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Abstract

Climate change threatens the sustainability of historic buildings with increasing extreme
weather events, making energy resilience critical. However, studies on energy resilience
often lack forward-looking, holistic approaches. This study aims to develop a conceptual
framework that includes how Artificial Intelligence (AI) technologies can support energy
resilience in historical buildings with data-driven prediction and analysis to increase en-
ergy resilience against climate change. This study applied a methodology with four-stage
qualitative research techniques, including a systematic literature review (PRISMA method),
content analysis, AI integration, and conceptual framework development processes, in the
intersections of historical building, energy resilience, and climate change. The findings
reveal a significant research gap in the predictive analysis of the resilience of historic build-
ings and the integration of AI-based tools in the context of climate change. The proposed
framework outlines a multi-layered system that includes data collection, performance
analysis, scenario-based prediction, and AI-assisted decision-making, aiming to enhance
the resilience of the building (including building envelope, thermal, and lifecycle analy-
sis). Consequently, this study provides a theoretical and methodological perspective and
proposes a scientifically based and applicable roadmap. It also highlights the potential of
AI as a bridge between energy resilience and historical buildings in the face of a rapidly
changing climate.

Keywords: artificial intelligence; climate change; computational architecture; conceptual
framework; decision support systems; energy resilience; historical buildings

1. Introduction
The frequency, severity, pattern, and seasonal cycles of weather and climate events

are all altered by climate change, which has detrimental effects on several different
areas [1]. As a result, one of the most significant problems of the twenty-first century
is acknowledged to be climate change [2]. The IPCC [3] reports that the 20th century
had the most exceptional rate of global temperature increase in the last millennium,
with human activity mostly to be responsible. This increase poses a threat in the future
as an increase in the occurrence and severity of severe weather conditions like heat
waves, droughts, floods, landslides, cyclones, and heavy rainfall [4]. The IPCC (AR5)
emphasized the urgency of the situation and warned that temperatures could increase
by 2.6 to 4.8 degrees Celsius (◦C) from present levels if emissions keep up their current
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pace [1]. In this context, the existing building sector, which has a significant share in
the increase in global temperatures and energy consumption, consumes more than 40%
of the total energy used worldwide [5]. In addition, statistical data on the increase in
greenhouse gas emissions from the building stock worldwide show an extreme increase
since 1950 [6]. The European Union (EU) is taking important steps to address these
challenges, including the Green Deal, which aims to achieve carbon neutrality by 2050
and a 55% reduction in GHG emissions by 2030 [7]. Following the EU Green Deal
initiative, new agreements and strategies have been developed in various regions around
the world. Examples of these agreements include Japan’s Green Growth Strategy, South
Korea’s Green New Deal, the UK’s Net Zero Strategy, and Australia’s Net Zero Plan,
among others, where various countries have worked to reduce their carbon emissions
and energy consumption.

Cultural heritage assets, which reflect humanity’s shared memory and identity,
are also impacted by climate change. Cultural heritage includes tangible (structures,
monuments, archaeological sites) and intangible (traditions, rituals, information systems)
elements that have been produced by societies in the historical process, passed down
from generation to generation, and carry universal value [8]. However, this heritage is
becoming increasingly vulnerable and at risk from environmental stressors associated
with climate change [9]. This makes it imperative to consider the effects of climate change
on preserving cultural heritage and transferring it to future generations. Climate change
leads to changes in temperature, humidity, and seasonal precipitation. Also, it increases
exposure to extreme weather conditions that can hurt the buildings and substances
of cultural heritage by accelerating biological, chemical, and mechanical deterioration
processes [10]. The threats of climate change to cultural heritage are increasingly being
examined, and studies are continuing domestically and globally [11]. Studies focusing
on resilience in different fields and examining the latest technology for changing climate
conditions are growing in this context.

Studies on resilience, climate change, and historical buildings have recently begun
to be addressed in various contexts within a common cluster in the literature. Although
studies on historic buildings and energy efficiency have been intensively studied, energy
resilience studies are new. Some studies examine existing policies and regulations to
strengthen cultural heritage’s resilience to climate change [12–14]. Several studies in the
literature focus on social, cultural, and environmental improvements of historic buildings
based on upcoming climatic data and scenarios, and it is rarely seen that studies on building
envelope and thermal resilience are conducted [15,16]. Furthermore, carbon neutrality and
Life Cycle Assessment (LCA) studies on climate change and energy resilience in historic
buildings are very limited. For example, Angeles et al. [17], while focusing on resilient and
sustainable buildings through LCA analysis, appear to lack a contextual understanding
of historic buildings. Angrisano et al. [18] emphasize the importance of natural materials
in renovating historic buildings through LCA analysis. Obead et al. [19] reviewed the
use of LCA analysis in the energy retrofitting of historic buildings. Studies focusing
on reducing carbon emissions through LCA analysis of historic buildings within the
context of energy resilience and considering future climate risks have not been adequately
addressed in the literature. Also, the integration of artificial intelligence methods in cultural
heritage and climate change-related studies has recently increased [20]. For example, in
their study, Fiorini et al. [20] developed an AI-based monitoring method as a result of
documenting material deterioration on the facades of the Palazzo Pitti building using
the photogrammetric drone method and analyzing the data using the machine-learning
method. Bakirman et al. [21] emphasized the efficiency of the deep-learning method using
camera images in documenting and monitoring cultural heritage and its contributions to



Architecture 2025, 5, 63 3 of 26

the monitoring process. Heydari Torkamani et al. [22] demonstrate in their study that the
use of neural networks in the study of the resilience of historical bazaars is effective in
modeling and estimating qualitative features. Rahaman et al. [23] presented a methodology
that includes urban ecological risk assessment by integrating machine learning into resilient
environmental management for heritage-listed cities. However, studies on AI integration
into protection and maintenance strategies regarding energy resilience in the context of
climate change are still very limited in the literature.

Various studies have systematically analyzed the studies conducted on the changing
climate and historical buildings. All these studies differ according to scope, scale, and
time interval [11,24,25]. In these studies, researchers have aimed to document academic
research about historical buildings and climate change and guide policymakers through
the studies conducted. While Aktürk and Dastgerdi [26] examined resilience at the urban
scale (cultural landscapes) through obstacles in their study, Crowley et al. [27] addressed
the resilience of intangible values. Elena et al. [28] focus on the concept of resilience at
the urban scale by addressing resilience in social, cultural, and economic subcomponents.
According to the literature reviewed, studies on energy resilience have recently addressed
this global issue in various regions, including Europe, Asia, the Middle East, and Africa,
addressing various climate types. These studies demonstrate that each region seeks adap-
tive solutions to address its climate challenges. For example, studies in China address
extreme humidity, Iran’s studies address hot, dry climates, and Italy’s studies address
Mediterranean climates, seeking improvements to enhance energy resilience. However, a
detailed examination of the resilience of historical buildings against climate change at both
urban and building scales within the framework of the subcomponents of the concept of
resilience and the establishment of a holistic evaluation framework in this direction has
been identified as an essential gap in the literature. The literature review revealed that
resilience is not categorized into specific classes but rather addressed within limited themes.
This study details the concept of energy resilience under four headings and identifies the
key components for developing the framework. Furthermore, a framework specifically
for historic buildings, specifically multi-scale, adaptable to different geographies, and
incorporating an AI-integrated decision support system capable of expressing resilience
with numerical data, is lacking in the literature. Combining these elements strengthens the
original and applicable aspects of the proposed framework and surpasses previous studies
in the literature.

Historic buildings are highly vulnerable to changing climate risks, such as overheat-
ing and high humidity. In recent years, energy resilience has gained importance as a
fundamental dimension in climate adaptation [16]. The preservation and resilience of
these historical buildings are of multifaceted importance; however, traditional methods
appear inadequate to manage these emerging risks. Increasing the energy resilience of
historic buildings without compromising their heritage values is crucial [29]. Achieving
this balance requires innovative approaches, and AI offers promising potential in this area.
AI technologies, ranging from machine-learning algorithms to artificial neural networks
and digital twins, are increasingly being used in climate modeling, energy optimization,
and predictive maintenance across many sectors [21]. However, their integration in the
analysis and management of the resilience of historic buildings against climate change has
not yet been sufficiently explored.

This study addresses the problem of vulnerability of the energy resilience of historical
buildings to climate change with a holistic approach. To address this problem, research
addressed the following questions:

• Question 1: The cycles of climate over time and how they have changed until
today (How these cycles have changed from the past to the present, according to
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palaeoclimatological data, and how the rapid changes observed today are beyond
natural cycles)

• Question 2: What are the differences in how historical buildings are affected by climate
change compared to other buildings? (How differences such as materials, construction
techniques, and conservation policies affect the level of risk)

• Question 3: What are the possible impacts of exposure of historical buildings to
climate change? (Structural risks, aesthetic, and functional losses are assessed within
the framework of climate parameters)

• Question 4: What are the various components of the resilience of historic buildings
against climate change? (The concept of resilience is divided into subcomponents
according to various factors)

• Question 5: To what extent do existing studies integrate AI-supported methods
when addressing energy resilience under climate change? (While AI is used in
various sectors and energy, studies suggesting its use in the context of future climate
risk are limited)

• Question 6: How can AI methods assist in resilient and predictive decision-making to
reduce the impact of climate change on cultural and historical buildings? (Providing
various potentials such as data-driven risk analysis, forecasting with climate scenarios,
optimization of resilience strategies, decision support systems, and early intervention)

With this approach, the study aims to (1) define the components of energy resilience
in the context of historic buildings; (2) analyze current research trends and method-
ological gaps; and (3) identify shortcomings. It also aims to provide a framework that
operationalizes AI tools for predictive assessment, decision-making, and early interven-
tion. This study will develop a conceptual framework that examines the resilience of
historic buildings from a multidimensional perspective and incorporates remediation
and prediction strategies based on climate change and environmental risk factors using
an AI-based system. The study’s originality stems from its innovative contribution to risk
management and protection studies related to the energy resilience of historic buildings,
based on the integration of AI-based modeling, prediction, and decision support systems.
The study is expected to highlight and open new perspectives on the need for scientific
production in the literature on historic buildings and energy, also to consider energy
resilience in the context of climate change.

This study analyses the projected effects of climate change on historic buildings
with a multifaceted strategy. It addresses the significance of creating climate-resilient
strategies for these buildings’ physical, structural, and cultural integrity. The theoretical
and methodological approach to be followed within the scope of the study is detailed in
the flow chart in Figure 1.

Figure 1. Flow chart of the literature review, content analysis, and conceptualization process.



Architecture 2025, 5, 63 5 of 26

2. Literature Review
2.1. Historical Cycle of Global Temperatures

Research on climate shows that the Earth’s climate has naturally cycled and varied
over thousands of years. Milankovitch cycles, orbital axis tilt, and precession changes
are the main factors shaping the changes in glacial and interglacial periods [30]. These
cycles affect the climate in varying periods between approximately 20,000 and 100,000 years
and affect the temperature changes in the long term. According to climate data, although
the climate during the Holocene period is considered warm and stable (compared to the
glacial period), changes like the Little Ice Age and the Medieval Warm Period occurred [31].
Although these changes observed throughout history reveal a dynamic and continuous
structure of the climate, it is also necessary to examine the changes observed as a result of
human interventions in this process.

With the industrialization that started during the Industrial Revolution (1850), the
increasing use of fossil fuels, and the rise in greenhouse gas density, the increase in emis-
sions has caused an unexpected increase in global temperatures from its historical course.
According to the IPCC [32], an approximately 1.1 ◦C increase in global average surface
temperatures was observed between 2011 and 2020, compared to the 1850–1900 period
(Figure 2). In addition to this increase in temperature levels, climate frequencies are affected,
causing significant changes in precipitation regimes, sea levels, and extreme climate events.
Changes in all these climatic parameters may cause material deterioration, changes in
indoor comfort, and destruction because of disasters at the urban scale by affecting heat-
related expansion, freezing, and thawing cycles on historical buildings in the long term.
For this reason, it is essential to build conservation and adaptation strategies for a changing
climate according to future scenarios rather than past trends and to take precautions.

Figure 2. Changes in global surface temperature and emissions (* Other human drivers are predomi-
nantly cooling aerosols, but also warming aerosols, land-use change and ozone) [32].

2.2. Climate Change and Climate-Related Risks

Climate change is defined by the United Nations Framework Convention on Climate
Change [33] as climatic changes observed in comparable periods, both directly resulting
from natural processes and indirectly because of human activity impacting the atmosphere’s
composition worldwide. Gradual variations in temperature, precipitation, air humidity,
wind speed, sea level rise, and extreme occurrences are all signs that climate change
continues to affect social and environmental attributes in various ways [34].
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Between 2011 and 2020, the global surface temperature increased by 1.1 ◦C over
1850–1900 due to human activity, primarily greenhouse gas emissions. The global surface
temperature increased by 0.99 [0.84 to 1.10] ◦C over the first two decades of the twenty-first
century (2001–2020) compared to 1850–1900. Global surface temperature, which has been
increasing particularly since 1970, has rapidly increased in the last 50 years. The IPCC [3]
projects that, in the direst scenario, the global surface temperature will have increased
by more than 2.6–4.8 ◦C by the end of the twenty-first century compared to 1986–2005.
With this increase in temperature, extreme climate events are expected to occur more
frequently and cause various region-specific extremes. Human-induced climate change has
already impacted several weather and climate extremes in every location. This has resulted
in several detrimental effects on human health, economics, society, and food and water
security, as well as losses and harm to both people and the environment [30–32].

According to the IPCC (AR6), GHG emission scenarios with various climate policies
are derived using Shared Socioeconomic Pathways (SSPs), which are climate change sce-
narios with anticipated socioeconomic worldwide changes by 2100 [1]. These scenarios
incorporate land use, socioeconomic assumptions, levels of climate mitigation, and air
pollution controls for non-CH4 ozone precursors and aerosols. The five Shared Socioeco-
nomic Pathways (SSP1 to SSP5) are created to address various climate change mitigation
and adaptation challenges. SSPs assess climate impacts, risk, and adaptation for future
exposure, vulnerability, and adaptation challenges. CO2 emissions in the high and very
high GHG emission scenarios (SSP3-7.0 and SSP5-8.5) are roughly double what they are
now in 2050 and 2100, respectively. The medium GHG emission scenario (SSP2-4.5) shows
CO2 emissions remaining at current levels until mid-century. The very low and low GHG
emission scenarios (SSP1-1.9 and SSP1-2.6) envisage CO2 emissions falling to zero between
2050 and 2070, respectively, followed by various detrimental net CO2 emissions (Figure 3).

Figure 3. 21st-century temperature changes for SSP-based scenarios and CO2 emissions for C1–C8
and SSP-based scenarios [32].

The Paris Agreement aims to limit the rise in the world’s temperature caused by
human-induced GHGs to less than 2 ◦C compared to pre-industrial periods and to keep
the increase to 1.5 ◦C. Furthermore, its goal of achieving carbon neutrality by 2050 is
important in the fight against climate change. This agreement encourages countries to
pursue long-term, low-greenhouse gas-emission, resource-efficient development strategies
to better frame efforts toward this long-term goal. In this context, the SSP1-1.9 and SSP1-2.6
scenarios, which are compatible with the Paris Agreement’s goals of limiting temperatures
to 1.5–2 ◦C, are important in taking measures to achieve targeted low emissions and
mitigate global warming effects by 2050. Climate change causes serious harm to terrestrial,
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freshwater, cryospheric, coastal, and open ocean habitats, as well as losses that are becoming
more irreversible. Biological responses, such as seasonal timing and geographic location
alterations, are frequently insufficient to address recent climate change.

2.3. Climate Change and Effects on Cultural Heritage

Cultural heritage sustainability and protection are seriously threatened by climate
change. The United Nations Educational, Scientific and Cultural Organization (UNESCO)
identified this situation as a danger to cultural heritage in a report published in 2007
and published a policy document in 2008. These developments have paved the way for
increasing academic and applied research. More recently, the International Council on
Monuments and Sites (ICOMOS) report [8] offers a thorough analysis of the primary causes
of climate change, the impact mechanisms of these factors, and the possible consequences
on cultural heritage in light of expert opinions.

Climate change, population growth, and urban expansion are becoming a primary
driver of increased vulnerability in historical districts [33]. Climate change’s effects on cul-
tural heritage and natural resources are multidimensional and manifest primarily through
sudden and long-term changes in environmental conditions [34,35]. These impacts include
flooding, sea level rise, coastal erosion, changes in air and sea temperatures, fluctuations in
humidity, increased frequency and severity of extreme weather events such as hurricanes,
storms, and droughts, processes leading to physical erosion of building materials, and
transformations in soil and sediment dynamics [36,37]. The rising incidence of severe
weather conditions brings physical risks and socioeconomic, cultural, and environmental
challenges (Table 1).

Table 1. Impacts of climate change risks on historical buildings [8,36].

Climate Change Risks Potential Impacts on Cultural Heritage

The rise in global
temperatures

• Extreme temperatures and heat
waves

• Flooding along the coast
• Drought
• Temperature and humidity

fluctuations

Social
Urban neighbourhoods and historic buildings
are abandoned; coastal metropolitan areas are

evacuated because of soil erosion.
Economic and/or

environmental
Decline in travel and associated activities; rise
in energy consumption, and financial losses.

Physical Material and structural deterioration (cracking,
splitting, fungal growth, etc.).

Rise in heavy
rainfall events

• Flooding or landslides in rivers
or inland areas

• High levels of precipitation and
cold waves

• A rise in the humidity of the air

Social
Loss of identity and shared values, eviction,

and progressive desertion as a result of
inadequate comfort.

Economic and/or
environmental

Increased energy demand and financial losses
for insurance firms and/or estate

administrators.

Physical Material decay, moss formation, and structural
damage due to increased load.

Rise in severe storms
occurrences

• High wind gusts

Social Loss of identity and shared values because of
eviction and abandonment

Economic and/or
environmental

Financial losses for insurance companies
and/or estate administrators

Physical Cultural heritage that has been partially
damaged, lost, or destroyed

Historic buildings constitute a significant portion of the building stock in many coun-
tries worldwide. For example, in Europe, the historic building stock accounts for a signifi-
cant 25 per cent [38]. However, when the buildings in Europe are analyzed, it is seen that
more than 14% of them were built before 1919, 12% between 1919 and 1945, and 40% before
1960 [39]. Furthermore, most of these historic buildings have not had energy conversions.
Residential buildings built between 1945 and 1969 had walls with an average U-value of
1.39 W/m 2 K, whereas residential structures built before 1945 had walls with an average
U-value of 1.45 W/m2K [7]. This indicates that historic buildings typically use more energy
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than contemporary buildings [40]. In addition, while the heating load decreases in winter
due to the increasing global temperature, historical buildings face increased cooling load or
uncomfortable conditions in summer [41]. Careful balancing of conservation and energy
is required in unpredictable temperature increases [42]. The effects of climate change can
cause wear and destruction in the texture of historical materials and prepare the ground
for developing fragile properties. In addition, many techniques used in the context of
climate adaptation for today’s modern buildings cannot always be applied within the
legal requirements to preserve the original features of historical buildings. Therefore, the
climate adaptation process for historical buildings should be handled in a multidimensional
approach to increase users’ comfort and energy performance qualities, prioritizing the
protection of cultural value. These changes in energy consumption in historic buildings
emphasize the necessity of mitigation and adaptation measures, as stated in the IPCC [3].
In this context, studies on the improvements of the building envelope, which is a buffer
between the inner and outer layer, and the integration of HVAC systems to provide in-
door comfort are implemented with limited interventions without damaging the cultural
value [42]. In addition, Historic England’s ‘Adapting Historic Buildings for Energy and
Carbon Efficiency’ [43] report recommends replacing systems in historic buildings with
low-carbon systems such as mechanical ventilation, heat recovery mechanisms, heat pumps,
and, in some cases, photovoltaic and solar panels may be acceptable.

3. Concept of Resilience and Components
The concept of resilience has become a critical focus in architecture to develop solutions

to the issues brought on by industrialization, increasing urbanization, climate change, and
socioeconomic disruption [44]. It means the ability to maintain its functioning and protect
its components against any factor or hazard [45], to deal with risk, to recuperate by renewal
and to adapt to similar risks, and to respond or reorganize by maintaining the capacity to
learn and transform [46]. One of the most important goals of resilience is to return to the pre-
risk situation and adapt and collaboratively adapt to changing conditions [47]. Furthermore,
cultural, social, economic, and environmental aspects using collective memory and local
knowledge are important learning and research processes that must be considered when
developing resilience to extreme events [14].

Research on resilience can offer important solutions to ensure cultural heritage sites’
sustainability and intervene promptly [48]. The number of studies investigating the concept
of resilience and its application to various disciplines has increased in recent years. When
these studies are examined, it is seen that resilience is analyzed in various aspects, such as
urban planning, climate change, disaster and risk management, and nature conservation,
according to changing developments at various scales [49]. For instance, Elena et al. [28] ex-
amined resilience using social, economic, and cultural criteria. Multidimensional methods
that include developing resilience against climate change impacts, providing adaptation,
and developing risk management by adapting to potential risks gain importance at this
point [50]. Within the scope of this study, four different resilience dimensions of historic
buildings that need to be developed due to climate change exposure have been classified.
These categories are climate disaster resilience, energy resilience, sociocultural resilience,
and economic resilience (Figure 4).

These four resilience components directly align with and support international policy
goals on sustainability, cultural preservation, and climate adaptation. For example, the first
component, resilience to climate disasters, aligns with the Sendai Framework for Disaster
Risk Reduction (2015–2030), UN Sustainable Development Goals (SDGs) 11 and 13, and
the EU Strategy on Adaptation to Climate Change. The economic resilience component is
aligned with the Paris Agreement and the OECD Resilient Economies Principles. The socio-
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cultural resilience component aligns with the UNDRR Resilient Cities and the Hangzhou
Declaration. Energy resilience, the basis of this study, is aligned with IPCC AR6, the Green
Deal, the Paris Agreement, and UN Sustainable Development Goals 7, 11, and 13 regarding
building envelope and thermal resilience. Carbon resilience aligns with the European
Green Deal’s goals of neutralizing the building stock and increasing energy efficiency. The
holistic energy resilience subcomponent is fully aligned with the European Framework
for Action on Cultural Heritage and the ICOMOS Climate Change and Heritage reports.
These policies strengthen the applicability and scalability of the proposed framework in
the context of resilience development.

Figure 4. Classification of the resilience of historic buildings against climate change.

3.1. Resilience to Climate Disasters

Due to climate change, heritage sites are exposed to gradual changes in climatic phenom-
ena (variations in wind speed, temperature extremes, air humidity, precipitation patterns, sea
level rise, etc.) and climatic risk factors. Therefore, the literature’s work is expanding quickly
on climatic risk factors and their impact on cultural heritage [12,14,34]. In the studies of
organisations such as ICOMOS, UNESCO, and ICCROM on the preservation and sustainable
administration of cultural heritage, the focus is on natural disasters and assessing man-made
threats. Through a series of guidelines published by these organisations and regular meet-
ings, natural and anthropogenic disasters and risks to natural and cultural heritage sites are
assessed, and mitigation methods are developed [51].

In assessing climate change impacts, selecting key climate variables like sun radiation,
humidity, precipitation, wind, and temperature is significant, highlighting each factor’s
impacts [52]. For example, temperature changes and irregularities are among the main
factors affecting the deterioration process of building materials. Especially in porous
stone materials, water trapped in porous stone materials causes cycles of freezing and
thawing according to temperature fluctuations, causing sugaring, thermoplasticity, and
physiological and biological deterioration. Humidity, another climate parameter, can cause
significant deterioration in the components and materials of historic buildings. Moisture-
induced degradation is generally seen as biological degradation, corrosion, abrasion of
metals, and chemical degradation due to freeze–thaw and thaw–crystallization cycles [53].
Precipitation causes changes in rainfall regime and intensity according to changing global
climate patterns, causing chemical and biological erosion and threatening cultural heritage
sites by causing flood risk [54]. Wind, another climate parameter, is an important climatic
factor that causes various effects on heritage buildings. The wind’s direction, strength, and
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intensity can cause corrosive or destructive effects on the building material, depending
on the particles driven into the surrounding environment and their proportions [55]. In
addition, changes in solar radiation can cause damage to heritage buildings through both
direct and indirect effects. Solar radiation damages include local overheating, discoloration
of materials, cracks, and loss of effectiveness of material binders. In addition, ultraviolet
and visible light can cause photo-oxidation and discolouration of heritage materials such
as stone and wood over time [53,56].

Climate change increases the frequency of extreme events in the climate by altering
the frequency and pattern of climate parameters. Therefore, to reduce the impact of climate
change on historic buildings, it is critical to adapt to future changes. According to the
IPCC [3] report, catastrophe risk management and climate change adaptation can boost
resilience while lowering exposure and vulnerability. However, it is seen in the literature
that studies on practical adaptation measures in tangible cultural heritage remain limited
and piecemeal. In this context, it is crucial to consider the effects of climate change, material
and collection degradation, and the processes of natural disasters through in-depth climate
projections and to develop adaptive solutions. Therefore, adapting existing technologies to
climate impacts and developing new technologies to reduce the frequency of environmental
factors will contribute significantly to this issue [53].

3.2. Energy Resilience

Energy resilience is defined as “the ability of an energy system to contain, respond to,
overcome and surpass disruptions caused by a shock in economic, social, environmental
and institutional terms, resulting from the capacity to learn to adapt to change” [57]. This
definition emphasizes that the risks that trigger resilience should be addressed in the
context of technical systems and the holistic dimension of energy risk sources. Unexpected
risks arise as a result of climate change, and vulnerable historical buildings face holistic
energy resilience issues such as increased energy consumption and environmental impact.
On the other hand, there are only ten years left to keep global warming below 1.5 ◦C, and
even a half-degree increase beyond that would significantly increase the impact of risks like
drought, extreme heat, flooding, and poverty for hundreds of millions of people, according
to the world’s top climate scientists [58]. Therefore, the need for energy-efficient retrofitting
historic buildings is becoming increasingly important [59]. Historic buildings were initially
designed according to the environmental influences of their time, considering local condi-
tions. However, nowadays, in the face of a dramatically changing climate, preservationists
cannot take into account the materials and hygrothermal characteristics of the building.
Against this problem, it is essential to investigate and simulate the current thermal be-
haviour of the building and the performance of the building envelope components and to
propose strategies by identifying microclimatic conditions [60].

While climate change has been widely addressed as an environmental issue, its im-
pact on energy consumption in buildings has not been sufficiently embraced and fully
understood [61]. However, there is a strong relationship between climatic conditions and
building energy performance and energy use. Due to changing indoor environmental
conditions caused by climate change, energy performance analyses of historic buildings are
expected to increase cooling load requirements and decrease heating load requirements [62].
Therefore, it is important that interventions and designs to develop sustainable and climate-
resilient buildings take climate change into account throughout their lifecycle [63]. In the
studies, it is seen that two types of methods, active and passive strategies, are applied in
energy-efficient retrofitting of historical buildings.

Passive Strategies include the use of natural ventilation that provides passive cooling
in climatic zones with high temperatures for long periods, the use of the courtyard system,
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behavioral measures adopted by users, improvements achieved on the building envelope
(insulation, thermal inertia, windows, air sealing, prevention of thermal bridges, shading
devices, etc.) [64,65].

Active strategies include renewable energy technologies (photovoltaic and solar ther-
mal systems, etc.), efficient lighting, electrical equipment (low-consumption high-efficiency
lighting, etc.), high-efficiency heating, cooling, and ventilation (HVAC) systems, and the
use of smart consumption and control devices that optimize energy consumption based on
the adaptable comfort conditions of the users [64–66].

Various methods exist for retrofitting energy efficiency in historic buildings against
climate change. However, retrofitting works on the building envelope is the most effec-
tive method for both adaptation and energy-efficient improvement of buildings [67]. The
building envelope causes most energy losses in buildings, caused by heat transfer. The
building envelope affects the building’s thermal comfort, which controls indoor tempera-
tures. Therefore, it is important to renovate or design the building envelope with optimal
interventions to decrease energy consumption [68]. There are legal and technical challenges
in the energy-efficient renovation of historic buildings due to restrictions on the minimum
intervention scale without damaging their unique and cultural values. In addition, making
compatible and recyclable decisions is important to preserve the original materials in inter-
ventions. In interventions for historic buildings, methods suitable for the components of
the building are addressed with various approaches in the literature [64].

Walls: the exterior walls are among the building’s most crucial features, where the
characteristic features are dominant. Therefore, although intervention on the exterior wall
surface is generally not recommended, plaster applications from phase change materials are
considered more appropriate to increase thermal inertia in areas without original surface
details on the interior wall surfaces. However, insulation material is supposed to be used.
In that case, it is expected that the material should be breathable, and using materials such
as natural fibres with high vapour permeability will allow air and moisture vapour to
pass slowly, minimising condensation and moisture problems. In literature, mineral wool
and thermal insulation plasters are the most often used materials. Used to add or replace
insulation [64,65].

Windows: While the preservation of glass and frames is recommended as they are
one of the original qualities of the building, it is emphasized that attention should be paid
to important problems such as air tightness. There are two most common methods of
window retrofit. The first method is retaining the original material, repairing the system,
reducing air tightness, and adding a high-performance secondary window next to the old
one. The second method is to replace the original window with a new window with high
performance and a look that does not damage the historical value [66].

Floors: the original floor materials of the building should not be removed immedi-
ately due to various damage. When it is necessary to change the floor material, minimal
interventions can be made. The most common intervention in ground improvements is
the addition of insulation, and materials such as cellulose, hemp, and wood fibre are most
used [64–68].

Roofs: minimal intervention is recommended as the original roof materials and compo-
nents of the building are designed to be ventilated and watertight according to the climatic
characteristics of the period. However, in literature, mineral wool and cellulose are the
most used materials to replace or substitute insulation where intervention is required [66].

When the studies developed on energy resilience are examined, it is seen that there
should be four important study groups, including building envelope improvement (active
and passive methods) to assess the building’s energy performance, providing thermal
comfort according to changing climatic conditions for user comfort, reducing increasing



Architecture 2025, 5, 63 12 of 26

carbon emissions, emission reduction practices to reduce climate change effects, and studies
that develop a holistic resilience framework and produce scoring with multidimensional
building performance analysis (Figure 5). These subheadings present an approach that
aims to increase historic buildings’ energy efficiency and reduce their environmental impact
by addressing different aspects of energy resilience.

Figure 5. Components affecting the energy resilience of historic buildings and evaluation approaches.

According to Figure 5, the concept of energy resilience has been classified into four
subheadings based on studies in the literature. These classifications address aspects that
can enhance the resilience of historic buildings in various contexts. Thermal resilience can
be defined as the ability of a building to maintain appropriate indoor comfort levels under
conditions such as extreme temperature, humidity, or sudden climate changes without
excessive reliance on mechanical systems. Building envelope resilience is the ability of a
building’s exterior surfaces, including walls, roofs, windows, and foundations, to maintain
their performance in terms of energy against climate-related risks such as humidity and
wind. Carbon resilience is the ability of a building to reduce, adapt, and manage its carbon
footprint throughout its lifespan, both during operation and renovation. The final heading,
“Resilience Assessment Framework,” refers to a holistic resilience and scoring system that
incorporates multiple parameters.

3.3. Sociocultural Resilience

The significance of cultural heritage in ensuring the sustainability and resilience of
human settlements is recognized in the international record. Cultural heritage represents
the tangible and intangible values of a society’s identity, which constitutes an important
component of people’s satisfaction and belonging. Society’s recognition of cultural her-
itage’s social, cultural, environmental, and economic “resource” value is a progressive
step towards improving quality of life, strengthening economic growth, and improving
social communication [69]. International documents and records contributing to the 2030
Agenda for Sustainable Development emphasize the value of cultural heritage for the
region’s and communities’ resilience. The Hangzhou Declaration, which is the outcome
document of the UNESCO International Congress in May 2023, with the support of the
Government of the People’s Republic of China, emphasizes putting culture at the centre of
the policies developed in the sustainable growth process and ensuring cultural resilience.
This declaration states that the appropriate protection of the heritage, including cultural
landscapes, and the preservation of relevant traditional knowledge, values, and practices
in synergy with other scientific knowledge will enhance the resilience of communities to
disasters and climate change. Through cultural activities and restoring their cultural legacy
and institutions, disaster-affected individuals and communities must regain and improve
their feeling of normalcy, self-worth, sense of place, and confidence in the future [37]. The
Framework Convention on the Value of Cultural Heritage for Society, established by the
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Council of Europe, is another significant international agreement [70]. This agreement
refers to the active role of people in recognizing, preserving, and transmitting cultural
heritage and its values to future generations. The agreement also addresses the relevance
of “Heritage Community Resilience”. It presents a conceptual framework that addresses a
process whereby cultural heritage supports building a society that can prevent, deal with,
and recover from the adverse impacts to which it is exposed. Making cities and settlements
accessible, safe, sustainable, and resilient while highlighting the importance of cultural
heritage is one of the most crucial components of the United Nations Agenda 2030 and the
new international policy for Disaster Risk Reduction 2015–2030 [45].

The significance of maintaining cultural diversity and promoting cultural pluralism in
developing sociocultural resilience is recognized in strengthening identity and a sense of
place when disasters occur. In addition, cultural heritage provides important capacities for
adapting conventional knowledge and abilities to contemporary environmental and social
circumstances by providing evidence of the traces of past societies and environmental
changes [71]. Settlements today face global and local challenges such as climate change,
globalization, drought, human migration, ageing populations, and economic and social
challenges. In tackling these challenges, there is an absence of funding for upkeep and
rehabilitation, and a lack of knowledge and skills to preserve the sociocultural resilience of
cultural heritage. Consequently, in improving the resilience of the built environment and
cultural heritage sites, it is significant to adopt strategies that aim to protect and enhance
cultural heritage and include community participation to improve quality of life. Cultural
heritage sites will significantly contribute to resilience studies by providing a process and
an effective tool that enhances people’s capacity and communities to decide and turn those
judgments into action, from information to planning, implementation, and monitoring [69].

3.4. Economic Resilience

The increasing effect of climate change and challenges, urbanization, and popula-
tion growth are causing significant societal problems. Due to climate change-induced
effects, these problems result in massive and threatening impacts on local and global
economies [72]. The IPCC emphasizes the relative sensitivity of various geographies to
the challenges of climate change, particularly in developing countries and coastal areas.
Economic challenges are increased by various risks, such as inundation, coastal flooding,
coastal erosion, and drought response, which add additional burdens to today’s economic
development concerns. In this context, communities are called upon to raise awareness
through calls to improve local capability for both infrastructure and economic sustainabil-
ity [73,74]. However, the climate change mitigation strategies proposed by these calls have
high economic inputs that are difficult to meet in developing countries. However, cultural
heritage sites may become unusable over time if societies do not allocate the necessary
budgets to combat climate change. Therefore, the local economy can be damaged due to
climate-induced disruptions [72].

Climate change continues to affect countries’ economies, social welfare, ecosystems
on land and in water, and the organization of their geopolitical, political, and institutional
spaces. Climate change has far-reaching consequences for cities, coastal areas, and land-
scapes, especially economically. In the scale of cities, climate change is a factor that disrupts
and changes projects by causing energy supply disruptions, infrastructure risks, and food
and drinking water shortages. All these changes affect financial policies and recovery
strategies as they lead to monetary reduction and capital reconstruction [75]. In this context,
resources should be used more efficiently through risk-based prioritization and analysis,
sustainable materials and techniques should be used, community-based protection should
be ensured, and low-budget, effective solutions should be pursued.
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As a result of the four resilience topics examined within the scope of the study, a com-
prehensive literature review was conducted on the concept of “energy resilience”, which
constitutes the focus of the study. In this context, data was collected from the literature
on the necessary components, development strategies, and how AI-based prediction and
evaluation tools can be integrated into this process.

4. Methodology
Extreme climatic events, social transformation, economic resource constraints, and

changes in energy demands make preserving historic buildings a more complex and multi-
dimensional issue. This study addresses four main resilience areas (climate-based disaster
resilience, sociocultural resilience, economic resilience, and energy resilience) to increase
historic buildings’ resilience against changing climatic conditions. Each scope explains
the resilience mechanisms necessary for the sustainable conservation of historic buildings.
Furthermore, the study deepens the topic of energy resilience. It is analyzed under four
subheadings: building envelope resilience, resilience in carbon emission reduction, thermal
resilience, and holistic resilience development frameworks. This methodological approach
aims to contribute to understanding the resilience capacities of historic buildings against
climate change and to developing new conservation strategies specific to energy resilience
with an AI-based approach.

The study’s methodology consists of four phases structured within a qualitative
research framework to address the identified problem and achieve the objective. The study
involves (1) systematically scanning literature from international databases, (2) identifying
research trends related to energy resilience through content analysis, (3) identifying AI
integration and potential within the framework based on identified gaps in the literature,
and (4) developing a conceptual framework based on this data, including an AI-assisted
assessment and prediction for historic buildings (Figure 6).

Figure 6. The study’s four-stage methodological approach.

4.1. Systematic Literature Review with PRISMA Guidance

This study created three keyword groups to reach the targeted studies. These phrases
are “cultural heritage” or “tangible cultural heritage,” or “historic building” or “historic
building”(Topic) AND “thermal resilience” or “energy resilience,” or “envelope resilience”
or “carbon resilience” or “resilience assessment” or “resilience score” or “reducing green-
house gas” (Topic) AND “climate change” (Topic) and were searched in Web of Science
and Scopus databases. In the search, 94 sources, such as year range, type of publication, or
publication language, were found without restriction. The sources accessed in the study
were screened according to the four-stage process using the PRISMA method [76] and
analyzed according to availability and coverage. According to the analysis, 15 studies that
formed the focus of the study and covered all three keyword groups were found (Figure 7).
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Figure 7. The selection process of articles uses the PRISMA method.

4.2. Content Analysis

Within the scope of the study, 15 academic publications containing all three keyword
groups and focusing on energy resilience were examined, and a comprehensive content
analysis was conducted in this direction. The selection of these 15 publications was based
on their relevance to the topic. Studies that addressed the topic solely within the context of
historical buildings and energy but did not address climate change or future risk resilience
were excluded. These studies were analyzed in terms of implementation scale, field study,
building type, resilience approach, study method, purpose, findings, and conclusions. This
way, a comparative analysis of the existing literature’s trends, methodological differences,
and focus was conducted to determine research gaps, challenges, and upcoming studies’
needs in this area (Table 2).

In this study, the publications included in the content analysis were classified under
certain groups in line with their similarities and differences. While some of the analyzed
studies conducted their analyses at the building scale, others dealt with the context of
historic districts or the urban level. In studies conducted at the urban scale, the heat
island effect is generally considered within the scope of the resilience approach; adaptation
strategies are developed for microclimate conditions, and thermal comfort analyses are
intensively carried out in this direction. As the scale of the research decreases, the degree
of detail of the methods used in the analyses increases, and various scenarios are produced
through simulations based on climate data covering near periods, such as 2020–2050, and
distant periods, such as 2050–2100. Through these scenarios, the heating–cooling loads
of the buildings are calculated, and thermal comfort conditions are assessed to address
multiple resilience strategies (e.g., building envelope improvements and thermal comfort
optimization). However, some studies focus only on indoor air quality, while others directly
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assess the performance of the building envelope. When the methodological approaches
used are analyzed, it is seen that the simulation method is the most frequently used
method with future weather data on climate change. In addition, field measurements and
monitoring with various sensors are also included in the data collection process.

Table 2. Content analysis of the 15 academic publications analysed.

Reference Scale Case Study Resilience
Approach Method Aim Findings and

Conclusions

[15] Urban
Scenario based on

the Canadian
climate

Building
Envelope and

Thermal
Resilience

Simulation,
Thermal and
hygrothermal

measurements)

Determines how
climate change affects
the performance and
resilience of building

envelopes.

With its adaptive design
to different climatic

conditions, the study can
be a tool for performance

prediction in the
upcoming climate change.

[77] Building
Barcelona
residential
buildings

Thermal
Resilience Simulation

Analyzes how the
behaviour of

buildings will change
in scenarios where

extreme temperatures
are predicted to

increase in summer.

Shows that overheating
reduces thermal

endurance in ventilation
scenarios and affects the

comfort of the air
conditioner.

[16] Building

Le Corbusier’s
modern

architecture
buildings

Building
Envelope and

Thermal
Resilience

Simulation

Develops energy and
indoor environmental
quality solutions by

analyzing Le
Corbusier’s studio

apartment.

Adaptive strategies were
found to be important in
increasing resilience in

buildings against climatic
conditions.

[78] Urban
Gubbio/İtaly
Palazzo dei

Consoli

Thermal
Resilience (indoor

and outdoor)

Field Monitoring
and Simulation

Provides an approach
for heritage sites by

combining field
monitoring and

numerical modelling.

It reveals that the
proposed analysis helps

understand the impact of
cultural heritage on
indoor and outdoor

spaces.

[28] Urban
Molfetta

Historical
District/Italy

Envelope
Resilience

Data collection
and the

Geographical
clustering
method

Analyzes and
quantify process
hazards and plan

strategic actions to
reduce hazards.

The management system
in the study’s strategy

seems helpful in defining
actions and analysing

each case study.

[29] Urban Athens Historical
Centre/Greece

Thermal
Resilience

Thermal
Sensation-Ginovi

method,
Discomfort Index

Develops a plan for
how users can adapt
to adverse thermal

conditions.

Develops a feasible
climate change resilience
plan to assess the impacts

of urban warming.

[79] Urban
92 structures in
Florianopolis,

Brazil

Thermal
Resilience

Simulation and
resilience

assessment
method

Evaluates the thermal
resilience of heritage
to assess the risk of
indoor overheating.

Reveals the necessity of
strategies developed for

adaptive design in
resilience planning.

[80] Building
Review of various
buildings in New

Zealand

Building
Envelope and

Thermal
Resilience

Examining
strategies through

qualitative
research

Assesses energy and
seismic resilience
through current

policies and practices.

Emphasizes the
importance of integrated
approaches to energy and

seismic retrofitting.

[81] Urban Open spaces in
Campi, Venice

Thermal
Resilience
(outdoor)

Simulation and
Physiological

Equivalent
Analysis

Provides
improvements to

enhance the thermal
comfort of urban

areas.

Contributes to assessing
and strengthening

heritage based on climate
change.

[41] Building Casa
dell’Angelo/İtaly

Thermal
Resilience
(indoor)

On-site
monitoring and

Simulation

Proposes responsive
renovation strategies

to increase the
resilience of historic

buildings.

Shows that
microclimate-controlled
air conditioning systems

reduce energy
consumption.
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Table 2. Cont.

Reference Scale Case Study Resilience
Approach Method Aim Findings and

Conclusions

[82] Urban
Historic

residences in the
Cádiz region

Building
Envelope
Resilience

Monitoring and
data collection in

the field (data
logger, sensors)

Examines bioclimatic
design approaches

and how the city will
adjust to changing
climate conditions.

Shows that historic
dwellings are

climate-adapted and have
potential for

improvement.

[83] Urban Mediterranean
region/Italy

Building
Envelope
Resilience

Simulation and in
situ measurement

Develops an approach
that includes energy

retrofitting,
transformations, and

conservation.

Investigates the role of
compactness,

light-colored materials,
and roofs against

microclimate changes.

[84] Building

United
Kingdom/China

(industrial
buildings)

Carbon Resilience

Quantitative
review through

Life Cycle
Analysis

Advocates for the
need and guidelines

for including
embodied carbon.

Shows the contribution of
the inclusion of embodied
carbon to potential carbon

savings.

[85] Building
Vancouver,

Ottawa, Charlot-
tetown/Canada

Thermal
Resilience

Simulation and
resilience

measurements

Provides practitioners
with an assessment

framework for
building resilience.

Contributes to developing
building codes for climate

change-compatible
infrastructures.

[67] Building
A review of

studies in the
literature

Building
Envelope
Resilience

Analysis of
strategies based
on hydrophilic
characteristics

Assesses the moisture
compatibility of

façade renovation and
insulation materials.

Emphasizes the
importance of moisture
compatibility of thermal
insulation materials in

façade renovation.

Regarding the research questions, most studies center on historical buildings, climate
change, and thermal comfort. Only one of the studies analyzed in the content analysis
included a carbon emission reduction target. This study [84], which addresses carbon
resilience in the context of climate change, contributes to a significant gap in the literature
by using an LCA approach. Studies on carbon at the intersection of historic buildings,
energy resilience, and climate change are limited. Furthermore, conducting LCA analyses
and assessing the carbon emissions of historic buildings, which constitute a significant
share of the building stock, aligns with the goals of the Paris Agreement and would make a
significant contribution. Studies in this area should be increased, focusing on results and
proposing solutions in the context of the climate crisis. The distribution of the 15 studies
analyzed according to various criteria is shown in Figure 8 on the Sankey diagram.

Figure 8. Distribution of the studies that were content analyzed through the Sankey diagram.
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4.3. AI Integration Review and Potentials

The third phase of the study’s methodology focuses on examining AI integration
and identifying its potential. The literature presents applications of AI in the context
of historic buildings and their preservation. However, its use in the context of climate
change and energy resilience, its use in identifying future risks, and its development in
climate adaptation and resilience have been identified as lacking. Furthermore, the need for
measurement and evaluation tools to enhance the energy resilience of historic buildings [86]
highlights the importance and novelty of AI integration. In this context, the use of AI in
literature was examined, identifying the potential for integrating AI technologies into
the conceptual foundations of building envelopes, thermal comfort, and carbon emission
reduction. Both theoretical and applied studies were evaluated, considering application
areas such as AI-supported energy modeling, digital twins, thermal behavior patterns, risk
assessment, and decision support systems. The key components and integration methods
through which AI technologies can contribute to energy resilience were systematically
analyzed in this context.

AI technologies have been included in the conceptual framework because of their
applicability and potential in the context of climate change and energy resilience. AI is
important in predictive forecasting and decision systems with machine learning (ML)
and artificial neural networks (ANN), where researchers analyze multiple and complex
data sets. ML can develop algorithms to learn from data and make predictions based on
data sets. These technologies can suggest climate models by processing data on issues
such as precipitation trends, temperature records, and sea level rise, to determine the
environmental effects of the structure on a yearly basis from climate data in terms of pattern
creation. ML also has the potential to automate the detection of extreme weather events
or long-term climatic changes and the identification of anomalies [87]. In addition, AI
algorithms can significantly contribute to making optimal decisions and mitigating climate
strategies in carbon capture technologies and renewable energy integration. As climate data
becomes increasingly complex, AI technologies will play a critical role in understanding
this complexity and developing patterns. AI’s contributions to extreme weather forecasting
and early response systems by processing real-time data will be significant in its integration
with energy resilience and historical studies.

While AI offers significant opportunities in energy resilience, its application, particu-
larly in the context of historic buildings, presents limitations and challenges. One of the
most fundamental challenges is data quality and availability: many historic buildings’
digital documentation contains incomplete, inconsistent, or machine-unreadable data. Is-
sues of quality and accessibility, standardization, and inter-program transferability of data,
such as environmental monitoring, thermal values of material properties, or restoration
documentation, are common in historic buildings. Such buildings often lack a continuous
sensor network or digitized data, making it challenging to train reliable AI models. Further-
more, integrating high-resolution simulations with real-time data streams and predictive
modeling within the same framework can pose computational challenges, particularly in
resource-limited conservation contexts. These challenges highlight the need for adaptable
and scalable AI approaches incorporating hybrid modeling strategies capable of working
with fragmented or low-resolution data for cultural heritage applications. By addressing
these issues, AI’s potential could significantly contribute to historic buildings’ conservation
and energy resilience.

In this context, developing an AI-supported assessment and prediction framework
requires specific inputs and data. These datasets require defined input variables (e.g.,
building type, climate zone, material data, etc.), datasets for supervised learning and
scenario generation, ML-based training of the datasets to the system, regression models
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for resilience performance assessment and indicators, supervised classification models for
vulnerability assessment, and interpretability mechanisms and natural language processing
(NLP) processes for the decision support system. Specific data requirements must be
met in four key layers (Data Collection, Performance Analysis, Improving and Predictive
Modeling, and AI-Assisted Decision Support Systems) to implement the proposed AI-
supported framework. During the data collection phase, devices capable of simultaneously
capturing data with smart temperature and humidity sensors are required to monitor
indoor comfort and envelope behaviour. Data on historical building materials (e.g., thermal
conductivity, U-value, and moisture behaviour) is limited, especially in historical buildings,
and is often not digital. Therefore, field-collected data for calibration will be compared
with simulations using thermal cameras, data loggers, and U-value measurement devices.
Environmental climate-based data sources should include regionalized high-resolution
climate projections based on Shared Socioeconomic Pathways (SSP) scenarios, preferably
CMIP6 or CORDEX. Optimal decisions derived from remediation scenarios and patterns
learned through ML will form the data for predictive modeling and decision support
systems. However, existing historical building inventories often have non-standard digital
formats, posing challenges for training AI models. These limitations lead us to develop a
framework that includes hybrid modeling approaches that can work with fragmented and
analog data, especially in data-scarce contexts.

In this process, a theoretical, practical, data-driven, and technology-based framework
has been structured, considering the optimization potentials of energy performance pre-
diction and scenario-based decision support systems with machine-learning algorithms in
determining buildings vulnerable to climate change (Figure 9).

Figure 9. AI-supported conceptual framework development stages and flow.

The integration of artificial intelligence algorithms based on supervised learning is
recommended to validate the predictive dimension of the developed framework. Models
such as artificial neural networks, random forest regression, and support vector machines
will be used. These algorithms will be trained on hybrid datasets combining building
sensor data (e.g., temperature, humidity) and simulation outputs (e.g., heat load, envelope
deterioration). The aim is to estimate thermal resilience, shell resilience loss, and retrofit
requirements under different SSP climate scenarios. Normalization and missing data
completion methods will be applied in the data preprocessing stages. Model validation
is proposed using k-fold cross-validation and scenario-based stress testing. The output
generated will be integrated into AI-based decision support modules for early intervention
mechanisms and resilience-building scenarios. These methods will enable the framework
to move from conceptual to technically feasible.
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4.4. Developed Conceptual Framework and Discussion

The final phase of the study’s methodology, the development of the conceptual frame-
work, is based on data obtained in the first three phases. The first phase identified gaps in
the literature, the second phase identified the energy resilience components and method-
ological deficiencies, and the third phase identified the qualities and potential of the AI
tool to be developed. In the final phase, this data was synthesized, and a conceptual
framework based on literature findings was proposed to enhance the energy resilience and
adaptive capacity of historical buildings in the face of climate change. This conceptual
framework, intended to guide future studies focused on energy resilience, encompasses
the following topics: building envelopes, thermal retrofitting, life cycle analysis, carbon
emission reduction targets, integration of technological systems, adaptation to climate
change, integration with socioeconomic policies, and the development of a disseminated
system for cultural heritage by international standards. The framework developed in
this regard has four stages: situation analysis, improvement scenarios, adaptive system
integration and monitoring, and dissemination activities (Figure 10).

Figure 10. The energy resilience framework is proposed in the study.

A methodological approach has been developed by integrating the conceptual frame-
work and AI-enabled tools and technologies at various stages. Each framework component
serves as an input layer in the AI-powered decision-making system and optimization of
scenario-driven improvements. In the first process, it is recommended to analyze the status
of the building, determine its current performance with artificial intelligence-supported
simulation tools, and create its digital twin. The second phase of the conceptual framework,
future scenarios (based on IPCC’s SSP), is anticipated to significantly contribute to forming
climate patterns and AI-based climate pattern creation and prediction. In this way, it is
possible to evaluate the current situation and predict how the performance of the building
will change under different climate scenarios; thus, intervention decisions can become more
accurate and effective. It is expected that the third phase, integrating the collected primary
data into the AI-based system and its monitoring and testing, will provide significant
contributions to the resilience of the historical building through predictive maintenance
and early intervention opportunities. The final stage, real-time monitoring, will ensure
that strategies validated and tested through predictive analysis are disseminated to make
informed decisions and preserve historical buildings for future generations. By integrat-
ing decision support systems in AI-based structured data analysis, the framework gains
importance as a tool that balances conservation with energy resilience. In this respect, the
framework highlights the transformative potential of AI technologies that offer adaptable
and interactive solutions by proposing data-driven strategies for the resilience of historical
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buildings to climate risks. It will also enable conservationists and policy makers to set
priorities, monitor progress, and make informed decisions that facilitate the transition to
lower-carbon and more resilient historical buildings.

To illustrate how the proposed framework can be applied in practice, consider a
functional building constructed of historically valuable masonry, stone, or wood located in
a humid climate zone (e.g., Southern China or Asia). For this building, which experiences
thermal comfort problems and deterioration in the building envelope during the summer
months, data such as temperature, humidity, and surface condition will be collected on-site
using smart sensors and historical climate records. Subsequently, AI-supported energy
simulations (e.g., EnergyPlus, Design Builder) will be implemented based on SSP-based
scenarios for 2050. Based on the resulting performance predictions (ML), AI-supported
decision tools will recommend the most appropriate retrofit strategies (dynamic shading,
moisture control layers, or low-carbon insulation materials). This scenario demonstrates
how the layered structure of the proposed framework (data, diagnostics, retrofitting,
prediction, decision support) can be integrated into the energy resilience development
process of historical buildings against future climate pressures. Optimized decisions will
be disseminated, providing an adaptable basis for historical buildings with similar climates
and techniques.

5. Conclusions and Recommendations for Future Work
Climate change and its effects are among the most critical challenges worldwide.

Climate change’s effects are multifaceted and becoming more detrimental to nature and
human existence. Today’s conservation and environmental policies must adopt a multi-
disciplinary strategy to sustain historic buildings. In this context, developing strategies
for cultural heritage to adjust to climate change and make it more resilient comes to the
fore. In this context, the concept of energy resilience concentrates on the ability of buildings
to maintain their function and quality and not compromise on energy losses according
to changing climatic and environmental conditions. It also includes the development
of approaches specific to historical buildings in this regard. It is also the entire process
of developing energy resilience, providing appropriate solutions without damaging the
cultural values of the building, developing passive air conditioning facilities, and, where
necessary, active system integration according to legal rules. It is seen that this concept,
which is important for historical buildings, has only recently been mentioned in literature.

This study emphasizes the significance of energy-oriented approaches in ensuring his-
torical buildings’ sustainability and adapting to future climate conditions. It also proposes
an AI-based conceptual framework for energy resilience. The framework proposed in this
study aims to preserve and optimize historic buildings’ physical energy performance. The
conceptual framework presents a holistic approach, from analyzing the current state of
historic buildings to improving strategies (in the building envelope and thermal comfort)
to monitoring and evaluation mechanisms for preparedness for future conditions. It also
emphasizes integrating cultural sustainability with ecological and innovative systems,
focusing on analyzing the carbon emissions caused by the historical building in its life cycle.
Within the scope of AI integration into the conceptual framework, it is suggested to define
decision support systems for energy consumption, detection of fragile building compo-
nents, and early intervention with predicted models of the performance of the building in
the coming years under different climate scenarios. In this way, it is aimed to benefit from
the decision-making equipment of the proposed framework with data-based prediction
and predictive maintenance. Thus, historical buildings, which have become vulnerable
to today’s climate conditions, are expected to be more resilient and sustainable in terms
of energy and contribute to social, economic, and cultural policies. Integrating all these
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processes in line with international standards requires a theoretical and methodological
approach applicable to all world heritage.

As a result, in tackling the climate crisis in historic buildings, issues such as energy
sustainability and environmental impacts should also be considered, instead of only a
conservation-oriented approach. This conceptual framework, developed in this direction,
provides an AI-based tool for conservation and climate adaptation policies by providing a
holistic and data-driven perspective on energy resilience and forms the basis for application
for future research. This study highlights the gaps in existing literature (carbon reduction
target in historic buildings and holistic approach including LCA) by presenting an approach
to increase energy resilience. This energy resilience conceptual framework, which aims to
minimize historical buildings’ environmental impacts and energy consumption throughout
their life cycle, offers a holistic approach to increasing adaptation to climate change and
reshaping conservation policies accordingly.

In future studies, testing the applicability of this framework in different geographical
and cultural contexts with field applications in various climatic zones and simulation of
future weather data will contribute theoretically and practically to the literature on the
subject. To test, validate, and assess the transferability of the proposed framework, future
research will conduct empirical applications on selected historical buildings located in
different climatic zones and geographical regions. Case study areas will be selected con-
sidering (i) climatic stress profile (e.g., temperature range, humidity index, precipitation
variability), (ii) typological and material properties (e.g., masonry, timber, hybrid systems),
and (iii) policy and regulatory framework (e.g., conservation legislation, energy efficiency
codes). During the implementation phase, methods such as real-time data monitoring with
environmental sensors, heating and cooling load simulation analyses, simulation-based
predictions under SSP scenarios, and AI-assisted performance modeling (ML models for
energy demand, degradation mapping, adaptive retrofit recommendations) will be em-
ployed. These multi-context applications will provide quantitative data-driven assessments
of the scalability, sensitivity, and practical utility of the framework. Also, a multi-stage
validation plan is proposed for future research, including (i) pilot testing with field data on
selected historical buildings under different climatic conditions, (ii) comparison of model
outputs with traditional simulation tools, and (iii) expert reviews using the Delphi method
to assess the quality of the decision support system and the AI-based framework. The
model’s predictive performance, adaptability to low-data environments, and integration
with decision support systems will be evaluated. These analyses will demonstrate the
AI-based framework’s contribution, accuracy, and scalability in the context of cultural
heritage climate resilience. Furthermore, for future studies, elaborating this conceptual
framework and developing a method that will enable the quantitative analysis of the energy
resilience of historic buildings by assigning weight coefficients to each component will
make a significant contribution to addressing a gap in the literature that has been discussed
for modern buildings but has not been sufficiently studied in historic buildings.
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