62
Sustainable Cities and Society 3 4.62
Alexandria Engineering Journal 2 3.08
Building Simulation 2 3.08
Energies 2 3.08
Energy 2 3.08
International Journal of Ventilation 2 3.08
Journal of Building Engineering 2 3.08
Other journals 19 29.23

Total 65 100.00

4.1.3. Distribution of Papers Based on the Country of Affiliation of the Lead Author

Figure 3 shows the geographical distribution of the papers, based on the first author’s
country of affiliation. By aggregating the countries into continents, we found that the
65 articles came from researchers from 34 countries, across four continents. Researchers
in the UK are the most frequent lead authors, accounting for 14% of the selected articles
(9 articles out of 65), followed by Australia and China contributing 8% (5 articles) each.
In filtering by region, the European region shows strong involvement in this research
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topic, contributing 42% of the selected articles (27 articles) as lead author, followed by Asia
accounting for 34% (22 articles), and Oceania and America each contributing 12% (8 each)
of the selected articles.
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Figure 3. Distribution of papers based on the lead author’s country of affiliation.

4.1.4. Distribution of Papers Based on the Country under Investigation

According to the country that was studied in the selected articles (Figure 4), a total of
42 countries across five continents have been studied (Figure 4). Seven articles reported
research that was carried out in China (9%). Both Australia and the UK were targeted as
study areas in six of the articles (8%). Overall, there are 33 articles (45%) that reported
research undertaken in Europe, followed by Asia with 20 articles (27%) and Oceania with
9 articles (12%). Note that the total number of countries under review is different from
the total number of articles, as multiple locations were under study across several of the
selected articles.
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Figure 4. Distribution of papers, based on the country under review.

The climate zone in which each of the studies was carried out is important, as it helps
us determine if climate-adaptive measures are suited to the local conditions in the area of
study. Figure 5 shows the distribution of selected articles across climate zones according to
the Koppen-Geiger climate classification system [44]. Of the 65 articles, 27 were focused on
climate-adaptive measures for houses in the Cfb climate zone, which is described as warm
temperate, fully humid, and warm in the summer months. Of the 65, 19 articles reported
research undertaken in the Cfa zone (a warm temperate climate, fully humid and with hot
summers); 11 in the Aw zone (equatorial and winters that are dry); and 8 in both the BSk
zone (arid, steppe, and cold arid conditions) and the Dwa zone (snow, winters that are dry,

and hot summers).
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Figure 5. Distribution of papers based on the climate classification (Képpen-Geiger) of the studied region.

4.2. Climate-Adaptive Measures Related to Housing and Its Categorization

Across the 65 articles included in this review, a total of 21 climate-adaptive housing
measures were identified, falling into three categories, namely, (1) passive design, (2) build-
ing technology, and (3) building performance assessment tools. The concept of passive
design revolves around utilizing natural heating and cooling sources (e.g., solar heating
and cool breezes), building orientation, and the design of the structure, building envelope,
and HVAC facilities to achieve indoor thermal comfort, energy efficiency, and a reduction
in energy consumption [45]. The building technology category involves the use of different
technologies and machinery for improving the condition of residential dwellings with
the use of smart and innovative systems. The building performance assessment tool en-
compasses tools resulting from computational methods, such as simulations, models, and
algorithms. It also includes assessment and evaluation tools for optimization, risk profiling,
retrofitting, and self-help building. Table 2 shows a list of the 21 measures identified and
their categories. Passive design is the most commonly studied approach, mentioned in 38
articles out of 65 (58.46%), followed by building performance assessment tools (18 articles
out of 65, 27.69%), and building technology (9 articles out of 65, 13.85%). Of the 65 articles,
25 articles considered different design approaches that could impact directly on thermal
comfort and energy efficiency, and 14 articles were simulation models.

Among the 65 articles, “design” considerations were the most commonly identified
measure, appearing in 38.46% of the articles. This is not unexpected, as designing for adap-
tation is seen as a sensible approach toward responding directly to the challenges and oppor-
tunities posed by climate change in the future [3]. This measure also showed that designing
for adaptation is vital, and that there are different ways of designing for climate adaptabil-
ity. For instance, some measures were presented as climate-adaptive/climate-responsive
designs [3,46,47], some as architectural designs that can be applied to rural residences [48],
some as building microclimate designs [49], traditional dwelling designs [50-53], roof
designs [54,55], design criteria or regulations [56-58], passive house designs [19,59-61],
building envelope designs [62-64], adaptation designs for social housing [65], and some as
structural designs [66-68].
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Table 2. List, description, and distribution of climate-adaptive measures.
Category of Measures [Code] Description Count Percintage
Measures (%)
Structural, architectural, or spatial design that considers
Passive design . passive strategies and climate, aimed at reducing
(38 articles, 58.46%) Design [P1] heating/cooling and energy usage or the production of 2 38.46
climate-adaptive building designs
Paint [P2] The use of paint to alf:l cooling and heatlpg demands of the 5 3.08
building under observation
. . The use of mechanical devices such as district heating
Mechanical devices for . . T .
- (centralized heating) and individual heating to address 1 1.54
heating [P3]
thermal comfort
Ventilation techniques [P4] The use qf day Ventllatlon,. mght ven.tllatlon, full‘—day 5 3.08
ventilation, or stack ventilation for indoor cooling
Phase change material [P5] A medium that absorl:.Js / releasgs energy to provide 1 1.54
heating/cooling
Heat storage wall (made of
A heat-storage wall made of concrete and encapsulated water
concrete and encapsulated 1 . 1 1.54
to provide insulation
water) [P6]
Mechanical equipment (e.g., awnings, exterior walls, Venetian
. blinds, or overhangs) or natural shading (e.g., trees) that
Shading [P7] provides shade and reduces heat gains: provides indoor 4 615
comfort in terms of cooling /heating
Glazing (fagade glazing, window The use of glass or various forms of coated glass to admit light 2 3.08
glazing) [P8] while controlling heat gain or heat loss for use in insulation ’
Building technology ~ Climate-adaptive building shells ~ Adaptive fagade technology that deals with energy savings 1 1.54
(9 articles, 13.85%) (facade technology) [B1] and indoor comfort ’
Skins for buildings capable of responding to external and
internal conditions and implementing context-aware functions.
Smart Skins [B2] Agent-based smart skins that can describe 1 1.54
the state of indoor/outdoor environment and also
prompt users
Model-predictive heating A controller that is non-invasive and has a 1 1.54
controller [B3] model-predictive algorithm for adaptability ’
Window technology that uses electrochromism (a material able
. to switch from transparent to opaque or block all light) to
Smart Windows [B4] control or change heat gain, thus reducing the energy needed ! 154
for cooling/heating
Solar Chimney [B5] Type of passive solar heating and cooling system t.hat. can be 1 1.54
used to regulate temperature and natural ventilation
A layer of vegetation planted over a roof or part of a roof to
Green Roof [B6] help improve air quality and reduce the heat 2 3.08
island effect
Innovative construction [B7] Innovative const'ructlon' using vapor chec}<1ng material 1 1.54
combined with a rigid air barrier
A system or machine in which there is a combination
Solar Source Heat-Pump . .
or integration of a solar source (solar panels) and a 1 1.54
System [B8] h
eat pump
Building
performance Assessment tool for Low-carbon and disaster-resilient assessment tools for 1 1.54
assessment tools self-help housing [T1] self-help housing ’
(18 articles, 27.69%)
A tool based on computational methods such as simulation,
Simulation tools [T2] modeling, algorithms, computer programs 14 21.54
and software
Computational platforms [T3] A general computational pr‘ocedure as'socmted with optimal 1 1.54
adaptation strategies
Web-based retrofit toolkit [T4] A web-base?l toolkit that provides hohstlc. r.etroflt guidance for 1 1.54
designers, homeowners, and decision-makers
Risk profiling [T5] A risk distribution appr‘oachh to assess risk profiles in risk 1 1.54
distributions
Total 65 100.00

It is interesting to note that the design used in traditional dwellings can sometimes
be incorporated effectively into the creation of modern buildings, as in the case of the
studies carried out by Chi et al. [48] and Juan et al. [52]. Additionally, designing for climate
adaptation not only covers the indoor environment or the building per se, but it may be
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applicable to outdoor environments as well. As illustrated by Hosham and Kubota [49], the
design of the microclimate also affects indoor conditions (e.g., temperature and shading).
This could be improved by the incorporation of natural shading sources, such as trees and
vegetation or water spraying.

Other climate-adaptive measures that fall under the passive design category, such as
shading, ventilation, glazing, specific materials (e.g., paints, phase change materials, and
heat storage walls), and mechanical devices for heating and cooling, were also recognized.
Shading and glazing utilize natural sources of heat (i.e., solar energy) and shade (i.e., trees
and vegetation) to attain desirable indoor conditions [69-71], while ventilation measures
take advantage of natural breezes for improving indoor air circulation [72,73]. Additionally,
specific materials and mechanical devices can both contribute by addressing those problems
related to heat gains and heating and cooling demands [74-78]. The majority, if not all, of
these measures are implemented for the whole house since they mostly deal with indoor
comfort. Although all of these measures lead to the fulfillment of the goals of passive
design, it should be remembered that most measures from this category need to be applied
as early as possible at the pre-design stage. In cases where houses have already been built,
there are also ways for these to be retrofitted or improved, although a drawback is that this
might incur high costs [64].

On the other hand, the building technology category presented advanced climate-
adaptive measures for housing, consisting of smart technologies aimed at specific parts of
the dwelling unit. For instance, green roofs are found to contribute to energy savings in the
house by providing insulation, thus reducing the heating demands of buildings [79,80];
while climate-adaptive building shells are expected to offer better energy performance
as well as daylight illumination [81]. The only measure that considered the user expe-
rience, together with environmental parameters, was conducted by Chen and Chiu [21]
in the context of smart skins; smart windows, solar chimneys, solar-source heat pump
systems, and model-predictive heating controllers are all dependent on external factors
(i.e., environmental parameters) [22,82-84].

The building performance assessment tools category comprised computational meth-
ods and software for illustrating climate-adaptive measures. The simulation tools, showing
different housing scenarios under different situations or climate conditions, were the most
popular measure in this category. Aside from simulation tools, one of the measures identi-
fied in this category is the assessment tool for self-help housing. This measure showed that
the climate-adaptability of homes should not only cover houses built by builders but also
dwelling units built by the users themselves. This can be expected to be of most relevance
to developing nations, where not all have the capability to hire designers and builders [20].
Another measure identified from this category that seems important when dealing with
climate-adaptivity, in particular, is risk profiling [85]. The knowledge developed from
conducting this measure can eventually facilitate better decision-making processes for
adapting to local climate under conditions of considerable uncertainty.

4.3. Benefits of Adopting Climate-Adaptive Measures

Ten benefits, based on the implementation of the different measures, were identified
from the 65 reviewed articles. These are listed in Table 3. The benefit most frequently noted
in these articles is improved thermal comfort at 50.76%, among which articles 16.67% are
in relation to reduced heat gain. This is followed by energy efficiency at 26.52%. This could
be linked to the fact that the majority of the measures fall under passive design, which
means that they are aimed at achieving a comfortable temperature at a low level of energy
consumption. In addition, cost efficiency, improved shading and illumination, and reduced
carbon emission each hold a 4.55% share, while an improved hygrothermal condition is
at 3.04%. The remaining 6.03% comes from disaster resilience, visual satisfaction, optimal
adaptation planning, and smart-user-experience-oriented measures. Often, multiple bene-
fits have been shown to arise from an identified measure; for instance, the use of a certain
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paint on the roof can result in benefits such as reduced heat gains, energy efficiency, and
visual satisfaction [75].

Table 3. Distribution of papers based on the benefits of applying the measures.

Benefit Count Percentage (%)
Improved thermal comfort
Improved insulation 12 9.09
Improved ventilation 7 5.30
Reduced heat gain 22 16.67
Reduced heating/cooling demand 15 11.36
Reduced risk of overheating 6 4.55
Improved indoor air temperature 5 3.79
Energy efficiency 35 26.52
Cost efficiency 6 4.55
Improved shading and illumination 6 4.55
Reduced carbon emission 6 4.55
Improved hygrothermal condition
Reduced risk of mold growth 2 1.52
Reduced condensation 2 1.52
Disaster resilience 4 3.03
Visual satisfaction 2 1.52
Optimal adaptation plan 1 0.76
Smart user experience-oriented 1 0.76
Total 132 100.00

Table 4 illustrates the relationship between climate-adaptive measures and the benefits
associated with the adoption of each of these measures under different scenarios. Each
climate-adaptive measure is represented by codes (as listed in Table 2), and the frequency
of occurrence per benefit that arises from it is shown as “number x code” (e.g., 7 x P1
means that this benefit arose 7 times using P1).

From this table, it is apparent that design P1 leads, in terms of the number of benefits
that have been identified from it (59 occurrences out of 132). It is recorded that if P1
is implemented, the following benefits could be derived: energy efficiency (15 articles),
reduced heat gain (10 articles), improved insulation (7 articles), reduced heating/cooling
demand (6 articles), improved ventilation (5 articles), improved shading and illumination
(4 articles), cost efficiency (3 articles), reduced risk of overheating (2 articles), improved
indoor temperature (2 articles), reduced carbon emission (2 articles), disaster resilience
(2 articles), and reduced condensation (1 article). The majority of the benefits from P1 are
related to improved thermal comfort, which again draws back to the main goal of passive
designs—maintaining the dwelling at a comfortable temperature while minimizing energy
consumption. The second most frequent simulation tool identified is T2 (23 occurrences out
of 132). When T2 is implemented, the following benefits could be derived from it: energy
efficiency (8 articles), reduced heating/cooling demand (4 articles), improved insulation
(3 articles), reduced risk of overheating (2 articles), reduced carbon emission (2 articles),
reduced heat gain, improved ventilation, cost efficiency, and a reduced risk of mold growth
(1 article each). For T2, energy efficiency is the benefit that has been identified the most
often. This can be attributed to the fact that most developed computational methods and
software aim to simulate how households can reduce energy consumption.
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Table 4. Relationship between climate-adaptive measures and the benefits of adopting these measures.

Benefit Measure Adopted Resulting to Benefit Count Percentage (%)
Improved thermal comfort
Improved insulation 7 x P1,B3,B6,3 x T2 12 9.09
Improved ventilation 5 x P1, P4, T2 7 5.30
Reduced heat gain 10 x P1,2 x P2, P6,1%2><TI;7, 2 x P8, B1, B4, B6, ” 16.67
Reduced heating/cooling demand 6 x P1,P3,P7,P8,B7,4 x T2, T4 15 11.36
Reduced risk of overheating 2x P1,P7,2 x T2, T4 6 4.55
Improved indoor air temperature 2 x P1, P4, P5, B8 5 3.79
.. 15 x P1,2 x P2,P3,2 x P6,2 x P7,B1, B3, B5,

Energy efficiency B6, 8 x T2, T4 35 26.52
Cost efficiency 3 x P1,P6,T1, T2 6 4.55
Improved shading and illumination 4 x P1,P7,B1 6 4.55
Reduced carbon emission 2xP1,B5,T1,2 x T2 6 4.55

Improved hygrothermal condition

Reduced risk of mold growth B7, T2 2 1.52
Reduced condensation P1,B7 2 1.52
Disaster resilience 2 x P1,T1, T5 4 3.03
Visual satisfaction 2 x P2 2 1.52
Optimal adaptation plan T3 1 0.76
Smart user experience-oriented B2 1 0.76

Total 132 100.00

5. Discussion

The results of the passive design categorization showed that, while designing for
adaptation is vital, it is also important that adaptation strategies for buildings suit the
needs of the occupants, unlike the one-size-fits-all design for adaptability that is currently
the most common approach being taken [3]. In some cases, while the design may meet
set guidelines, it may not be entirely suitable for the occupants throughout the building’s
lifetime. Aside from meeting the occupants’ needs, another consideration with respect
to adaptability is its suitability for the local conditions at the time, and also for future
climate conditions for the area. Thus, a useful approach that has been suggested is the
establishment of pilot projects for demonstrating the effectiveness of a measure or strategy
in the context of the local conditions [19]. This could be highly worthwhile for helping to
raise awareness among the public, as well as housing developers and homeowners, of the
long-term benefits of using these climate adaptation measures [19].

There are smart innovations or sustainable measures in the building technology
category that are ingenious and can be used in a specific component of a house (e.g.,
windows, walls, fagades, and roofs). However, while these technologies are innovative,
there is a lack of research focusing on user-oriented mechanisms (a tailored fit to a user’s
preference) [86]. Furthermore, climate-adaptive measures in the building performance
assessment tools category demonstrated that, by using the vast range of computational
methods and software available, it is possible to assess the performance of these measures
under future scenarios. For instance, simulation using a range of software packages can
be used to assess the expected level of indoor thermal comfort under both current and
forecasted future climate conditions [87]. Other monitoring devices can assess existing
building conditions to identify suitable climatic and architectural solutions for improving
design and for use in retrofitting [88,89]. Advanced computation can also analyze specific
adaptive measures under different climate projections [90,91], or performing cost-benefit
analyses for the implementation of planned adaptation measures [4].
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To further illustrate, in Sehizadeh et al. [92], the durability of wall materials used
in Montréal, Canada was able to be tested for the risk of brick frost damage, plywood
decay, and mold growth based on climate predictions for the local conditions. Similarly;,
in a case study carried out by Wang et al. [85], risk profiling was used to help in decision-
making for adapting coastal residential buildings to future climate change. The use of
retrofit toolkits [93,94] for example, has also been found to be helpful in identifying suitable
retrofitting measures in different climate scenarios for older or already-built residences.
These tools can assist in informed decision-making, either in the design phase, when
renovating, or when future-proofing existing buildings.

It is imperative that a good combination of the abovementioned climate-adaptive
measures are considered to ensure that new problems do not arise as a result of the
implementation of these measures. For example, the London case study reported on by
Makantasi and Mavrogianni [65] noted that under a high emission scenario, unventilated
flats (apartments) can be expected to overheat, while flats with natural ventilation would
be able to keep the period of overheating to an acceptable level. In addition, walls with
internally applied insulation, combined with low ventilation, could also result in a higher
chance of overheating in the future [65]. Likewise, while shading reduces overheating
in the summer, it increases the winter heating demand [90,95]. These examples illustrate
the importance of having a good set of climate-adaptive measures to achieve the benefits
desired by homeowners over a range of climate conditions.

This systematic review has identified 10 benefits (16, if improved thermal comfort
and improved hygrothermal conditions are divided into sub-categories) from the adoption
of climate-adaptive measures. The majority of the articles reviewed, however, seem to
address problems concerning thermal comfort and energy consumption. Upon looking
into the connections between the measures and benefits identified, it is implied that the
benefits resulting from climate-adaptive measures are not always the same—they vary
depending on the climate zone of the study area or on the different circumstances in their
local setting [48,62].

6. A Conceptual Framework of Climate-Adaptive Housing Measures

Figure 6 shows a framework of climate-adaptive housing measures, based on the result
of this review. The three categories of climate-adaptive measures and their corresponding
key measures, which are available for people to use, are illustrated. All three categories are
directed towards climate-adaptive houses and are enclosed in a box indicating that these
measures, if implemented, may lead to a climate-adaptive house. The border shows that
the measures may be related to each other, or may be implemented simultaneously or in
combination with one another. It is worth noting that the building performance assessment
tools category has arrows directed at the passive design and building technology categories.
This shows that the building performance assessment tools may also be used to evaluate
the other two categories when implemented and may serve as a way to determine in
what areas and how the climate-adaptability of houses can be improved. For example,
simulations that determine and predict cooling/heating loads and energy consumption
can be run based on the ventilation design of the house [58], which can be used to further
assess if the design will meet the standards as set, or if improvements need to be made. To
further illustrate, in the study conducted by Gaspari et al. [81] on climate-adaptive building
shells, it was found that there is room for future developments in terms of combining
optimization criteria and energy-related indicators. This can be initiated by simulating
different scenarios based on the current findings.
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Climate-adaptive House

Passive Design Building Technology
« Design * Smart technology (e.g. smart
* Material P —— »  windows, smart roof, smart
*  Mechanical device skins, CABS)
* Shading *  Solar chimney
* Glazing * Green roof

Building Performance Assessment Tool
* Simulation tool

* Toolkit

« Self-help assessment tool

« Computational platform

* Risk profile

Figure 6. A framework of climate-adaptive housing measures.

Adaptation is a process that involves not only the users (i.e., residents/homeowners)
but also other stakeholders (i.e., policymakers, governmental agencies, non-governmental
organizations, designers/constructors/developers) [25]. This framework is a useful ap-
proach to mapping, collating, and identifying and filling information gaps associated with
the climate-adaptive measures available for houses. Moreover, aside from meeting infor-
mation needs, engaging stakeholders in the adaptation process is preferable because they
are the ones responsible for making decisions, and identifying solutions, and policies [96].
To be able to achieve a climate-adaptive house, a collaboration between the different stake-
holders is needed. This often includes understanding the relationship between various
stakeholders working across sectors, and building networks [97].

By using this framework, the different stakeholders will also be able to recognize the
connections between them. Firstly, users will be able to understand the available measures
and identify the most promising measures. Upon identification, professional housing
providers (i.e., design/architectural firms, engineers) will be able to assess the feasibility
of these measures based on the users’ specific conditions (i.e., location, adaptive capacity,
budget, current house condition) and may be able to further suggest what might work
better for their particular situation. Hence, the users and housing providers would have
effective communication over the process, leading to more influential outcomes. Secondly,
although not directly involved in building climate-adaptive houses, government agencies,
policymakers, non-governmental organizations, and even private sectors would also have
some control or provide input during the process. These stakeholders provide important
resources and lobby agendas related to climate adaptation. Through them, the policies,
guidelines, programs, and action plans are realized and implemented. Lastly, another set of
stakeholders, such as regulatory bodies, the general public, the media, and other suppliers
related to climate-adaptive housing projects also play a part in the process. Even though
they are also not involved directly, their undertakings and proficiencies are part of what
develops the structure of the projects.

The climate-adaptive measures presented in the framework are solutions that are
straightforward. They can be tested scientifically with a combination of local knowledge
and experience. However, their success is also dependent on the strength of networks, the
knowledge and resources, and the ingenuity of the stakeholders involved in the process.
The framework can also work as the first step in identifying climate-adaptive measures and
conducting further assessments to identify the right combination to address a particular
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challenge. Ultimately, new technologies and strategies could branch out from the measures
identified, as a result of being more proactive in searching for solutions for improving the
climate adaptability of homes.

7. Conclusions

There is a pressing need for the built environment to adapt to a changing climate.
The establishment of different initiatives to demonstrate the science-based evidence of
the changing global climate, and its effect on the built environment, presents us with
both challenges and opportunities. This article has identified, categorized, and analyzed
the different climate-adaptive measures that are currently available, the areas in which
these measures have been implemented, and the benefits of adopting them. Among the
65 articles reviewed, 21 climate-adaptive measures were identified and classified into three
categories. The majority fell into passive design (the first category) which aims to achieve a
comfortable temperature while minimizing energy consumption and are usually measures
that are implemented across the house as a whole. The other two categories were building
technology and building performance assessment tools, generally implemented in a more
specific area of the house such as in the roofs, walls, windows, or in a facade. When
compared to passive design, it is noticeable that the building technology category lags
behind the others. There are 10 benefits that arise from the identified climate-adaptive
measures, two of which could be further split into sub-categories, resulting in 16 distinct
benefits. The majority of the benefits are related to improved thermal comfort and energy
efficiency.

The findings of this study show that there are already many initiatives in place aimed
at making houses climate-adaptive. These efforts in research are probably driven by factors
such as the political context, sustainable development goals [98], or science-based evidence
of changes in the climate (e.g., global warming and GHG emissions). Arguably, there is
still room for improvement when it comes to these measures.

Based on the current literature, this topic is globally emerging. There might be concepts
that are not yet clearly defined for all to have a similar understanding, and for others, there
are no sets of standards or rules to follow when it comes to adaptability and adaptive
capacity. Ideas may still be in a one-size-fits-all methodology, which is not ideal for climate
adaptivity since it should suit the needs of the occupant and match the local climate of the
area. This review can serve as baseline data for such identified climate-adaptive measures,
and stakeholders can use it to check if the identified measures are applicable in their
own local conditions or studies. They can also use it as a basis for developing policies or
technologies for climate-adaptive housing.

Even though the investigation of 65 articles casts light on the different climate-adaptive
measures currently in place, this review also has its limitations. The examination focused
solely on environmental changes, particularly rising temperature brought about by climate.
It also did not specify the type of housing studied and did not incorporate any stakeholder
analysis. Moreover, while the authors acknowledge that there is a wide body of literature
addressing climate-adaptive measures for housing, including influential books, as well as
guidance on regulations and standards, these may not have been captured in the review
due to the search criteria imposed. Future studies could include other effects of climate
change (i.e., flooding and bushfire), and environmental changes brought about by factors
other than climate (i.e., pollution, urban sprawl, waste production, and ozone depletion).
Moving forward, this paper could lead to other research, including the tailoring of smart
technology to suit the user’s needs. When it comes to making a house climate-adaptive,
studies localizing climate-adaptive measures are important, avoiding the assumption that
these measures work equally well under different climate conditions. The performance
of the measures could also be investigated for buildings that are non-residential (e.g.,
commercial spaces, offices, and schools).

It is evident from this review that there remains little exploration into smart tech-
nologies that can be applied to achieve climate adaptability of housing to meet occupants’
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specific needs. The bulk of the building technologies implemented at present (e.g., smart
windows, smart roofs, etc.) are used in response to external factors, such as the weather or
microclimate, or to improve the indoor conditions. In this regard, customizing smart tech-
nology to the needs (and possibly the wants) of a user, in the context of climate-adaptive
housing, is an opportunity for further research. In addition, localizing climate-adaptive
measures based on the geographical areas of potential climate-adaptive housing systems is
critical. Another challenge identified in the review is the lack of clarity around the roles
played by various stakeholders (i.e., owner, designer/constructor/developer, policymaker,
housing agency, and investor) in addressing the climate-adaptability of houses. A closer
look at stakeholders’ tasks regarding this topic would be beneficial in creating a more
comprehensive list of what needs to be done to break out and redefine boundaries and
responsibilities for creating climate-adaptive houses. Some countries already have policies
in place for climate change adaptation and mitigation, based on their climate action or
climate agenda. However, there is still room for improvement, especially with regard to
the roles of stakeholders and when creating, updating, or implementing policies.
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