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Abstract — This review explores the role of artificial intelligence (Al) in enhancing energy efficiency within heritage buildings,
focusing on balancing sustainability goals with the preservation of historical and architectural integrity. Al technologies such
as Building Energy Management Systems (BEMS), digital twins, and reinforcement learning provide innovative solutions to
optimize energy use while minimizing physical interventions. Heritage buildings pose unique challenges for energy retrofits
due to structural and regulatory constraints, but Al-driven tools offer non-invasive strategies that align with conservation
principles. By predicting energy consumption patterns, facilitating adaptive climate control, and improving predictive
maintenance, Al technologies can ensure that energy efficiency goals are met without compromising the building’s historical
character. The review also addresses ethical considerations, such as data privacy and the cultural implications of Al
interventions in heritage structures. This study highlights the potential for Al to revolutionize energy retrofitting in heritage
architecture, providing a roadmap for future research on the integration of Al with sustainable building practices.

Keywords — Artificial Intelligence, Energy Efficiency, Heritage Buildings, BEMS, Digital Twins, Sustainable Retrofitting

L

Energy efficiency has become a critical focus in
contemporary architectural practice, particularly as the
demand for more sustainable and environmentally friendly
buildings has grown. Buildings are significant consumers of
energy, with the building sector accounting for roughly 40%
of global energy usage [1]. This high consumption highlights
the necessity for innovative design strategies that minimize
energy use while maintaining occupant comfort. Among the
most effective strategies are passive design solutions, which
use natural environmental conditions (such as sunlight and
wind) for heating, cooling, and lighting, reducing the need for
mechanical systems [2]. Incorporating these strategies during
the architectural design phase is essential for long-term
sustainability, as design decisions have a lasting impact on a
building's energy performance [3].

Contemporary architectural practices have also begun to
emphasize the importance of optimizing the building
envelope, which is the physical separator between the
conditioned interior and unconditioned exterior environments
[4]. A well-designed building envelope, including the
strategic use of materials, window-to-wall ratios, and shading
elements, can significantly enhance energy performance by
reducing heat transfer and air leakage [5], [6]. Moreover,
bioclimatic design principles, which prioritize the integration
of local climate conditions into building design, offer
substantial energy savings while maintaining comfort[7].
Such approaches ensure that architecture not only responds to
environmental needs but also contributes to broader efforts to
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mitigate  climate change through reduced energy
consumption.
Retrofitting heritage buildings to improve energy

performance presents a unique set of challenges, primarily
due to the need to preserve their historical integrity [8]. One

of the most significant difficulties is the balance between
improving energy efficiency and maintaining the aesthetic
and structural authenticity of these buildings [9], [10].
Heritage buildings often rely on traditional construction
methods that differ from contemporary techniques, leading to
unique physical characteristics such as thick walls, irregular
geometries, and permeable building envelopes [8]. These
features make it difficult to apply standard energy retrofit
solutions like insulation or window upgrades without altering
the building’s visual and material character [8], [11].
Moreover, the cultural and historical value attached to these
buildings frequently places legal constraints on the types of
alterations that can be made, further complicating retrofit
efforts [12], [13].

In addition to technical challenges, financial and regulatory
hurdles also pose barriers to energy retrofits in heritage
buildings [14]. Retrofitting historic structures often requires
specialized materials and techniques, which can significantly
increase costs [13]. Furthermore, the planning and approval
process for such projects can be lengthy, as it requires
compliance with strict heritage conservation regulations that
prioritize the preservation of the building's original features
over the adoption of energy-saving technologies [10], [15].
The complexity of these projects is compounded by the need
for a multidisciplinary approach, integrating expertise from
conservationists, architects, and engineers to ensure that both
energy performance and heritage conservation goals are met
[9], [16].

Artificial intelligence (Al) is playing a growing role in
optimizing energy use in architectural design, particularly
through the use of advanced algorithms and data-driven
models that enhance energy management. In contemporary
buildings, Al techniques such as machine learning (ML) and
deep learning can analyze vast amounts of data from sensors
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to predict energy consumption patterns and optimize heating,
cooling, and lighting systems accordingly [17], [18]. Al-
based systems, like Building Energy Management Systems
(BEMYS), help manage the complex interplay between indoor
environmental conditions and energy use, ensuring energy
efficiency while maintaining occupant comfort [19], [20].
These systems can also adapt in real time to changes in
building use or environmental conditions, thus providing
dynamic optimization that surpasses traditional methods [21].

When applied in heritage contexts, Al offers transformative
possibilities for improving energy efficiency without
compromising historical integrity. Al models can integrate
with digital twins—virtual representations of physical
buildings—to simulate energy performance and predict the
impact of retrofit measures [22]. This allows heritage
buildings to benefit from energy-saving technologies while
preserving their historical features. Furthermore, Al can
facilitate non-invasive retrofitting strategies by using data
analytics to identify opportunities for energy optimization
through minimal physical alterations [23], [24]. This
approach is critical in ensuring that energy retrofits align with
conservation principles, striking a balance between
modernization and the preservation of cultural heritage [22].

Al technologies hold potential for enhancing energy
efficiency in both contemporary and heritage buildings. By
leveraging intelligent systems that analyze real-time data and
simulate building performance, Al enables significant
reductions in energy consumption while maintaining
occupant comfort. In the context of heritage buildings, Al
offers solutions that respect the architectural and historical
value of these structures, employing non-invasive strategies
that align with conservation principles. As Al continues to
evolve, its role in addressing the complex challenges of
sustainable retrofitting will become increasingly essential.
This leads to a broader discussion on the need for energy
efficiency in heritage architecture, where historical context
and current regulations often limit retrofit possibilities. In the
following section, these conservation guidelines and the
challenges of applying energy standards without
compromising the authenticity of heritage structures is
explored in detail.

II. THE NEED FOR ENERGY EFFICIENCY IN HERITAGE
ARCHITECTURE

Conservation guidelines often place significant limitations
on energy retrofits in heritage buildings to ensure that their
historical, cultural, and architectural values are preserved. In
many cases, retrofitting must be conducted in a way that
avoids altering the building's original materials, structure, or
appearance. For example, in Italy, where much of the
architectural heritage predates 1945, regulations restrict
interventions that would modify the external appearance or
internal layout of historical buildings [8], [25]. The European
Union’s Energy Performance of Buildings Directive (EPBD)
and its recast (2010/31/EU) acknowledge the importance of
historical preservation by allowing exemptions for buildings
of architectural or historical significance. These buildings can
be excluded from modern energy efficiency requirements if
compliance would result in unacceptable changes to their
fabric or appearance [26], [27].

Despite such exemptions, the growing recognition of the
need for sustainability has led to an evolving discussion

around how to achieve energy efficiency without
compromising heritage. In Sweden, for example, the
Planning and Building Act allows for a nuanced approach,
where energy retrofits must consider the unique
characteristics of historical buildings, balancing the need for
conservation with sustainability goals [27]. International
frameworks, such as the UNESCO Convention Concerning
the Protection of the World Cultural and Natural Heritage,
provide an additional layer of protection for heritage
buildings, reinforcing the importance of retaining original
materials and construction methods [28]. However, these
stringent guidelines can create conflicts between achieving
energy efficiency and maintaining the authenticity and
integrity of heritage buildings [8], [29].

Applying new energy standards to heritage buildings
presents a variety of challenges due to the structural,
aesthetic, and cultural considerations inherent in historic
properties. One of the primary issues is the incompatibility of
contemporary energy-efficient technologies with the
traditional materials and construction methods used in
heritage buildings. For instance, many heritage structures
lack insulation or vapor barriers, and they rely on natural
ventilation and thermal mass to manage indoor climates. The
introduction of modern insulation materials or HVAC
systems can disrupt these passive climate control methods,
potentially leading to moisture buildup and structural
damage, as discussed by Webb [8]. Moreover, energy
retrofitting measures such as external insulation, solar panels,
or new window systems are often deemed unsuitable for
heritage buildings because they alter the building's visual
character, which is protected by conservation principles [8],
[30].

In addition to the technical challenges, there are also
regulatory constraints. Many countries have strict laws
governing alterations to historic buildings, which limit the
scope of retrofitting. These laws, aimed at preserving the
cultural and historical significance of heritage structures,
often exempt such buildings from contemporary energy
efficiency regulations. However, this exemption can leave
these buildings lagging behind in terms of energy
performance, which conflicts with the sustainability goals. In
some cases, regulations require a case-by-case evaluation to
balance conservation needs with energy efficiency upgrades
[10], [31]. As Tejani (2021) pointed out, the installation of
energy-efficient systems like modern HVACs can be
challenging without affecting the building's original aesthetic,
further complicating the retrofitting process [32]. The
complex interplay between regulatory  guidelines,
conservation needs, and technological limitations underscores
the difficulties in applying energy standards to heritage
buildings.

III. AT TECHNOLOGIES FOR ENHANCING ENERGY EFFICIENCY

Al technologies have become a transformative tool in
managing and optimizing energy use in buildings,
particularly through predictive control systems and energy
consumption forecasting [17]. Al-driven Building Energy
Management Systems (BEMS) utilize advanced algorithms,
such as machine learning models, to predict energy needs
based on real-time data, thereby optimizing the operation of
heating, cooling, and lighting systems [33]. These systems
dynamically adjust to external and internal environmental
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conditions, improving overall energy efficiency. Predictive
control models can anticipate changes in weather or
occupancy, reducing the need for reactive energy use and
optimizing energy flow across systems in the building. In
historic structures, these systems can play an even more
crucial role by ensuring that energy usage is minimized while
still maintaining thermal comfort [20], thus protecting the
building’s fragile structure from excessive heating or cooling
(81, [27].

Al-based systems can provide detailed energy
consumption forecasting [34]. By analyzing large data sets,
Al models can predict long-term energy consumption trends
and help building managers make decisions on when to
reduce consumption or apply energy-saving measures. Al-
driven climate control systems in smart buildings monitor
parameters such as temperature, humidity, and ventilation,
which ensures energy is used efficiently and the specific
needs of the building is adapted. In heritage contexts, Al's
ability to fine-tune climate control in real-time is invaluable,
as it prevents unnecessary strain on delicate building
materials while maintaining a stable indoor environment [32],
[35]. These Al systems offer the possibility to retrofit
heritage buildings without needing invasive physical
interventions, aligning with the principles of conservation.

Al also plays a critical role in predictive maintenance,
particularly for heritage buildings where structural integrity is
a primary concern. Al-based monitoring systems can track
various parameters such as air quality, humidity, and energy
consumption patterns in real time, identifying anomalies that
may indicate potential system failures or inefficiencies [36].
Using machine learning algorithms, Al can predict when
maintenance is needed, thus preventing costly damage to both
energy systems and the building structure [31]. For instance,
digital twin technology (a virtual representation of the
physical building) integrates with Al to simulate and monitor
building performance, ensuring that any structural or energy-
related issues are detected early [8].

In heritage buildings, where intrusive maintenance can
damage historical materials, Al offers a non-invasive method
to maintain optimal energy performance while preserving the
building's integrity. Al-driven predictive maintenance
reduces the risk of system failures, which could otherwise
result in sudden environmental changes that negatively
impact the structure. Additionally, this technology can help
prioritize interventions, which ensures the maintenance work
is only performed when absolutely necessary and with
minimal disruption to the building. The ability of Al to
optimize maintenance schedules based on real-time data and
historical trends can extend the lifespan of both the building’s
energy systems and its structural components [30], [32].

IV.BALANCING HERITAGE CONSERVATION AND ENERGY
EFFICIENCY USING Al

One of the primary challenges in retrofitting heritage
buildings lies in the inherent conflict between preserving
their historical and architectural value and improving their
energy efficiency. Heritage buildings often feature unique
materials and construction methods that contribute to their
cultural significance, but these same features pose obstacles
to energy-saving measures [12]. For example, the
introduction of insulation or energy-efficient windows can
alter the building's appearance, which is strictly regulated by

conservation laws [16]. Retrofitting projects that introduce
advanced energy-efficient systems like HVAC or PV panels
risk damaging the original structure or disturbing the
historical integrity of the building. Thus, it is difficult to
comply with both sustainability goals and conservation
requirements [37]. Balancing these needs demands careful
planning and a willingness to accept trade-offs between
reducing energy consumption and preserving historical
authenticity.

In many cases, regulatory frameworks provide exemptions
for heritage buildings from modern energy standards, as these
standards are often incompatible with conservation laws[9].
However, this exemption can result in heritage buildings
falling behind in energy performance, and eventually
contributing to higher operational costs and carbon emissions
[38]. This presents a dilemma, as ignoring energy efficiency
improvements undermines efforts to meet climate goals,
while imposing these changes risks damaging invaluable
cultural assets[11], [12]. The tension between energy-saving
measures and the preservation of heritage features remains a
significant barrier to the sustainable retrofitting of historic
buildings.

Al offers a promising solution to these challenges by
providing adaptive retrofit strategies that are non-invasive
and tailored to the specific characteristics of heritage
buildings [36]. Al-driven tools, such as Building Energy
Management Systems (BEMS) and Historic Building
Information Modeling (HBIM), can optimize the energy
performance of heritage structures by simulating various
retrofit options and identifying those that have minimal
impact on the building’s appearance and structure [37]. For
example, Al can predict energy consumption patterns based
on historical data and propose solutions like smart climate
control, which improves thermal comfort without requiring
invasive structural changes [11], [16]. By integrating Al with
digital twin technologies, heritage buildings can be modeled
in virtual environments, allowing planners to test retrofit
measures and evaluate their impact before implementation
[12].

Al can facilitate the selection of passive design strategies
that harmonize with the existing features of heritage
buildings. For instance, Al can be used to optimize natural
ventilation or solar shading systems that leverage the
building’s original design elements, such as courtyard layouts
or thick stone walls, to reduce energy consumption while
preserving historical authenticity [3], [6]. This adaptive
approach not only ensures compliance with conservation
regulations but also enhances the building’s sustainability,
extending its lifespan and reducing its environmental
footprint. The integration of Al in heritage retrofitting
presents a significant opportunity to overcome the trade-offs
between conservation and energy efficiency, ensuring that
these cultural assets are preserved for future generations
while contributing to climate goals.

V. THE FUTURE OF Al IN HERITAGE CONSERVATION FOR
ENERGY EFFICIENCY

Emerging AI technologies hold great potential for
revolutionizing energy efficiency in heritage buildings. One
of the most promising advancements is the integration of
digital twins with Al, creating virtual replicas of heritage
buildings that simulate energy use and structural behavior in
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real-time [22]. These digital twins enable non-invasive
testing of retrofit solutions, allowing architects and engineers
to predict the energy impact of various interventions without
physically altering the building. Such systems use data from
sensors installed within the building and external
environmental sources to forecast energy needs, detect
inefficiencies, and propose optimization strategies [18], [22].
Al-driven digital twin models provide heritage buildings with
smart, adaptive energy management systems that balance the
need for energy efficiency with the conservation of cultural
and architectural integrity [22].

In addition to digital twins, reinforcement learning is
another emerging Al trend that could significantly enhance
energy efficiency. Reinforcement learning algorithms,
particularly when applied to solar microgrids, have shown the
potential to optimize energy use through dynamic decision-
making systems [39]. This technology can be applied to
heritage buildings with on-site renewable energy sources,
optimizing energy flow while reducing reliance on external
grids. Reinforcement learning allows for real-time
adjustments to energy systems, reducing waste while
preserving building materials and minimizing the risk of
invasive retrofits[39]. As Al technologies continue to evolve,
their application in heritage buildings will not only improve
energy performance but also create opportunities for more
sustainable and intelligent conservation practices.

While AI offers innovative solutions for enhancing energy
efficiency in heritage buildings, it also raises important
ethical concerns. The integration of Al into historic structures
necessitates a careful balance between technological
advancements and the preservation of cultural heritage. One
key concern is ensuring that Al-driven retrofits remain
compatible with the historical and architectural values of the
building. Over-reliance on Al could lead to solutions that
prioritize energy efficiency over heritage conservation,
potentially resulting in the loss of a building's unique
character [15], [40]. Preservationists argue that any Al-driven
interventions must align with established conservation
principles, such as minimal intervention and reversibility, to
avoid irreversible damage to the building's fabric [15].

Furthermore, the use of Al in heritage conservation raises
questions about data privacy and ownership. The continuous
monitoring of buildings via sensors to gather data for Al
systems could lead to concerns about the management and
protection of that data. In addition, the use of Al technologies
in public or religious heritage buildings might bring debates
about whether technological interventions align with the
cultural or symbolic meanings of the structure[8], [10].
Therefore, future developments in Al-driven heritage
conservation must incorporate ethical guidelines that
prioritize both the protection of cultural heritage and the
privacy rights of building occupants and owners. Balancing
technological innovation with ethical and cultural sensitivity
will be key to ensuring the successful and responsible use of
Al in the conservation of heritage buildings [18], [21].

VI. CONCLUSION

In this review, the transformative role of Al in enhancing
energy efficiency within heritage buildings were explored
while addressing the unique challenges posed by
conservation requirements. Al technologies, such as Building
Energy Management Systems (BEMS), digital twins, and

reinforcement learning algorithms, provide sophisticated
tools for optimizing energy use without compromising the
structural or aesthetic integrity of heritage structures. These
innovations enable non-invasive retrofit solutions, predictive
maintenance, and adaptive energy management, all of which
are critical for balancing the dual objectives of sustainability
and conservation. As demonstrated, Al-driven technologies
not only improve energy performance but also extend the
lifespan of heritage buildings by minimizing the need for
disruptive physical interventions.

Despite the significant potential of Al, its application in

heritage buildings is not without challenges. Ethical
considerations surrounding data privacy, technological
overreach, and the preservation of cultural values must be
carefully managed to ensure that Al solutions align with
conservation principles. Additionally, the limitations posed
by existing conservation regulations highlight the need for a
more integrated approach that recognizes both the
environmental and historical significance of heritage
buildings. As Al technologies continue to evolve, their
integration into heritage conservation must be guided by
policies that prioritize the protection of cultural heritage
while fostering energy efficiency.
Further research is required to refine the application of Al in
heritage buildings. First, more studies should focus on the
development of Al models that can simulate energy retrofits
without altering the building’s historical features.
Additionally, there is a need for ethical frameworks that
govern the use of Al in heritage conservation, ensuring that
technological advancements do not undermine cultural
integrity. Lastly, future research should explore the potential
of integrating AI with renewable energy sources in heritage
buildings, such as solar microgrids, to further reduce carbon
footprints while preserving their unique characteristics. By
addressing these areas, Al can play an increasingly central
role in the sustainable conservation of heritage buildings.
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