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ARTICLE INFO ABSTRACT

Keywords: The acceleration of urbanisation and the escalating impacts of climate change have elevated urban energy
Urban energy management management (UEM) to a critical priority of sustainable development agendas. Historic cities, with their dense
Heritage

concentration of cultural heritage assets and often thermally inefficient building stocks, offer significant op-
portunities for energy efficiency improvements. Yet, UEM in historic urban environments remains under-
investigated. This study provides a critical review of UEM in historic cities, combining bibliometric analyses
to trace the field’s developmental trajectory, scientometric analyses to identify key research areas and thematic
clusters, and thematic analyses of influential studies within these clusters. It identifies five dominant thematic
areas (sustainable development, climate change, energy efficiency, renewable energy, and circular economy) and
reveals a growing convergence around digital transformation and multi-sensor diagnostic systems. It also out-
lines three strategic pathways for future research and practice related to: (i) the transition from isolated pilot
projects to interoperable, scalable infrastructures, (ii) the evolution from technical-centric approaches to inte-
grated frameworks that embed ethics, governance, and social equity; and (iii) the shift from top-down planning
to community-informed implementation models. The integration of Artificial Intelligence, machine learning, and
advanced sensing technologies with heritage conservation principles is identified as a transformative frontier for
achieving energy resilience without compromising cultural value. By articulating these trajectories, the paper
establishes a research agenda to guide the next generation of UEM strategies for historic cities.

Historic cities

Energy efficiency
Renewable energy resource
Climate change

Introduction health, resource availability, and cultural preservation. Urban impacts

include rising sea levels, intensified urban heat island effects, more

Nowadays, more than half of the world’s population resides in urban
areas, and this share is projected to rise to 68% by 2050 [1]. Urban areas
consume between 60% and 80% of the world’s total energy and are
responsible for approximately 75% of global carbon emissions [2].
Projections suggest that global average temperatures will rise by
1.0 °C-3.7 °C by the end of the 21st century, compared to the baseline
period of 1986-2005 [3]. This warming trajectory presents multifaceted
threats to urban sustainability, affecting infrastructure resilience, public

frequent extreme weather events, and accelerated degradation of eco-
systems, landscapes, and built heritage [4,5].

In response to these challenges, Urban Energy Management (UEM)
has emerged as a global priority. Policies and regulatory frameworks
have been adopted across countries to promote energy efficiency,
renewable energy integration, nearly zero-energy buildings, and large-
scale renovations [6-9] as key strategies for achieving long-term
climate and carbon neutrality goals [10]. China announced its “dual
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carbon” target, which strives to peak CO, emissions by 2030 and achieve
carbon neutrality by 2060 [11-14]. It also defines an array of comple-
mentary measures for the energy sector and urban development [15].
Australia aims to achieve a carbon-neutral built environment by 2050
through enhanced energy efficiency standards in the National Con-
struction Code (NCC) [16-18]. Besides, the 2030 Agenda for Sustainable
Development, adopted by all United Nations (UN) members in 2015,
explicitly addresses urban sustainability through Sustainable Develop-
ment Goals (SDGs) 11 “Sustainable Cities and Communities” and 7
“Affordable and Clean Energy”.

Within this broader urban context, historic cities, characterized by
centuries-old and dense heritage buildings, represent a unique and
complex challenge for energy management [19]. They serve as both a
driver and a practical instrument for the UEM decision-making process
[20]. Despite their energy inefficiencies related to poor insulation and
outdated systems, they hold significant potential for improvement
through targeted retrofitting [21]. They contain considerable amounts
of embodied energy that are lost through demolition and replaced with
new emissions from redevelopment projects [22]. Conversely, their
preservation and adaptive reuse can significantly reduce life-cycle en-
ergy consumption and mitigate carbon emissions compared to new
constructions [23]. Furthermore, traditional buildings frequently
incorporate vernacular design strategies that passively adapt to local
climatic conditions [24]. Although heritage buildings may appear
unique, they share recurring features shaped by urban morphology,
architectural typology, traditional construction techniques, and local
environmental conditions [25].

The primary challenge in energy retrofitting for heritage buildings is
balancing energy efficiency with the preservation of heritage values, a
difficulty widely recognized in the literature [26]. Heritage value is a
non-renewable resource and therefore requires consideration equal to
that of energy-performance goals [27]. However, achieving this balance
is challenging because conservation requirements often conflict with
thermal comfort and energy cost reduction, and retrofitting measures
may also affect the building’s physical integrity and broader environ-
mental performance [26-28]. To address these tensions, Piderit et al.
proposed an integrated framework combining heritage, energy, and
pathological diagnostics to support decision-making in energy-
vulnerable contexts [29]. They argue that compatibility between pres-
ervation and efficiency is possible but requires careful weighing of
heritage values [30]. Similarly, Roberti et al. developed a quantitative
multi-objective optimization method to identify optimal retrofit strate-
gies, demonstrating that heritage preservation can meet strict energy
and comfort requirements, although higher efficiency levels may
compromise cultural significance [31]. The architectural complexity of
historic buildings further constrains intervention choices, increases
costs, and reduces economic feasibility, often leading stakeholders to
prioritize energy savings over heritage values [26,29]. In addition, strict
conservation regulations often limit invasive interventions and restrict
technological applications [32,33]. Therefore, effective UEM in historic
cities must go beyond the building scale to consider city-wide strategies
that respect historical cohesion and urban identity [25]. The integration
of energy infrastructures is also critical, requiring a shift from frag-
mented assessments toward comprehensive management approaches
[34]. Recent advances in information and communication technologies
(ICT) and non-destructive testing (NDT), including unmanned aerial
vehicles (UAVs) and digital platforms, have improved the assessment
and management of energy performance in historic urban environments
[35,36]. These tools allow for integrated analysis across energy domains
and help with a more comprehensive understanding and management
strategies of urban energy systems [37]. Despite recent advancements,
large-scale implementations are limited [37]. Similarly, although UEM
in historic contexts has gained growing importance [38], a compre-
hensive understanding of the topic remains fragmented and underde-
veloped [39]. To address this gap, this review critically examines the
scientific literature on UEM in historic cities, with the aim of providing a
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comprehensive overview of historical evolutions, dominant research
themes in current discourse, methodological approaches, technological
trends, opportunities, risks, and challenges. Accordingly, this study ad-
dresses the following research questions (RQ):

— RQ1: How has the scientific literature on UEM in historic cities evolved in
terms of volume, scope, and disciplinary contributions?

— RQ2: What are the dominant research themes, methodological ap-
proaches, and technological trends that characterize recent work on UEM
in historic cities?

— RQ3: What are the main opportunities, risks, and challenges associated
with implementing effective urban energy management strategies in his-
toric cities?

Research methodology
The study adopts a three-step method:

— Bibliometric analysis to map the development trajectory of the field.

— Scientometric analysis to identify key research areas and thematic
clusters.

— Thematic analysis of influential contributions within each cluster.

This approach facilitates the analysis of thematic developments over
time, the extent of diffusion and dispersion, and the overall status of
UEM research within the heritage sector. The search methodology
comprises the four key steps (Fig. 1):

Data extraction (Section 2.1).

Data sorting (Section 2.2).

Application of selection criteria (Section 2.3).

Execution of scientometric and thematic analyses (Section 2.4).

Data extraction

Data extraction includes all relevant studies published up to July
2025, retrieved from two major bibliographic databases: Scopus and
Web of Science (WoS). These repositories were selected for their well-
documented complementary strengths: Scopus offers access to a wider
range of academic journals, whereas WoS offers more extensive histor-
ical indexing [40,41]. In line with established bibliometric protocols
[42], an identical search strategy was executed independently within
each database. The resulting datasets were subsequently merged, and
duplicate entries were removed. A structured screening was then per-
formed to validate both the relevance and the internal coherence of the
final selection.

The search employed the keywords “Urban”, “Energy”, “Manage-
ment”, and “Heritage”, combined with the Boolean operator AND to
ensure thematic specificity and alignment with the research objectives.
The operator OR was tested but excluded because it generated too many
off-topic records. Significant discrepancies emerged between Scopus and
WoS in terms of search behavior and output. In Scopus, the most
effective approach was to apply the TITLE-ABS-KEY (title, abstract, and
keywords) filter, which returned relevant and manageable results.
Conversely, the ALL search fields introduced considerable noise due to
the inclusion of many non-pertinent results. For this reason, only TITLE-
ABS-KEY results were retained [43]. In WoS, the TOPIC search returned
few or no records, a pattern that can be attributed to more restrictive
indexing practices of the platform [40]. Consequently, the ALL FIELDS
option was adopted to include the KeyWords Plus features. The results
are summarized below (Table 1).

This search strategy ended up in 171 results from Scopus and 269
results from WoS, spanning the period from 1998 to 2025. These data-
sets were then merged, resulting in 371 unique records after removing
69 duplicates. The integration of Scopus and WoS datasets was



Sustainable Energy Technologies and Assessments 91 (2026) 105042

3 Clarivate”
Web of Science

KIBIBEXPY
@ python

HVOSviewer

As depicted in Fig. 2, the initial phase (1998-2011) was charac-

X. Zhang et al.

Step 1: Data Extraction

I.  Search Database: Scopus & Web of Sicence

II.  Search Types: “TITLE-ABS-KEY” and “ALL”

II. Search Keywords: "Urban" AND "Energy" AND "Management" AND "Heritage"

IV. Search Time Span: 1998- July 2025

V. Search Time: May 27, 2025

VI. Indenfication of the Publications

Step 2: Data Sorting

I.  Merge Scopus & WoS Datasets by Bibexpy based on Python.

II.  Identify the annual publication trend from 1998 to July 2025 to trace the historical
development of UEM.

III.  Set the period from 2020 to 2025 as the focus for subsequent scientometric and
thematic analyses.

Step 3: Application of Exclusion Criteria
Removal of Umbrella Abstract or Correction Publications

II Removal of Non-English Publications

II. Detailed Read of Titles and Abstracts

IV. Detailed Read of Full Contents

Step 4: Execution of bibliometric, Scientometric and Thematic Analysis

1. Keywords Co-Occurence: VOSViewer

II.  Indetification of Clusters and Main Topics

II. Thematic Analysis

IV. Ciritical Review of Each Themes

Fig. 1. Research methodology workflow (source: Authors' elaboration).
Table 1

Search strategy and selected results (in red colour, 27 May 2025): Scopus (n =
171) & WoS (n = 269) (source: Authors' elaboration).

Search query Scopus Web of science
ALL TITLE-ABS- All fields Topic
KEY
“Urban” OR “Energy” 34,243,196 13,199,389 12,848,437 9,095,964
OR “Management”
OR “Heritage”
“Urban” AND “Energy” 26,351 171 269 93

AND “Management”
AND “Heritage”

Source: Authors’ elaboration

facilitated using the BibexPy tool, which is specifically designed to
support the merging and deduplication of bibliometric records from
both databases [41].

Data sorting

To highlight the research focus of this study, all 371 articles retrieved
between 1998 and 2025 were systematically organised and analysed.
The annual publication trend was examined to reconstruct the historical
evolution and the broader research trajectory of UEM in historic cities.
The earliest identifiable contribution dates back to 1998. Since then, the
development of this research topic can be broadly divided into three
phases:

e Phase 1: Slow Exploratory Phase (1998-2011)
e Phase 2: Stable Development Phase (2012-2019).
e Phase 3: Rapid Development Phase (2020-Present).

terised by limited scholarly activity, with only sporadic publications and
several years entirely devoid of output. Beginning in 2012, the annual
production stabilised within a relatively narrow range (9 to 18 articles
per year). This reflects the onset of a more structured and steady
development of the research domain. A substantial shift occurred in
2020, signalling the beginning of the rapid growth phase. Between 2020
and 2025, the average number of annual publications exceeded 30, and
the cumulative output during this period alone accounted for more than
half of the total dataset. This acceleration reflects a profound qualitative
transformation in the field. The most recent six-year window captures a
decisive wave of technological innovation in sensing systems, high-
resolution urban energy modelling, integrated digital platforms for
heritage monitoring, and advanced NDT techniques that have signifi-
cantly reshaped the methodological and conceptual tools available to
scholars (Fig. 2).

In the last 6 years, 195 papers were published, accounting for 53% of
the 371 retrieved articles (Fig. 3).

Accordingly, 2020 was selected as the temporal threshold for the
scientometric and thematic analyses. Scientometric and thematic ana-
lyses were subsequently conducted on literature published between
2020 and 2025.

Application of selection criteria

The 195 records were subjected to document screening following the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) framework to ensure methodological rigor and trans-
parency. The workflow was structured according to PRISMA’s four key
phases: identification, screening, eligibility, and inclusion (Fig. 4),
which allowed for a traceable and reproducible filtering of the evidence
base. During the screening and eligibility assessment, several records
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= 1998-2019: 176 Documents
= 2020-2025: 195 Documents

Fig. 3. Comparative Publication Volume: Pre-2020 vs. 2020-2025 (source:
Authors' elaboration).

were excluded for specific reasons: Four non-English records, eight
umbrella abstracts without accessible full texts were excluded. One
corrected duplicate version was eliminated to avoid redundancy, and
twenty records that could not be retrieved based on title and abstract
were therefore excluded. Three reviewers independently performed the
full-text evaluation to ensure methodological robustness and inter-
reviewer consistency. This process resulted in the exclusion of an addi-
tional 127 records: 49 studies focused solely on the building scale,
including single-building adaptive reuse, building-level energy perfor-
mance and retrofitting, project-based digitalisation applications, and
material or structural investigations; 38 records did not involve a heri-
tage context, and 40 lacked relevance to energy-related topics. Ulti-
mately, 35 studies met all inclusion criteria and were retained for the
final review. These criteria ensured strict alignment with the scope of
UEM in historic cities and supported the synthesis of evidence relevant
to the dynamics of heritage urban environments.

Execution of scientometric and thematic analyses

This section covers two main stages of the analysis: (i) the sciento-
metric analysis to identify the most active and thematically concen-
trated segment of the literature [44]; and (ii) the thematic interpretation
of the results. The scientometric analysis was conducted using VOS-
viewer. It was performed on ‘all keywords’, applying the ‘co-occurrence’
type with ‘full counting’ method to visualize relationships among key
terms and to identify thematic clusters and core research areas [45]. A
minimum threshold of two keyword occurrences was set, resulting in the
selection of 41 terms from an initial pool of 273. To improve the

consistency of the network, a VOSviewer thesaurus file was created to
consolidate synonymous or variant terms (e.g., “historic centre”, “his-
toric center”, and “historic centres”), and six geographically generic
terms (e.g., “Mediterranean” and “Saudi Arabia”) were excluded. The
final network included 35 terms grouped into five clusters connected by
133 co-occurrence links.

The thematic analysis is carried out on the five identified clusters to
examine the current state of research, reveal knowledge gaps, evaluate
the potential applications of innovative NDTs, and highlight existing
limitations in the field.

Methodological limitations

Despite the methodological rigor of the review, several limitations
should be acknowledged. First, the reliance on Scopus and Web of Sci-
ence, although consistent with established bibliometric standards,
inevitably constrains the evidence base to indexed journals, potentially
excluding relevant regional and specialised studies [46]. Second, the
exclusive inclusion of English-language publications introduces lin-
guistic bias, particularly affecting research from contexts where historic
urban environments are central to energy-transition policies [47]. Third,
classification studies into building-scale versus urban-scale categories
necessarily involve interpretive judgement, despite being based on
explicit criteria, especially for hybrid contributions operating across
multiple spatial scales [48]. These limitations do not compromise the
internal validity of the review but delineate the boundaries within which
the findings should be interpreted. A further limitation concerns the
exclusion of studies operating strictly at the building scale. While some
of these works may contain insights with potential relevance for multi-
building contexts, our scope required a focus on studies that directly
engage with district- or urban-scale processes. We acknowledge that this
choice may omit certain transitional contributions; however, it pre-
serves the conceptual alignment necessary for analysing UEM strategies
applicable to historic cities.

Results of the scientometric analysis

The keyword co-occurrence network revealed five distinct thematic
clusters (Fig. 5):
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Fig. 4. PRISMA selection flowchart (source: Authors' elaboration).

— Cluster 1 includes keywords such as ‘sustainable development’, ‘historic
centre’, and ‘digital twin’, reflecting research focused on sustainable
development strategies within historic cities (Section 3.1).

— Cluster 2 comprises terms such as ‘climate change’, ‘city’, ‘heat island’,
and ‘thermal comfort’, indicating studies centred on urban-scale
climate mitigation and adaptation strategies, with particular atten-
tion to the urban heat island effect and thermal comfort (Section
3.2).

— Cluster 3 features keywords like ‘circular economy’, ‘economics’, and
‘urban policy’, highlighting an emphasis on circular economy stra-
tegies and policy frameworks within the context of UEM (Section
3.3).

— Cluster 4 includes terms such as ‘energy efficiency’, ‘historic built
environment’, and ‘web-platform’, describing efforts to enhance en-
ergy efficiency, especially in relation to the historic built environ-
ment (Section 3.4).

— Cluster 5 incorporates keywords such as ‘renewable energy’ and ‘urban
landscape’, pointing to the role of renewable energy integration in
advancing UEM objectives (Section 3.5).

The Density of Keywords Co-occurrence Networks in VOSviewer is
an effective tool for identifying thematic concentrations and intellectual
structures within scholarly literature (Fig. 6). By visualizing the fre-
quency and co-occurrence of keywords, the density map highlights areas
of high research intensity through colour gradients, revealing actively
explored topics and their connections. This method is particularly useful
for detecting emerging trends, research gaps, and the conceptual land-
scape of a field.

The total number of occurrences and link strengths for each
keyword, along with a summary of the corresponding thematic clusters
(Fig. 7).

Sustainable development

Urban energy strategies are closely aligned with SDG 7 (Affordable
and Clean Energy), SDG 11 (Sustainable Cities and Communities), and
SDG 13 (Climate Action), highlighting the importance of effective urban
energy governance. SDG 11 further emphasizes the protection of cul-
tural and natural heritage within urban development, calling for cities
and human settlements to become “inclusive, safe, resilient, and
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with VOSviewer).

sustainable” [2]. Cultural heritage should be integrated into decision-
making processes to promote sustainable urban development [20,49]
as it contributes to urban identity, landscape continuity, and aesthetic
value [50,51]. Historic cities, as integral elements of urban environ-
ments, embody both architectural and cultural heritage while

simultaneously presenting unique opportunities and challenges for
UEM. They often comprise numerous traditional and historic buildings
that are highly sensitive to climate and typically lack adequate thermal
insulation, thereby presenting significant opportunities for energy effi-
ciency improvements [10,21,52]. However, conservation regulations
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governing cultural heritage frequently restrict invasive interventions
[32], limiting technological options. Non-invasive and context-sensitive
energy solutions are required to reduce energy consumption while
preserving the cultural significance of historic cities [53]. In this respect,
historic cities represent both a challenge and a strategic opportunity for
sustainable urban development. The literature links UEM and SDGs,
primarily through the digital transformation centred on digital twin
technology [53,54]. It also underscores the potential of artificial intel-
ligence in advancing sustainable urban development [55] and empha-
sizes the importance of public participation and awareness in achieving
sustainability objectives [56].

Digital transformation contributes to environmental, economic, and
social sustainability by enhancing the efficiency of public services and
supporting climate mitigation efforts. In this context, urban sustain-
ability is commonly framed through two related paradigms: smart cities
and sustainable cities [57]. Smart cities employ advanced digital

technologies, such as the Internet of Things (IoT), to enhance quality of
life, operational efficiency, and sustainability [58]. By contrast, sus-
tainable cities emphasize the responsible use of digital tools to manage
resources and promote long-term environmental and social outcomes
[59]. Digital transformation integrates technologies such as artificial
intelligence (AI), big data analytics, cloud computing, IoT, social media,
and mobile platforms to support sustainability across domains,
including urban development, waste management, sustainable produc-
tion, and pollution control [57,60]. This integration facilitates more
efficient natural resources utilization in urban environments. Within this
framework, digital twin (DT) technology has emerged as a core
component for managing sustainable urban development. DTs enable
the monitoring and projection of urban systems, reduce resource con-
sumption such as land, water, and energy, and support continuous risk
assessment to strengthen urban resilience [54]. A DT comprises three
core components: the physical entity, the virtual model, and the data
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connections that link them. DT systems integrate hardware, software,
and IoT infrastructures to enhance the accuracy and functionality of
virtual representations [61]. A DT provides a comprehensive description
of an actual or potential physical product, from the micro-level of atomic
structure to the macro-level of geometric form [62]. The development of
DT systems at the urban scale is supported by key technologies such as
surveying and mapping, Building Information Modelling (BIM), IoT, 5G,
collaborative computing, blockchain, and simulation. Digital twin cities
operate through iterative learning and decision-making processes, ana-
lysing interactions among urban elements to improve governance in
areas including energy, mobility, planning, and disaster response.

Surveying technologies, including infrared thermography (IRT)
[35,63,64], UAVs [35,65,66], 3D laser scanning [35,67], and
geographic information systems (GIS) [68,69], provide essential static
data for urban analysis. BIM supports the urban assets and infrastructure
management [53,70], while IoT and 5G networks enable real-time
collection and feedback [71]. Blockchain facilitates secure trans-
actions, logistics, and human activity [72,73]. Collaborative computing,
supported by 5G, facilitates efficient and timely responses [65], and
simulation tools support policy development, urban planning, and early
warning systems [61]. In heritage contexts, DT technology enhances the
management of historic urban systems. For instance, a three-axis DT
framework at the urban scale, focusing on energy, mobility, and resil-
ience, has been implemented in the historic city of Venice to support the
sustainable urban governance [54]. This framework defines the core
functions and key components of DTs in urban governance and aligns
them with the SDGs. By structuring the system around three main axes,
it simplifies implementation, reduces redundancy of platforms or tools,
and limits the complexity of urban-scale DT systems. Beyond supporting
sustainable development, DT technology also contributes to the pres-
ervation of historic cities and the promotion of cultural heritage [74].
Through the integration of IoT sensing and Al it enables real-time
monitoring, early warning, and data-informed emergency decision-
making, thereby improving the efficiency and reliability of heritage
protection. Moreover, virtual reality and human—computer interaction
technologies enrich immersive experiences in urban planning and cul-
tural exhibitions, promoting cultural transmission and encouraging
greater public participation.

Climate change

Climate change affects cities through multiple pathways, including:
(i) sea-level rise; (ii) intensified urban heat island (UHI) effects and
heatwaves; (iii) increased frequency of extreme events (eg., droughts
and floods); (iv) urban ecosystem degradation; (v) degradation or loss of
cultural heritage; (vi) transformations of urban landscapes, and (vii)
heightened public health risks from vector-borne diseases [4,5,75-78].
These impacts interact with existing natural threats, such as earthquakes
and tsunamis, thereby amplifying overall urban vulnerability. In the
literature, climate change in UEM is primarily examined through two
key aspects: (i) macro-scale monitoring of UHI effects [24,75,79]; and
(ii) local-scale assessments of microclimate and thermal comfort
[80,81].

The UHI effect, which refers to elevated temperatures in urban areas
compared to surrounding rural regions, is primarily driven by heat
retention in buildings and surfaces. Contributing factors include com-
plex urban topography, high building density, the replacement of
permeable vegetated surfaces with impermeable materials, anthropo-
genic heat emissions, and reduced sky exposure, which limits nocturnal
long-wave radiation exchange [82,83]. Ongoing urbanization and
climate change are expected to intensify the UHIs, increasing energy
demand, economic strain, and environmental degradation [84]. Historic
cities are more vulnerable to natural disasters and climate change than
modern cities due to the fragility of their architectural heritage and
urban fabric [21,77]. This vulnerability depends not only on hazard
intensity but also on the socioeconomic conditions of residents and the
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institutional capacity of local authorities to respond effectively [77,85].
The UHI effect increases overheating risk in historic centres, where
microclimatic variations and thermal discomfort directly affect resi-
dents’ health, living conditions, and heritage conservation.

UHI indicators, including land surface temperature (LST), normal-
ized difference vegetation index (NDVI), and normalized difference
built-up index (NDBI), quantify thermal conditions, vegetation cover,
and built-up intensity [86]. These indicators collectively characterize
thermal conditions and land-cover properties. These indicators improve
the interpretation of UHI formation mechanisms and spatial distribution
patterns. At finer spatial resolutions, localized assessments are particu-
larly relevant in historic cities characterized by morphological hetero-
geneity. Composite indices, such as the Composite Heat Vulnerability
Index (CHVI), illustrate an effective method for assessing climate
vulnerability [79]. Geographic Information Systems (GIS) play a vital
role by integrating multi-source spatial data and enabling quantitative
analysis of environmental exposure, sensitivity, and adaptive capacity.
In addition, GIS-based analyses of urban morphology, including porosity
metrics and shading performance, support evaluations of energy effi-
ciency and outdoor thermal comfort [80]. Wearable monitoring sys-
tems, functioning as mobile micro-weather stations, enable real-time
environmental monitoring [81]. When combined with fixed weather
stations, these systems allow for a more comprehensive, pedestrian-scale
understanding of urban microclimates and support assessments of
climate adaptability in both indoor and outdoor environments. In
addition, remote sensing and UAV, characterized by extensive spatial
coverage and multi-temporal observation capability, have become a
core tool in UHI research [87]. Remote sensing is widely employed to
identify heat-vulnerable areas, guide green space planning, and support
mitigation strategies [88-90]. UAVs address limitations of conventional
remote sensing, particularly in spatial and temporal resolution, by
providing sub-metre resolution and flexible, on-demand observations of
micro-scale dynamics [91,92]. Although constraints such as limited
flight duration persist, improvements in endurance and cost efficiency
may enable network-based UAV monitoring across multiple urban areas
[93]. In addition, AI and data-driven methods have significantly
enhanced UHI analysis [94]. Techniques including high-resolution
downscaling, multi-source data integration, missing data reconstruc-
tion, and automated feature extraction improve the usability of remote
sensing data [95-97]. Machine learning models enable accurate tem-
perature prediction and thermal vulnerability assessment, while opti-
mization algorithms support intelligent green space planning and
mitigation strategy design [90]. These developments strengthen the
capacity to analyse thermal dynamics across scales and enhance
decision-making in urban climate management.

Despite their exposure to UHI effects, historic cities also present
mitigation opportunities. Traditional passive design strategies provide
superior thermal performance and higher levels of thermal comfort
compared to modern urban environments [98]. These approaches
enhance indoor comfort without relying on energy-intensive systems
and utilize local resources efficiently [98,99]. Typical measures include
reflective surfaces, compact openings, shading devices, high thermal
mass materials, traditional roofs, vegetation, and courtyard configura-
tions [24,100,101], widely observed across Mediterranean historic set-
tlements [24,102]. At the urban scale, compact spatial configurations
reduce solar exposure and enable mutual shading, while narrow street
networks enhance microclimatic cooling and air circulation [24,98].
Traditional roofs promoting evaporative cooling further contribute to
passive temperature regulation. When such buildings cluster together,
they collectively mitigate UHI intensity and reduce energy demand [24].
Shading strategies in historic neighborhoods, including courtyard
design and temporary structures, further enhance thermal comfort
[103]. Green infrastructure provides an additional mitigation pathway.
Vegetation reduces surface and ambient temperatures at both urban and
building scales through parks, tree-lined streets, green roofs, and facades
[104-106]. In historic districts, however, spatial constraints and
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conservation requirements often limit such interventions. The applica-
tion of cool roofs, extensive green roofs, or permeable pavements is
frequently restricted to preserve architectural integrity [107-109],
while the prevalence of pitched roofs further constrains feasibility.
Consequently, mitigation strategies in historic contexts must prioritize
non-intrusive and reversible solutions that balance heritage conserva-
tion with enhanced climate resilience [108,110]. Effective measures
must consider local characteristics, technical feasibility, and compati-
bility with cultural values to avoid compromising integrity and
authenticity. For instance, studies in the historic center of Florence
propose targeted greening of public spaces and deployable shading
systems rather than large-scale structural modifications [108]. In Sev-
ille, localized interventions such as green walls, grass, and permeable
surfaces have demonstrated cooling benefits in spatially constrained
historic environments [110]. In addition, at the city scale, cooling
strategies can also target buildings without heritage value. For such
buildings, green facades and roofs can reduce radiant temperatures and
improve pedestrian-level thermal comfort without compromising pro-
tected structures [111].

Circular economy

The circular economy (CE) is a production and consumption process
that seeks to limit resource extraction and environmental impact by
extending material lifecycles and reducing material and energy waste. It
encourages shared use and service-based consumption while prioritizing
renewable, non-toxic, and biodegradable materials with minimal life-
cycle impacts [112]. In cities, CE strategies address pressures from
population growth, urbanization, and climate change, including green-
house gas emissions, water contamination, excessive waste generation,
and inefficient energy use [113-115]. Within the literature, two main
dimensions are commonly highlighted in examining the relationship
between CE and UEM: i) the adaptive reuse of cultural heritage buildings
(ARCH) in cities [116]; ii) the embodied energy of urban heritage.

Cities host a substantial stock of heritage buildings that contribute to
socio-economic development, urban landscape formation, and identity
strategies, while offering potential for sustainable development [116].
The value of heritage extends beyond individual structures to their
surrounding environments, reflecting broader cultural and historical
settings. Heritage conservation is inherently an economic process
involving investment in cultural capital to sustain its ability to generate
long-term cultural and economic benefits [117]. Beyond their heritage
significance, heritage buildings incorporate functional systems,
including heating, cooling, ventilation, lighting, cleaning, wastewater,
and drainage systems, that are essential to overall performance [118].
When properly maintained, these systems can reduce energy demand,
extend building lifespan, and enhance contributions to CE objectives
[118,119]. Although CE and architectural conservation are defined
differently, they converge in their shared objectives of preserving,
restoring, and recreating value [120]. However, this alignment does not
eliminate practical tensions, particularly when CE strategies involve
substituting or introducing non-original materials. The conservation
doctrine emphasizes the significance of authentic materials, whereas CE
approaches may prioritise waste reduction through recycled compo-
nents. Recent studies indicate these tensions can be mediated through
criteria such as compatibility, reversibility, distinguishability, and
minimal intervention, enabling CE interventions while safeguarding
culturally significant fabric. The relationship between CE principles and
heritage buildings becomes particularly evident in adaptive reuse
practices (ARCH) [116]. Through retrofitting, rehabilitation, or rede-
velopment, buildings can be adapted to evolving community, environ-
mental, and social needs while maintaining structural and cultural
integrity [112]. Nevertheless, existing research suggests that many
urban authorities have yet to fully recognize and exploit the synergies
between CE strategies and ARCH [116]. Although heritage buildings are
not confined to urban contexts, those with the highest adaptive reuse
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potential are predominantly located in cities, where they contribute to
UEM. Integrating CE principles into heritage contexts is rarely
straightforward. Such integration frequently conflicts with established
conservation doctrines, particularly regarding material authenticity,
structural integrity, and the introduction of non-original components.
These conflicts cannot be resolved by simple substitution but rather
through nuanced decision-making frameworks grounded in compati-
bility, reversibility, distinguishability, and minimal intervention, as
established in international conservation practice [121]. Empirical ev-
idence from adaptive reuse projects demonstrates that recycled or
contemporary materials can be introduced without compromising her-
itage values when their use is limited to elements that preserve the
legibility of the original fabric, such as reversible interior finishes, sec-
ondary structural supports, or visually distinguishable additions
[122,123]. Authenticity does not depend solely on retaining all original
materials; it also depends on maintaining the cultural significance and
identity of the site, while accommodating functional and environmental
improvements [124]. Reuse interventions remain consistent with con-
servation principles when guided by material compatibility and respect
for original construction logic [125]. Although most documented cases
operate at the building scale, the same assessment criteria—reversi-
bility, legibility, and compatibility—also inform conservation planning
and regulatory frameworks at the urban level, guiding decisions on the
admissibility of recycled or non-original materials in historic districts
[126]. Collectively, these findings suggest that circular practices can be
aligned with conservation ethics when embedded within appropriate
governance structures and when the historical and artistic significance
of the urban fabric remains the primary reference for intervention
design. However, reconciling these approaches is seldom straightfor-
ward. Interventions involving non-original or recycled materials often
encounter practical and regulatory constraints regarding authenticity
requirements and the preservation of character-defining features. Evi-
dence from industrial heritage projects suggests successful integration
depends on new components being reversible, visually distinct from the
historic substrate, and materially compatible [122,123]. Similarly,
studies on material recovery demonstrate that recycled components can
be reintroduced without compromising cultural value when applied in
areas of lower heritage sensitivity and when reversibility is ensured.
Effective CE implementation depends not on avoiding trade-offs, but on
managing them through transparent assessment frameworks that pri-
oritise heritage significance while enabling sustainable material cycles.

Embodied energy refers to the total resources consumed during the
building construction, including raw materials, energy inputs, and
human labour [127]. In existing buildings, it represents a past invest-
ment embedded within the urban fabric and a valuable resource for
sustainable transformation in cities [128]. Given that urban areas
contain a substantial share of heritage buildings and traditional historic
dwellings with high emissions but strong potential for low-carbon
renovation, assessing their embodied energy is crucial [129,130]. As
these structures often require restoration and maintenance, they provide
opportunities to adopt materials with lower embodied energy. Under-
standing the embodied energy also supports informed decision-making
and the development of strategies to reduce energy consumption over
the building’s lifecycle [131]. Improving the energy performance of
historic urban areas requires enhancing thermal performance without
compromising cultural integrity or increasing environmental degrada-
tion. Integrating local technologies with life cycle assessment (LCA)
enables the identification of context-specific solutions with lower envi-
ronmental impact [132]. LCA methods facilitate the evaluation and
reduction of embodied energy, particularly during conservation and
restoration phases. However, most studies focus on operational energy,
with limited adoption of life cycle perspectives, especially at the urban
level [52,133]. LCA approach highlights the need to improve opera-
tional efficiency while also preserving embodied energy through the
retention and reuse of existing materials [134]. In addition, legislation
addressing embodied energy and carbon emissions in heritage buildings
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remains underdeveloped, limiting progress toward life-cycle carbon
reduction targets [52]. This gap is particularly critical for heritage
contexts, where retrofit strategies must achieve whole-life carbon sav-
ings while safeguarding cultural value [133,135].

Energy efficiency

UEM increasingly requires sophisticated tools that reconcile energy
efficiency with the complexities of dense, stratified, and often histori-
cally layered built environments. NDT techniques, when coupled with
digital technologies such as BIM, GIS, remote sensing, and DTs, enable
informed, scalable, and non-invasive diagnostics. Originally developed
for small-scale structural assessments, NDT tools such as IRT, ground-
penetrating radar (GPR), ultrasonic testing, and LiDAR are now cen-
tral to broader strategies for evaluating energy performance, structural
safety, and material degradation at neighbourhood and citywide levels
[36,136,137]. The transition from building-scale to urban-scale di-
agnostics represents how cities understand and manage their energy
performance, particularly in historic urban centres. This transition is
grounded in two decades of theoretical and technological development.
UAV-based infrared imaging represents a key innovation in urban-scale
NDT. Combined with satellite datasets, it has been successfully matched
with building archetypes and energy certifications datasets to generate
accurate urban energy maps, as demonstrated in Cambridge [138]. Lin
et al. achieved high-resolution district-scale thermal monitoring, col-
lecting over 1.3 million thermal images in Singapore using FLIR A300
sensors [139]. Satellite-based land surface temperature further corre-
lates with building-level energy use, supporting scalable energy per-
formance assessment [140,141]. These approaches expand from local
inspection to city-wide analysis, enabling the identification of thermal
anomalies and UHI effects linked to urban form, materials, and land-use
[142].

Digital technologies further enhance diagnostic capacity. [143].
Machine learning models have achieved high accuracy in land-use
classification and energy estimation, while real-time data platforms
support integrated analysis and training [144,145]. DTs provide a
framework that integrates IoT sensoring, real-time monitoring, energy
modelling, and predictive maintenance to facilitate cross-sector coor-
dination of smart energy infrastructure (e.g., heating, cooling, electric
grids) [146,147]. In historic urban contexts, DTs enable virtual repre-
sentation and scenario-based evaluation of interventions. These systems
integrate heterogeneous data streams and allow planners to simulate
interventions virtually, bypassing physical implementation risks. Lom-
bardi et al. demonstrate that advanced compression algorithms enable
detailed modelling of entire historic centres while maintaining compu-
tational efficiency, thereby supporting collaborative planning among
stakeholders [148]. Case studies in historic urban settings demonstrate
these approaches. In Southern Italy, the GENESIS platform integrates
seismic and energy diagnostics, enabling policymakers to access in-
terventions that strengthen structural resilience and thermal comfort
[149,150]. Web-based diagnostic platforms expand access to advanced
modelling tools previously confined to specialised institutions and
enable comprehensive evaluation of intervention priorities across his-
toric districts. Cantagallo et al. and Cantagallo and Sangiorgio show how
multi-scale open-source computational platforms process data to sup-
port decision-making that balances heritage preservation with sustain-
ability goals [149,150]. These platforms allow planners to assess
intervention impacts in historic centres, enabling evidence-based de-
cisions and efficient resource allocation. In France, the THERMOCITY
project combines satellite thermal imagery with ground surveys to
produce detailed heat maps that comply with preservation requirements
[151]. Participatory initiatives like “City 360 are pivotal in incorpo-
rating community knowledge into diagnostic data interpretation [152].
At the urban scale, satellite remote sensing enhanced by deep learning
supports rapid and cost-effective identification of vulnerable heritage
sites, while satellite data from Sentinel and PAZ enables cities to
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prioritise local inspections and integrate macro-level thermal insights
with NDT-based diagnostics [153]. Advances in satellite sensing have
further improved the detection of thermal anomalies in dense historic
areas.

Recent diagnostic frameworks shift from building-based assessments
to territorial-scale characterisation. By combining earth observation
(EO), NDT, and heritage building information modelling (HBIM), re-
searchers can identify district-level energy patterns through systematic
analysis of surface temperatures, vegetation indices, and density met-
rics. Artopoulos et al. show that coastal and inland historic districts
exhibit different thermal behaviours linked to morphology and envi-
ronmental conditions [53], providing insights for neighbourhood-scale
interventions. These approaches enable the identification of thermal
hotspots and energy-inefficient zones across entire historic neighbour-
hoods, supporting district-wide energy planning. They also provide a
basis for understanding how historic districts respond to environmental
change and for developing predictive modelling of future energy per-
formance. The integration of multiple NDT techniques proves particu-
larly valuable in historic urban contexts. Tejedor et al. identified the
need for holistic approaches combining photogrammetry, laser scan-
ning, HBIM, IRT, and airtightness testing for heritage buildings [10].
The advantages of multi-sensor fusion are evident, as seen in projects in
Vienna, where GPR and LiDAR were used together to map subsurface
infrastructure in historic squares. Similarly, in Turkey, drone thermog-
raphy complemented GPR for better heritage assessments [154].

Advances in urban diagnostics have also emerged from the need to
operate within dense urban settings, with techniques like wavelet
analysis and neural networks enhancing defect detection. Understand-
ing these developments requires distinguishing building-scale from
urban-scale diagnostics. Close-range methods such as IRT and photo-
grammetry detect small defects with high precision, whereas urban-
scale approaches, such as satellite thermal imagery [151,153] and
City 360 participatory platforms [152], focus on broader coverage,
enabling vulnerability mapping and policy-oriented planning. Emerging
multi-scale methods attempt to connect these perspectives. Combining
drone data with satellite imagery produces layered thermal information
that spans fine-grained features and city-wide patterns. Bridging these
scales remains difficult because of mismatched resolutions and analyt-
ical methods, yet this integration is crucial for future resilient energy
strategies in historic districts.

Although energy resilience is often described as achievable without
affecting cultural value, empirical evidence suggests that it typically
requires carefully managed trade-offs. Several adaptive reuse projects
demonstrate that thermal and energy improvements may necessitate
limited interventions on non-character-defining building components,
provided that the architectural elements carrying primary heritage sig-
nificance remain intact. For example, De Gregorio et al. and Coscia,
Lazzari, and Rubino document cases in which reversible insulation
layers, modular internal linings, and lightweight secondary structures
were introduced to improve thermal performance while preserving the
material authenticity and visual integrity of the historic envelope
[122,123]. Gravagnuolo et al. suggest that conflicts between conserva-
tion requirements and sustainability targets can be mediated through
participatory governance, multi-criteria evaluation, and a clear hierar-
chy of heritage values [155]. This demonstrates that effective in-
terventions do not rely on eliminating compromise, but on structuring it
through transparent, heritage-informed decision-making frameworks.

Nevertheless, transitioning to urban-scale diagnostics presents
notable drawbacks. The detail of observations inevitably diminishes
when shifting focus from individual buildings to broader urban areas.
Fine-grained issues—such as small thermal bridges, moisture accumu-
lation, and local envelope defects—are often obscured when they are
aggregated across facades or blocks. This limitation is particularly crit-
ical in historic areas, where adjacent buildings may differ substantially
in materials, construction phases, and exposure conditions. Additional
challenges arise from integrating heterogeneous datasets within a
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unified analytical framework. Each source (satellite imagery, drone
surveys, ground-based thermography, HBIM records) differs in scale,
timing, and technical constraints. Standardizing these sources to fit
urban models flattens the distinctive characteristics of many types of
heritage risk. Although representative clustering streamlines urban
analysis, it often overlooks irregular or hybrid conditions prevalent in
historic fabrics. Moreover, uncertainties introduced by resolution dif-
ference, geolocation errors, and temporal misalignment can accumulate
and distort energy simulations, especially in complex microclimatic
contexts shaped by narrow streets, irregular layouts, and diverse mate-
rials. These limits do not diminish the value of urban-scale diagnostics
but illustrate the importance of pairing broad analyses with targeted,
site-level inspections. Many recent studies follow this approach: thermal
mapping identifies potential “hot spots,” after which teams use NDT
tools on the ground to determine their causes. Combining scales typi-
cally produces more reliable insights in heritage contexts, where both
general patterns and the specific conditions of each building must be
considered. The multi-scale workflow clearly yields benefits: diagnostics
become proactive, retrofit strategies integrate energy and heritage goals,
and communities take on an active role. Nevertheless, significant chal-
lenges remain. Data interoperability across HBIM, GIS, and remote
sensing systems is still limited [141,156], and the large data volumes
generated by urban NDT surveys require substantial computational ca-
pacity. DTs further require rigorous calibration, transparent modelling
approaches, and robust data governance to ensure reliability and
acceptance [143,157]. Their application in urban energy also raises
unresolved issues, including system latency, scalability, and cross-
platform integration [157,158]. Furthermore, embedding these tech-
nological systems into institutional decision-making demands new
forms of cross-departmental coordination and budget frameworks.
Overall, these constraints make clear that urban-scale diagnostics must
be interpreted with caution and consistently cross-validated through
high-resolution in-situ investigations.

Renewable energy

RES originate from natural processes that are replenished faster than
they are consumed. According to the UN, RES include six main cate-
gories: (i) solar energy, divided into photovoltaic and solar thermal
systems; (ii) wind energy; (iii) geothermal energy; (iv) bioenergy,
divided into biomass and biogas; (v) hydropower; and (vi) ocean energy
[159]. Solar and wind energy have dominated the discussion on urban-
scale RES integration in heritage areas thanks to the level of techno-
logical maturity, spatial flexibility, market readiness, and lower direct
environmental impacts on ecosystems [160]. Solar systems enable
distributed generation with minimal alterations to urban layouts [161],
while wind energy can still be integrated through small vertical-axis
turbines or peripheral installations [162,163]. Other RES require
extensive subsurface drilling, large-scale water diversions, or marine
infrastructure, often incompatible with heritage values. Geothermal
systems are predominantly installed in new urban developments or peri-
urban areas with minimal heritage constraints, as their main challenges
include potential impacts on subsurface stability and conflicts with
archaeological strata or foundational stability [164]. Bioenergy systems
are mainly implemented in rural areas without any heritage values for
both aesthetic considerations and emission regulations [165]. Hydro-
power is prevalent in rural or peri-urban areas with significant riverine
resources, due to the potential impacts on aquatic ecosystems and urban
waterways. Ocean energy is typically limited to coastal urban areas,
where it demands robust infrastructural frameworks and long-term
monitoring not easily compatible with coastal heritage landscapes
[160].

In literature, the relationship between urban energy management
and RES integration is articulated through two essential phases:

— Analysis of RES feasibility.
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— Urban scale design.

RES feasibility involves the assessment of local resources, urban
morphology, climatic conditions, and infrastructural constraints to
determine the technical and economic viability of RES deployment. In
heritage cities, it also requires the evaluation of RES impact in terms of
material, visual, energy, and environmental compatibility. Material
compatibility refers to the minimization of the physical and chemical
impact on buildings and urban surfaces, following the principles of
minimal intervention and material preservation. Material impact
assessment involves the identification and definition of architectural
values considering regulatory constraints and damage [166,167]. Visual
compatibility focuses on the preservation of the original appearance of
urban and architectural contexts in terms of colour, reflectance, texture,
patterns, dimensions, features, and proportions. Visual impact assess-
ment concerns the visibility of RES installations. Strategies have been
widely developed, particularly for photovoltaic and wind energy tech-
nologies, mainly employing target-based approaches that incorporate
visibility as a key parameter in optimization algorithms for potential
integration [166,168-170], or matrix of criticity mapping of RES inte-
gration in heritage areas (e.g., LESO-QSV - Quality-Sensitivity-
Visibility) [169,171]. Energy compatibility entails RES sizing accord-
ing to the actual energy demands of the city, thereby ensuring their
technical and economic efficiency. The evaluation of energy production
focuses on the estimation of the potential of existing urban areas through
the use of cadastral data and bottom-up modelling tools. Cadastral
systems are web-based mapping platforms supported by mathematical
models that determine solar or wind energy production capacity of
building surfaces (e.g., roofs and facades) [172]. These tools are typi-
cally applied at both urban and landscape scales and are based on two-
dimensional (2D) or orthophoto maps. They generally do not consider
heritage constraints [24,25], mutual shading effects from aggregated
buildings [173,174], or dimensions of vegetation and other urban ele-
ments [172]. Bottom-up models identify “representative buildings”
through cluster analysis of statistical and technological data on building
shapes, features, dimensions, materials, geometries, and orientations
[175]. In these cases, the impact of urban morphology on RES potential
is explicitly considered [172,174-184], through the integration of
Geographic Information System (GIS) techniques and simulation tools
(e.g., Climate-Based Daylight Modelling (CBDM), Radiance, Data-
Interpolating Variation Analysis (DIVA), CitySim) [185-188]. These
tools allow for advanced data management, cluster generation, query
interactions, and digital mapping [177,189]. Several studies have also
explored the influence of heritage values on cluster analysis, proposing
estimation methodologies [190] and criteria for building type selection
[173] in the assessment of solar potential within historic urban fabrics.
Finally, environmental compatibility refers to the preservation of nat-
ural land and species that may be affected by RES installations. This
aspect is particularly critical for wind technologies and offshore systems,
where potential ecological impacts must be rigorously evaluated and
mitigated [191-198].

RES design at the urban scale is principally illustrated through case
study applications on large areas [199-201] and landscapes [202], as
well as energy communities development [203,204]. In all these con-
texts, a recurring critical issue is the tendency to implement isolated,
uncoordinated, and site-specific interventions that create benefit only in
localized areas [202]. Conversely, the energy community model repre-
sents a collaborative framework in which residential, commercial, and
public entities collectively generate, share, and consume RES. In heri-
tage areas, this model is significant for boosting decentralized RES so-
lutions while respecting the architectural and cultural value. A common
strategy involves locating RES installations in less-restricted suburban or
peri-urban zones and subsequently distributing the generated energy to
historic city centres. This approach minimizes physical interventions
within sensitive heritage contexts, extends RES benefits to populations
that would otherwise be excluded due to stringent preservation
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regulations, reduces dependency on national energy grids, and signifi-
cantly contributes to lowering overall carbon footprints.

Key findings

Overall, the findings indicate increasing convergence between urban
sustainability and heritage conservation, albeit hindered by methodo-
logical and operational fragmentation that constrains systemic impact.
Digitalisation emerges as a unifying thread across the reviewed do-
mains: GIS-based frameworks, UAV-based thermal surveys, DTs, EO
data, machine learning, and multi-scale data integration are consistently
identified as key enablers for the sustainable management of historic
cities and the assessment of climate and energy vulnerabilities. Never-
theless, their impact remains constrained by pilot-oriented applications,
limited interoperability among heterogeneous datasets, and weak
institutional coordination. The integration of circular practices and
renewable energy integration strategies is reframing urban heritage
preservation, repositioning historic fabrics as active components of city-
wide material and energy cycles, where adaptive reuse, embodied en-
ergy conservation, and energy communities contribute to environmental
transition. The central challenge is no longer purely technological, but
structural and governance-related. In all domains, a significant gap
persists between micro-scale studies and broader urban assessments,
obstructing the translation of scientific evidence into robust policy and
planning instruments. (Table 2).

Conclusion
This critical review has examined the current state of research on
UEM in historic cities through an integrated approach combining bib-

liometrics, scientometrics, and thematic analyses. By analysing 371
publications spanning from 1998 to 2025, with particular focus on the

Table 2
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195 papers published during the rapid development phase (2020-2025),
this study provides comprehensive insights into the evolution, current
trends, and future directions of this emerging field, according to the
research questions (RQ, Section 1). The key findings are synthesized
across three dimensions:

1. Research Evolution and Growth (RQ1): The bibliometric analysis re-
veals a clear three-phase development trajectory: a slow exploratory
phase (1998-2011), a stable development phase (2012-2019), and a
rapid growth phase (2020-present). Notably, 53% of all studies were
published between 2020 and 2025, signaling both increased aca-
demic attention and urgent practical needs in this field.

. Thematic landscape and integration (RQ2): The scientometric analysis
identified five interconnected research themes: Sustainable devel-
opment, climate change, circular economy, energy efficiency, and
renewable energy. These themes are not isolated but demonstrate
significant cross-cluster integration, particularly through digital
transformation technologies. The thematic analysis reveals several
key findings:

Digital transformation emerges as a unifying thread across clusters,

with digital twins, IoT, and Al technologies enabling unprecedented

integration of energy management with heritage preservation.

Historic cities face significant heat-related risks, with the UHI effect

manifesting at the macro scale, while thermal comfort and micro-

climate challenges at the local level directly impact residents' health,
quality of life, and cultural heritage preservation.

Heritage buildings, despite their preservation constraints, contain

substantial embodied energy, and their adaptive reuse not only

preserves heritage values but also extends building lifespans while
reducing energy consumption and waste.

Urban energy efficiency assessment is undergoing a paradigm shift,

transitioning from single-building diagnostics to integrated, urban-

Overview of clusters, main themes, predominant methods, key findings, and limitations(source: Authors' elaboration).

Clusters Main themes Predominant methods Key findings Limitations
Sustainable Heritage-Driven Sustainability, GIS Analysis,DTs - Growing involvement of digital systems in e Fragmented adoption
Development Digitalisation, Governance historic cities e Uneven data integration

UHI, Microclimate, Thermal
Comfort, Vulnerability

Climate Change UAV Thermal Surveys, EO,

GIS Analysis

Circular Economy  Adaptive Reuse, Embodied

Energy, Material Cycles

LCA, ARCH

Energy Efficiency Urban-Scale Diagnostics, NDT, UAV-IRT, DTs, Remote
DTs Sensing, HBIM-NDT Fusion
Renewable RES Feasibility, PV Integration, GIS Solar Modelling,
Energy RECs, Compatibility Visibility Analysis

DTs supporting both sustainability and

heritage conservation

Spatial heat vulnerability assessment using .
integrated data

GIS-based identification of heat-exposed heri-
tage areas

UAV-based monitoring of urban thermal
dynamics

Machine learning models for temperature
prediction and vulnerability evaluation
Passive design strategy for climate adaptation
in historic cities

Shared emphasis on value preservation in the
circular economy and heritage conservation
Reuse strategies as a key mechanism in
circular conservation

ARCH as a model for circular integration in
heritage buildings

UAV and infrared imagery for urban-scale
NDT

Machine learning for urban energy assessment
DTs for real-time urban diagnostics

Satellite remote sensing with deep learning for
vulnerability detection

Integration of multiple NDT techniques for
urban diagnostics

Thermal data fusion across UAV and satellite

Limited linkages between micro-
and macro-scale analyses
Non-intrusive constraints on
mitigation strategies

Authenticity constraints
Limited legislation on embodied
energy

Reduced detail in urban-scale
diagnostics

Data interoperability challenges
Coordination and budgeting
constraints

scales

Compatibility constraints on RES feasibility o Visual and material constraints on
Energy community models reducing adoption

interventions and expanding shared RES e Isolated site-specific interventions
benefits with limited scalability

Source: Authors’ elaboration
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scale system analysis through NDT techniques integrated with digital
tools such as BIM, GIS, remote sensing, and digital twins.

— Solar and wind energy have emerged as the preferred renewable
sources in historic urban areas due to their minimal infrastructure
demands and compatibility with heritage constraints, whereas other
sources (geothermal, bioenergy, hydropower, and ocean energy)
face implementation barriers due to large-scale infrastructure re-
quirements incompatible with heritage preservation.

3. Key Opportunities, risks and challenges (Q3): Opportunities for UEM
concern:

— Digital technologies and platforms have revolutionized UEM in his-
toric cities by enabling real-time monitoring and prediction of urban
energy consumption, thermal comfort, microclimate, and cultural
heritage conditions. This facilitates early risk warnings and data-
driven emergency decision-making. The development of multi-
scale diagnostic systems represents a breakthrough in energy effi-
ciency assessments at the city level, particularly in the “Energy Effi-
ciency” cluster (section 3.4).

- Traditional knowledge embedded in historic urban fabric offers
valuable lessons for contemporary energy management. Vernacular
design principles, including passive cooling strategies, narrow street
configurations, and climate-adapted materials, demonstrate sus-
tainable solutions that predate modern technology.

- Historic cities present a dual opportunity: buildings that lack insu-
lation offer significant potential for energy efficiency improvements,
while their traditional materials and climate-adaptive designs, such
as ventilated roofs and narrow streets, support passive cooling and
reduce energy consumption without compromising heritage values.

— The innovative renewable energy community model demonstrates
how decentralized generation can overcome heritage constraints by
locating installations in less-restricted areas while distributing ben-
efits to historic centers, minimizing physical interventions, and
expanding access for communities otherwise constrained by con-
servation regulations.

— Public participation emerges as a critical success factor in energy
conservation within historic cities. Community-driven initiatives
demonstrate that citizen engagement enhances awareness of both
energy efficiency and heritage preservation while providing valuable
local knowledge for intervention design.

However, this review reveals several critical challenges faced by
UEM in historic cities:

— UEM in historic cities must navigate complex trade-offs between
efficiency improvements and preservation of the material integrity,
visual authenticity, and cultural value of heritage sites. Renewable
energy integration requires not only technical and economic feasi-
bility assessments but also rigorous compatibility analysis across
material, visual, energy, and environmental dimensions.

— Current research and policy frameworks remain predominantly
focused on operational energy while neglecting life cycle perspec-
tives. This gap is particularly evident in the absence of legislation
addressing embodied energy and carbon emissions in heritage
contexts.

— While significant progress has been made in transitioning from
building-scale to city-scale energy diagnostics, NDT techniques still
face implementation barriers: limited data interoperability, lack of
standardized protocols, insufficient transparency in Al models, and
unresolved challenges in cross-platform integration.

It also identifies three critical pathways for advancing UEM in his-
toric cities. First, research and policy should prioritize the transition
from isolated pilot projects toward standardized, cross-platform in-
frastructures that enable systematic implementation at scale. Second,
development must evolve from purely technical approaches to frame-
works that integrate ethical considerations, institutional governance,
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and social equity. Third, planning paradigms must shift from top-down
approaches to community-informed implementation that leverages local
knowledge and ensures equitable benefit distribution. The emerging
integration of Al, machine learning, and sensor networks with conser-
vation principles offers unprecedented opportunities for creating truly
sustainable historic cities.

Only through such systemic alignment, combining technological
innovation with heritage values, community engagement with expert
knowledge, and local interventions with city-wide strategies, can his-
toric cities fulfill their potential as resilient, net-zero-ready environ-
ments that preserve cultural heritage while leading the energy
transition. This transformation positions historic cities not as obstacles
to sustainability but as laboratories for innovative solutions that
harmonize past wisdom with future needs.

Future outlooks will analyze the integration of advanced NDTs into
urban-scale energy management of historic cities. Improvement in res-
olution, portability, and data-integration capacity will facilitate more
precise modelling of urban energy dynamics, support predictive main-
tenance strategies, and strengthen the capacity of cities to balance
conservation requirements with the pressures of the energy transition.
Future research should also examine how digital tools are adopted and
governed in the Global South, where constraints in accessibility, cost,
and data infrastructure may shape distinct implementation pathways.
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