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ARTICLE INFO ABSTRACT

Keywords: The rise of Industry 4.0 has led to a rapid increase in digitalization and industrial operations.
Industry 5.0 However, it has recently been deemed insufficient in fulfilling European objectives for 2030. In
HUT?H'Cemrism response, and to counteract the unintended negative consequences triggered by Industry 4.0, In-
ReSIhle“c‘f . dustry 5.0 has been introduced. The purpose of this article is to shed light on how the architec-
Sustainability . ture, engineering, construction, management, operation, and conservation industry can adapt
Built cultural heritage environment o . . . .
Conservation and better prepare to embrace novel Industry 5.0 principles and enabling technologies, ulti-

mately resulting in enhanced conservation practices for the built cultural heritage environment.
To achieve this, a systematic literature review was conducted following the PRISMA methodol-
ogy. The principal results of this article highlight the work of different conservation professionals
and our views on the potential of Industry 5.0 for enhancing conservation practices. Major con-
clusions indicate that artificial intelligence and digital twins are the two most studied technolo-
gies in the field. Sustainability is broadly discussed throughout the analyzed literature, whereas
resilience and human centrism require further research and implementation efforts to achieve a
holistic Industry 5.0 adoption. The significant scientific novelty of this work lies in the compre-
hensive scope of the review in terms of principles and enabling technologies, with a particular
emphasis on heritage buildings. Thus, it is valuable for conservation practitioners seeking best
practices, for policymakers as it suggests ways to encourage the adoption of novel technologies
and principles in conservation, and for researchers as it highlights gaps and stimulates further
paths of research and innovation.

Systematic literature review

1. Introduction

Heritage can be broadly classified into two main categories: natural and cultural. A third category, known as mixed heritage,
refers to heritage formed by the combination of elements from both natural and Cultural Heritage (CH). Natural heritage encom-
passes “natural features, geological and physiographical formations and delineated areas that constitute the habitat of threatened species of
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animals and plants and natural sites of value from the point of view of science, conservation, or natural beauty. It includes private and publicly
protected natural areas, zoos, aquaria and botanical gardens, natural habitat, marine ecosystems, sanctuaries, reservoirs, etc.” [1]. CH is tra-
ditionally divided into intangible and tangible. Intangible CH refers to “the practices, representations, expressions, knowledge, and know-
how, transmitted from generation to generation within communities, created and transformed continuously by them, depending on the environ-
ment and their interaction with nature and history” [2]. Tangible CH can be broadly separated into movable and immovable assets.
Within the scope of this work, the term “Built Cultural Heritage Environment” (BCHE) refers to immovable CH formed by man-made
structures, buildings, sites, infrastructure, landmarks, and spaces with historical, architectural, artistic, cultural, scientific, or social
significance and value [3].

The United Nations Educational, Scientific and Cultural Organization (UNESCO) promotes global cultural equality and heritage
conservation. By adopting the 1972 World Heritage Convention, UNESCO Member States become responsible for identifying, protect-
ing, conserving, and presenting the world's heritage [4]. With the adoption of the Venice Charter in 1964 [5], and other significant
documents that followed and complemented it [6-9], the foundational principles and guidelines for the practice of BCHE conserva-
tion were established. One of the most widely accepted conservation principles is multidisciplinary collaboration. Thus, different
stakeholders of the Architecture, Engineering, Construction, Management, Operation, and Conservation (AECMO&C) industry, along
with experts from various other fields, such as history, archaeology, sociology, etc., are required to collaborate to achieve a holistic
and appropriate conservation of the BCHE. Unfortunately, the successful completion of this task is complicated by the vulnerability of
the invaluable assets of the BCHE to different human-induced, socio-economic, and natural hazards [10], especially in the face of cli-
mate change [11].

On the other hand, the conservation of the BCHE holds the potential to contribute to efforts in combating climate change. In 2015,
the United Nations (UN) adopted the 2030 Agenda for Sustainable Development and 17 Sustainability Development Goals (SDG)
aimed at achieving present and future peace and prosperity for both humans and the planet [12]. This policy framework recognizes in
SDG 11, Target 11.4, that safeguarding CH contributes to making cities and human settlements inclusive, safe, resilient, and sustain-
able [13]. Thus, efforts to preserve the BCHE are both required and desirable [14]. Regrettably, as highlighted by the UN Emissions
Gap Report 2022 [15], inadequate action has been taken on the global climate crisis. A rapid transformation in the energy supply,
manufacturing, transport, and buildings sectors is needed if the goals of the Paris Agreement [16] are to be achieved. Such transfor-
mation is also endorsed by the European Union (EU) and encouraged by the European Green Deal [17], primarily through its creative
and interdisciplinary New European Bauhaus initiative [18].

Significant efforts have been made to improve the conservation of the BCHE through the advancement and adoption of novel tech-
nologies. In recent years, the conservation practice has benefited from some of the technological progress developed during Industry
4.0, such as improved museum conservation enabled by Digital Twins (DT) [19], enhanced experiences through extended reality ap-
plication to cultural places [20], better public engagement in the conservation of heritage buildings through 3D reconstructions via
drone [21], remote sensing techniques applied to archaeology conservation [22], and optimized bridge management and operation
through the use of advanced anomaly detection algorithms [23]. While the vision of Industry 4.0 has driven digitalization and in-
creased productivity, it has been deemed inadequate to achieve European development goals by 2030 [24]. The technology-centered
approach of Industry 4.0 is considered insufficient to address the challenges posed by the current context of the climate crisis and so-
cio-economic inequalities. As a result, a novel Industry 5.0 paradigm has emerged. Industry 5.0 is primarily based on three founda-
tional principles: i) human-centrism, ii) resilience, and iii) sustainability. The recognized enabling technologies of this new transfor-
mative vision include a) individualized human-machine-interaction, b) bio-inspired technologies and smart materials, ¢) DT and sim-
ulation, d) data transmission, storage, and analysis technologies, e) Artificial Intelligence (AI), and f) technologies for energy effi-
ciency, renewables, storage, and autonomy [25]. Despite being recently adopted (2020), Industry 5.0 fundamental concepts and tech-
nologies have been explored [26-28], innovative implementation frameworks have been suggested [29-31], and applications in
fields such as manufacturing [32], education [33], data privacy [34], and wind energy infrastructure [35] have been conducted. Un-
fortunately, there is a gap among conservation practitioners and AECMO&C industry stakeholders regarding the implementation of
Industry 5.0 principles and enabling technologies, particularly in the conservation of the BCHE.

Therefore, the objective of this work through the elaboration of a Systematic Literature Review (SLR) is to gather, synthesize, and
analyze state-of-the-art knowledge and information to determine how Industry 5.0 principles and enabling technologies can con-
tribute to improving built CH conservation practices, unveil current gaps, and highlight potential future developments and opportuni-
ties in the field. To this end, the proposed SLR aims to answer the following question.

e How can the AECMO&C industry adapt and be better prepared to embrace novel Industry 5.0 principles and enabling
technologies ultimately leading to enhanced practices in built CH conservation?

There are several high-quality and valuable systematic literature reviews (SLRs) already published in the literature. For example,
the outstanding SLR conducted by Vuoto et al. [36] focuses on the Digital Twin (DT) concept and its implementation in the field of
Built Cultural Heritage (BCHE) conservation, while the insightful work by Ikudayisi et al. [37] addresses how a series of integrated
practices throughout the project delivery lifecycle (i.e., design, construction, management/operation, decommissioning) could lead
to the adoption of Industry 5.0. The novelty of this work is justified by its distinction from these existing SLRs. Unlike the SLR on DTs
by Vuoto et al. this work encompasses all the enabling technologies identified by the EU within the specific scope of Industry 5.0. Ad-
ditionally, it differs from Ikudayisi et al.'s SLR on conventional architecture, engineering, and construction by focusing specifically on
the built environment with cultural heritage value. These specific elements embedded in the proposed research question underscore
the novelty and scientific rigor of the work presented in this manuscript.
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The outline of the manuscript is organized as follows: Section 2 contains a short description of the methodology followed to con-
duct the SLR and details on the process conducted to analyze the obtained bibliographic data. In particular, the protocol followed to
conduct the SLR has been previously peer reviewed and approved, full details can be consulted in the corresponding reference [38].
Section 3 presents the results obtained from the work performed in terms of performance analysis, science mapping, and narrative
synthesis, along with appropriate discussions on the findings, and finally, Section 4 contains the conclusions drawn from this work
where we have aimed at answering in a summarized manner the research question at the hearth of this SLR.

2. Materials and methods

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 statement methodology [39,40] was
adopted to conduct the SLR presented in this work. The protocol adopted has been published and made publicly available [38], along
with the corresponding protocol [41] and search strategy [42] checklists. This SLR has been reported in the Open Science Framework
(OSF) website under project number jn834 [43] and preregistered in the OSF Registries website under registration number gpy6b
[44].

2.1. Bibliometric analysis methodology

The bibliographic data from the identified records after deduplication has been processed through a bibliometric analysis. This is a
quantitative methodology that allows for the description of publication patterns and the extraction of meaningful insights from large
quantities of data [45]. By examining the number of publications and frequency of citations, among other parameters, it is possible to
identify emerging research trends in a field, collaboration opportunities, and publication patterns, and explore the structure of the
published literature. Two main approaches of bibliometric analysis were adopted in this work, namely, science mapping and perfor-
mance analysis. The performance analysis was executed by querying, filtering, and sorting the bibliographic database obtained after
deduplication. The information from 872 records is presented in terms of publications per year, documents per country, and keyword
occurrence. The keyword occurrence analysis was conducted using both “Author Keywords” and “Index Keywords”, as provided by
Scopus. The science mapping analysis was performed using the VOSviewer v1.6.18 software. The mapping was focused on analyzing
the co-authorship relationships in terms of countries, as well as the co-occurrence relationships between keywords (both author and
index keywords). This allowed the visualization of the interconnections of core concepts and topics within the area of interest. Fur-
ther information about the detailed creation and characteristics of the VOSviewer maps can be found elsewhere [46].

2.2. SLR methodology

The quality of SLR heavily relies on the adopted protocol and search strategy used to identify relevant records. However, these two
elements are seldom reported adequately. The rationale, hypothesis, and planned methods of this SLR are based on the PRISMA-P
[47,48], and its search strategy follows the recommendations of the PRISMA-S extension [49]. Due to its wide coverage of the litera-
ture, high-quality content and advanced data extraction capabilities, Scopus [50] was selected as the database to conduct the search
strategy of this SLR. The eligibility criteria consisted of including peer-reviewed records published as articles, conference papers,
book chapters, or reviews in journals, conference proceedings, books, or book series. The search was limited to the subject areas of
Computer Science, Engineering, Business Management and Accounting, Decision Sciences, Social Sciences, Economics Econometrics
and Finance, Energy, Environmental Science, Materials Science, Arts and Humanities, and Multidisciplinary. Only those records pub-
lished from 2020 to 2024, written in English, and containing the following keywords of interest (and similar terms, namely: human-
centrism and human-centric, etc.) as part of the record's title, abstract, or keywords, were initially eligible.

Human-centrism

Resilience

Sustainability
Human-centric solutions
Human-machine-interaction
Bio-inspired technologies
Smart materials

Digital twins

Cyber safe data

Artificial intelligence.
Energy efficiency
Trustworthy autonomy
Built Cultural Heritage Environment
Conservation.

Three different Search Queries (SQ) were run implementing the specified eligibility criteria and combining the various keywords
of interest. The full SQs are presented in Table 1, where * represents the wild character, AND and OR are Boolean operators, “” is used
to group individual words into multi-word keywords and (-) is used to group several terms.

The search strategy adopted was created specifically for this SLR and no update method was used as the final manuscript was
planned to be completed shortly after the search had been performed. The search was conducted on Feb. 16, 2024. A total of 907
records were identified and a Findable, Accessible, Interoperable, and Reusable (FAIR) [51] bibliographic database was created with
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Table 1
Full SQs run in Scopus to identify relevant records.

# Full query

SQ1 TITLE-ABS-KEY (“industry 5.0” AND (heritage OR conservation)) AND PUBYEAR >2019 AND PUBYEAR <2025 AND (LIMIT-TO (SRCTYPE, “j") OR
LIMIT-TO (SRCTYPE, “p") OR LIMIT-TO (SRCTYPE, “k") OR LIMIT-TO (SRCTYPE, “b")) AND (LIMIT-TO (DOCTYPE, “ar”) OR LIMIT-TO (DOCTYPE, “cp™)
OR LIMIT-TO (DOCTYPE, “ch”) OR LIMIT-TO (DOCTYPE, “re™)) AND (LIMIT-TO (SUBJAREA, “COMP”) OR LIMIT-TO (SUBJAREA, “ENGI”) OR LIMIT-TO
(SUBJAREA, “BUSI”") OR LIMIT-TO (SUBJAREA, “DECI”") OR LIMIT-TO (SUBJAREA, “SOCI”) OR LIMIT-TO (SUBJAREA, “ECON”) OR LIMIT-TO
(SUBJAREA, “ENER”) OR LIMIT-TO (SUBJAREA, “ENVI") OR LIMIT-TO (SUBJAREA, “MATE”) OR LIMIT-TO (SUBJAREA, “ARTS”) OR LIMIT-TO
(SUBJAREA, “MULT"™)) AND (LIMIT-TO (LANGUAGE, “English™))

SQ2 TITLE-ABS-KEY ((human-centr* OR resilien* OR sustainab*) AND (“cultural heritage” AND conservation)) AND PUBYEAR >2019 AND PUBYEAR <2025
AND (LIMIT-TO (SRCTYPE, “j") OR LIMIT-TO (SRCTYPE, “p") OR LIMIT-TO (SRCTYPE, “k") OR LIMIT-TO (SRCTYPE, “b")) AND (LIMIT-TO (DOCTYPE,
“ar”) OR LIMIT-TO (DOCTYPE, “cp”) OR LIMIT-TO (DOCTYPE, “ch”) OR LIMIT-TO (DOCTYPE, “re”)) AND (LIMIT-TO (SUBJAREA, “COMP”) OR LIMIT-
TO (SUBJAREA, “ENGI”) OR LIMIT-TO (SUBJAREA, “BUSI”") OR LIMIT-TO (SUBJAREA, “DECI”) OR LIMIT-TO (SUBJAREA, “SOCI”) OR LIMIT-TO
(SUBJAREA, “ECON”) OR LIMIT-TO (SUBJAREA, “ENER”) OR LIMIT-TO (SUBJAREA, “ENVI”) OR LIMIT-TO (SUBJAREA, “MATE”) OR LIMIT-TO
(SUBJAREA, “ARTS”) OR LIMIT-TO (SUBJAREA, “MULT")) AND (LIMIT-TO (LANGUAGE, “English™))

SQ3 TITLE-ABS-KEY ((human-centr* OR human-machin* OR bio-inspired OR “smart material*" OR “digital twin*" OR “cyber safe” OR “artificial intelligence”
OR “energy efficien*" OR “trustworthy autonom*") AND (“cultural heritage” AND conservation)) AND PUBYEAR >2019 AND PUBYEAR <2025 AND
(LIMIT-TO (SRCTYPE, “j") OR LIMIT-TO (SRCTYPE, “p") OR LIMIT-TO (SRCTYPE, “k") OR LIMIT-TO (SRCTYPE, “b")) AND (LIMIT-TO (DOCTYPE, “ar”)
OR LIMIT-TO (DOCTYPE, “cp”) OR LIMIT-TO (DOCTYPE, “ch”) OR LIMIT-TO (DOCTYPE, “re”)) AND (LIMIT-TO (SUBJAREA, “COMP”) OR LIMIT-TO
(SUBJAREA, “ENGI”) OR LIMIT-TO (SUBJAREA, “BUSI”) OR LIMIT-TO (SUBJAREA, “DECI"") OR LIMIT-TO (SUBJAREA, “SOCI") OR LIMIT-TO
(SUBJAREA, “ECON”) OR LIMIT-TO (SUBJAREA, “ENER”) OR LIMIT-TO (SUBJAREA, “ENVI”) OR LIMIT-TO (SUBJAREA, “MATE”) OR LIMIT-TO
(SUBJAREA, “ARTS”) OR LIMIT-TO (SUBJAREA, “MULT")) AND (LIMIT-TO (LANGUAGE, “English™))

all the bibliographic information of the records identified at this stage [52]. The deduplication process was conducted automatically
in EndNote [53] software and this resulted in the removal of 35 records. Deduplication, filtering, screening, and eligibility assessment
of all those records were carried out following the PRISMA flow diagram for systematic reviews as presented in Fig. 1.

All remaining records after deduplication were screened by two independent reviewers based on title, abstract, and keywords. Dis-
agreements on the selection process were resolved by a third reviewer who ultimately decided on the selection or rejection of the cor-
responding record. All records remaining from the screening process were sought for retrieval, and those found were assessed for in-
clusion based on their entire content. Qualitative data were extracted from the included records related to the three principles (hu-
man-centrism, resilience, sustainability) and enabling technologies (human-machine-interaction, bio-inspired technologies, and
smart materials, DT and simulation, data transmission, storage, and analysis technologies, Al, and energy efficiency and trustworthy
autonomy) of Industry 5.0 applied within a built CH conservation context. Finally, the relevant information extracted from the in-
cluded records was qualitatively summarized in a narrative synthesis as the findings were characterized by heterogeneity.

3. Results and discussion

The results from the identification, screening, and inclusion process are presented in Fig. 1. From the 907 initially identified
records, 35 were removed as they were duplicates. Thus, 872 records were screened based on their title, abstract, and keywords. Of
these, 717 records were excluded by humans as they were deemed irrelevant to the scope of this SLR. As a result, 155 records were
sought for retrieval, but 10 of them were neither found online nor accessible by any of the authors of this work. Therefore, only 145
records were assessed for inclusion based on their full content. At this stage, records were excluded mainly due to five reasons. Three
records were rejected due to their overall low quality. Four more records were not included as they did not deal with any of the en-
abling technologies of Industry 5.0.20 additional records were excluded as the main application of the technologies discussed in them
was not related to the area of BCHE. The most common reason for rejection at this stage was that records did not deal in detail with
any of the principles of Industry 5.0, leading to the exclusion of 36 records. Furthermore, four records were grouped within the area of
underwater CH. Although they presented interesting research findings on the use of robots for the enhanced conservation of this type
of heritage, they were ultimately also excluded as their extrapolation to the BCHE was not straightforward. Finally, the total number
of records included in the SLR was 78.

3.1. Performance analysis

After the automatic deduplication process was successfully conducted and manually verified, the performance analysis took place
using the bibliographic data from the remaining 872 records. The number of papers published each year is presented in Fig. 2. As pre-
viously indicated, the time frame of this SLR spans from 2020, when the EU first released the Industry 5.0 concept [54], to Feb. 16,
2024, when the search was conducted. From Fig. 2, it can be observed that the number of publications has been rising on a linear
trend from 2020 until 2023. Moreover, if the number of publications from the first month and a half of 2024 is extrapolated, it would
suggest that the total number of publications for this year could almost reach 300 records. This linear growth indicates an increasing
interest in the area by stakeholders in the AECMO&C industry. This growth is not as significant as in other fields such as sustainability
[55], innovation [56], or manufacturing [57], which exhibit an exponential trend. This may be due to the low flexibility and slow
adaptation of novel technologies and procedures in the field of conservation. This cautious behavior is, to some extent, justifiable by
the respect of one of the main principles adopted in the Venice Charter for the conservation and restoration of monuments and sites
[5]. Article 10 of the Charter mandates thorough testing and validation of any new material or technology used for the intervention
on the built CH to avoid, regrettably common, maladaptation and unsympathetic interventions.
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Fig. 1. Number of records identified, screened, and included in the SLR, adapted from the PRISMA 2020 flow diagram [39].
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Number of records found
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Year

Fig. 2. Number of records found per year after deduplication.

The most common keywords found are presented in Fig. 3. Of particular interest for this SLR are the keywords related to the prin-
ciples and enabling technologies of Industry 5.0. Thus, it can be observed that “Sustainability” appeared 134 times (“Sustainable De-
velopment”, a closely related keyword, was the second most common keyword with a total of 194 appearances.), whereas “Artificial
Intelligence” appeared on 38 records. This observation is not surprising as these two keywords are considered “hot topics” among the
research community and span multiple fields. However, it is noticeable that the remaining principles (i.e., human-centrism and re-
silience) are absent among the most common keywords. This signals the need to expand research efforts in those two directions to
achieve a balanced adaptation and implementation of the novel Industry 5.0 paradigm in the conservation of the BCHE. Similarly, the
remaining enabling technologies require further development and adoption to match the performance of Al among stakeholders of
the AECMO&C industry. Nonetheless, research on Al must also progress, as it has the potential to enhance the performance of other
Industry 5.0 enabling technologies, as discussed for the case of DT [23], human-machine-interaction (e.g., cobots) [58], the develop-
ment of smart materials [59], and energy efficiency [60], to name a few.
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Fig. 3. The most common keywords found among the deduplicated records.

The top ten countries with the highest number of records identified are listed in Fig. 4a. It is unsurprising to see Italy as the coun-
try with the highest number of records (210), as this is the nation with the largest number of UNESCO World Heritage Sites (59 at the
time this paper is being written [61], see Fig. 4b) and has historically played a leading role in the field of BCHE conservation. Other
Western countries with an important number of records within the scope of this SLR are Spain (78), the United Kingdom (55), and the
United States (45). The records published in China (98), where the importance of the conservation of heritage buildings has been
widely acknowledged [62], and India (41) help to balance the representation between the West and the East in the set. By comparing
the two maps presented in Fig. 4 it can also be said that neither Russia, Iran, Mexico, or France (which are among the top ten countries
with the most UNESCO World Heritage sites) appear among the top ten countries with the highest number of records identified on
this SLR. This may be a sign of a lack of investment and general interest in the national policies of those countries (among many other
geopolitical issues outside the scope of this work) toward the conservation of their BCHE. Unfortunately, no country from Latin Amer-
ica, Africa, or Southeast Asia made it onto the list, which evidences the well-known inequality gap between the Global North and the

|
27 210
(a)
*
N
o
27 59
(b)

Fig. 4. (a) Top ten countries with higher number of records identified after deduplication and (b) Top ten countries with the most UNESCO World Heritage sites (as per
July 17, 2024).
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Global South (with China and India being the noted exceptions). Further research needs to be developed locally in these countries to
promote sustainable development and improve conservation practices within these rich heritage nations. Successful local implemen-
tation of Industry 5.0 principles and enabling technologies in the Global South could help to move beyond development aid and con-
tribute to ending the existing center-periphery imbalances [63].

3.2. Science mapping

A keywords co-occurrence map was created to complement the information presented in Fig. 3 and to better understand the inter-
relationships between keywords (see Fig. 5 a). The information is grouped into four clusters, each identified by a specific color. The
first cluster contains all keywords shown in red, including “cultural heritage” (the most common keyword with 442 occurrences) and
other related terms such as “heritage conservation™ and “sustainability”. The second cluster includes the terms colored in green and
has “historic preservation” (162 occurrences) as its main item. The third and fourth clusters are colored orange and blue respectively.
The main element of the former is “sustainable development” (194 occurrences), whereas the latter does not seem to have a single
principal component, but it appears to center around “environmental protection” (30 occurrences) and similar concepts (i.e., “biodi-
versity”, “ecosystem”, etc.). Thus, most keywords are grouped within the first two clusters and are closely related to topics on heritage
and conservation. On the other hand, the remaining clusters are more related to environmental aspects.

Of special interest are the three isolated nodes presented in Fig. 5, two of which correspond to Industry 5.0 enabling technologies,
namely, “digital twin” (b) and “artificial intelligence” (c), while the third one pertains to one of its core principles, “sustainability”
(d). It can be observed that both “artificial intelligence” and “digital twin” co-occur with the main elements of clusters one and two
(“cultural heritage” and “historic preservation™) as well as with “cultural heritage conservation” and a few other keywords. Besides,
“sustainability” has a broader presence in the literature and is widely linked to various topics and ideas. In addition to being con-
nected to the main elements of the first three described clusters, it is also interlinked with various subjects ranging from “eco-tourism”
and “biodiversity” to “cultural landscape”. It is worth noting the absence of the other two Industry 5.0 principles among the mapped
keywords, which is evidence of a lack of research on those two topics among stakeholders of the AECMO&C industry working on
BCHE conservation. Similar observations could be made regarding the missing enabling technologies on the co-occurrence map, as
with the absent principles, also in line with the discussion in Section 4.1.

Fig. 6 presents the co-authorship map, featuring the top 50 countries with the highest number of records. Countries are similarly
clustered into four groups and differentiated by color, as in the keywords co-occurrence map. In Fig. 6 it can be observed that three of
the clusters are centered around European countries. Specifically, the yellow cluster around Italy (210 records), the blue cluster cen-
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Fig. 6. Countries co-authorship map, where countries are clustered by color into four different groups. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

tered on the United Kingdom (55 records), and the green group mainly represented by Germany (28 records). The last cluster, colored
in red, gathers countries from all remaining continents, with China being the country with the highest number of records among the
elements of this fourth cluster (98 documents). It is interesting to see in this map the presence of countries from the Global South such
as Mexico and Brazil from Latino America, Egypt and South Africa from Africa, and Indonesia and the Philippines from Southeast
Asia, among others. This could be particularly valuable for researchers working in these countries to identify colleagues working in
countries with higher research output in the field and potentially create new connections and collaborations.

3.3. Integration of findings and contextualization of results

The information from the 78 included records of this SLR has been processed, compared, and analyzed through a narrative synthe-
sis approach. The records have been organized, and will be presented, primarily into two large groups: those papers dealing mainly
with Industry 5.0 principles, and those papers presenting and discussing in detail one or several of the identified enabling technolo-
gies of this novel paradigm (see Fig. 7). Thus, four papers were assigned to the human-centrism principle [20,64-66], five papers to
the resilience principle [67-71], and finally, the sustainability principle had the higher number of papers, a total of 21 [72-92]. On
the other hand, with regards to Industry 5.0 enabling technologies, only three records dealt with human-centric solutions and human-
machine-interaction [93-95], the content of two more papers was mainly focused on bio-inspired and smart materials [96,97], 16 pa-
pers were grouped within the real time-based DT and simulation category [23,98-112], and 16 records were gathered under the topic
of cyber safe data transmission, storage, and analysis [113-128]. Finally, seven and four records were clustered within the categories
of AI [129-135] and energy efficiency and trustworthy autonomy [136-139], respectively.

3.3.1. Human-centrism

The human-centrism principle is perhaps the most distinguishing feature of Industry 5.0 compared to its predecessor, Industry 4.0.
This principle aims to re-introduce the lost dimension of humanity, thus, centering Industry 5.0 not around a dominating techno-
deterministic rationale, but around humans and a human-deterministic approach [54]. Within this humanistic point of view, Industry
5.0 emphasizes the combination of human and technological skills for the benefit of both the industry and its workers. It is not about
technology replacing humans, but working alongside them to create safer, more enjoyable, and ergonomic work environments where
people can thrive. This approach has the potential to stimulate creativity, the creation of new roles, and the improvement of digital

skills in the AECMO&C industry.
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Fig. 7. Classification of included records for their presentation in the narrative synthesis.
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Focusing on the conservation of the BCHE, Murphy et al. [20] proposed a human-centered manifesto, guiding the inclusion of
smart digital immersion in CH spaces. Their manifesto proposes 13 principles to which every human-centered digital immersive sys-
tem must adhere, namely: Fairness, Inclusivity, Respect and Empathy, Education, Flexibility, Protection, Personalization, Support,
Symbiosis, Empowerment, Legacy, Dynamic, and Transcendence. After analyzing the adherence of five digital CH projects, they con-
cluded that Education was their primary focus. Support, Personalization, and Respect and Empathy were also highly valued, whereas
a lack of Fairness was observed. In another work by Murphy et al. [64], the use of blockchain and non-fungible tokens to support the
documentation and the transfer of digital information within the CH field is discussed from a human-centric perspective. Another ex-
ample of human-centric research is the ethical framework developed by Pansoni et al. [65]. Such a framework aims to avoid under-
mining the role of the different professionals in conservation when Al is adopted. They proposed 6 core principles to prevent cultural
and historical biases, underrepresentation of minorities, problems related to reproduction and authenticity, as well as the uneven dis-
tribution of economic resources, the allocation of responsibility, and the protection of privacy. Such framework encompasses the prin-
ciples of Explainability, Cultural Continuity, Economic Accessibility, Right to be Forgotten, Reliability, and Centrality. The authors
argue that if ethical risks emerge, the application of the proposed framework may provide a trustworthy application of Al in the con-
servation of the BCHE.

Another form of integrating the human-centric principle within built CH conservation practices is by adopting participatory ap-
proaches and involving citizens in the decision-making process (bottom-up approach). This is a philosophy shift in conservation
which has gained strength in recent years. An increasing number of professionals in the field are moving from a material-preservation
approach towards a more value-preservation practice, influenced by ideas related to circular governance and heritage communities
[140]. Li et al. [66] have surveyed residents of Nara, Japan, to investigate their willingness to pay for projects on the Adaptive Reuse
of Cultural Heritage (ARCH), which represents a value-preservation approach. Through a contingent valuation method and an or-
dered logistic regression model, their results show that three-quarters of the population were willing to pay for ARCH projects. Such a
high percentage of acceptance was linked to the heritage value awareness of the people along with a strong feeling of place attach-
ment among Nara inhabitants.

3.3.2. Resilience

The term “resilience” has been given many definitions over the years. A broadly adopted one defines resilience as “The ability of a
system, community or society exposed to hazards to resist, absorb, accommodate to and recover from the effects of a hazard in a timely and ef-
ficient manner, including through the preservation and restoration of its essential basic structures and functions” [141]. In the field of BCHE,
resilience is viewed as a value, and it is often attributed to those assets that have survived for hundreds or thousands of years. Never-
theless, Jones [67] has raised the concern about a lack of a solid critical theoretical foundation. He argues that, although this concept
has been widespread and broadly coined by different conservation professionals, it has been diffusively adopted and used barely as a
“buzzword” or a “fuzzy concept” leading in some cases to consider this important principle as “useless”. The author suggested further
work is needed in terms of conceptual level critiques, development of a forward-looking approach, and consideration of counter-
current research ideas to fully profit from the concept of resilience in the BCHE conservation practices.

Immovable CH assets are susceptible to disasters that, based on their duration, can be classified as rapid- and slow-onset disasters.
The first refers to rapid catastrophic events, namely, terrorist acts, wars, earthquakes, floods, etc., whereas the latter is mainly repre-
sented by the long-term effects of climate change, which persist over time and lead to adverse conditions [68]. Various research ef-
forts aim to enhance the resilience of BCHE against both. These efforts include the digitalization of CH documentation, particularly
for minor or inaccessible heritage sites, as proposed by Maietti [69]. Rufian Fernandez et al. [70] emphasized the importance of safe
and efficient documentation of endangered CH using digital tools, which involves local populations during the recovery stage, thus
connecting to the human-centrism principle. Additionally, Di Ludovico [71] suggested smarter reconstruction of historic city centers
through local community mapping processes and the implementation of novel technologies aligned with Industry 5.0.

3.3.3. Sustainability

Among the three principles of Industry 5.0, sustainability is the most extensively discussed in the literature (as previously noted in
Section 4.1). Even records presented within the human-centrism, resilience, and the different enabling technologies subsections dis-
cuss sustainability aspects to some extent. Therefore, it is important to note that the papers discussed in this subsection focus primar-
ily on sustainability itself, rather than on the application of specific technologies or methodologies. Subsequent discussions cover top-
ics such as social media, tourism, materials, and manufacturing processes within this sustainability context.

Social media is nowadays recognized as a potential tool to facilitate and promote collaboration between different stakeholders.
Liang et al. [72] have explored how sustainability could be influenced within a BCHE conservation scenario by different social media
platforms. They conclude that social media could be especially important to achieve sustainability if used as a civic engagement tool,
particularly within the context of the Historic Urban Landscape approach [142]. The discussion is further enriched by Liang [73],
who identified the different ways in which the use of social media can contribute to achieving sustainable CH management. Primarily,
the author identified social media as a people-centered approach where heritage can be shared (collective memory), and culture can
be expressed (storytelling). The author also warns that in cases where social media tools are mainly used for dissemination, this could
lead to an elitist, instead of a democratic, situation. From another perspective, Foroughi et al. [74] have investigated how the infor-
mation shared on social media, by both locals and tourists, can be used to better understand the cultural significance of built CH assets
and channel conservation efforts towards what is perceived as to have the most significant value.

Tourism is an important component of the economy in places with a rich BCHE as people are attracted by the beauty, history, and
significance of such assets. Unfortunately, if not managed adequately, overtourism can cause serious issues both for the CH itself (e.g.,



A. Jiménez Rios et al. Journal of Building Engineering 96 (2024) 110542

anthropological degradation) and for the local communities (e.g., gentrification), against the principles of the International Cultural
Tourism Charter [143]. By implementing several novel technologies, de la Plata et al. [75] aimed at developing a sustainable manage-
ment model of tourism for the city of Merida, Spain. Their proposal not only digitized the cultural sites of interest but also presented
the information to tourists clearly and attractively, ensuring its universalization without compromising the conservation stage of the
assets. Similarly, Liu et al. [76] explored the relationship between BCHE and sustainable tourism practice. Their approach was based
on the use of digital economy technologies and directly linked these two concepts to the attainment of UN SDGs.

Further efforts to enhance sustainability practices within the conservation of the BCHE turn around participatory approaches. Biz-
zarri et al. [77], utilizing a multi-agent participatory methodology involving a variety of stakeholders (conservation professionals, a
national government agency, local workers, and university students), managed to increase the interest of the local community and in-
vited the inhabitants of the surrounding villages to play an active role in the conservation of their CH. The interventions conducted
during this project were based on the use of traditional skills using local and sustainable materials, thus ensuring adequate long-term
maintenance of a case study site in Oman. Another empirical case study based on citizen engagement was developed in India by Bil-
lore [78]. The main contribution of this diverse and inclusive initiative, which involved citizens, students, funding agencies, and in-
dustry companies, was the establishment of a culture-based sustainability model. This model ultimately led to increased responsibil-
ity toward collective cultural consumption, enhanced synergistic participation, and improved community knowledge. Nared and Bole
[79] implemented a similar participatory approach, this time from a southeastern European perspective, involving various stakehold-
ers such as policymakers, conservation professionals, researchers, and the general public interested in the topic, to articulate a cul-
ture-based development model. Their findings showed that the unique and characteristic heritage values of the region could promote
sustainable development if adequately used as branding tools, motivation factors, and means for community empowerment and
strengthening of local identity. In a different study, the local community, visitors, NGOs, and governmental bodies were involved in a
participatory exercise to develop the necessary policies to achieve a sustainable conservation practice in a rural village in Turkey
[80]. The methodology was mainly influenced by a social sustainability component and successfully ensured the preservation of the
village's integrity. A key element in the successful implementation of any participatory approach is the so-called “stakeholder con-
sciousness” as defined by Aureli and Del Baldo [81]. Such state of awareness may be attained through the active involvement of multi-
ple agents in the co-design and co-implementation of heritage revitalization initiatives and CH policies. Moreover, they suggest that
participatory approaches and methodologies must aim at establishing lasting forms of collaboration; otherwise, long-term results may
not be achieved.

Several researchers have placed a distinct focus on sustainability, exploring the topics of circularity and adaptability of the BCHE.
These efforts have been fostered since 2020, the same year in which Industry 5.0 was presented, among other initiatives, by the EU
Renovation Wave Strategy [144]. In this context, Foster and Saleh [82] approached the topic from an economic perspective, adopting
a circular city model and an ARCH perspective. Hence, they introduced a novel index that combines both concepts so that city man-
agers, conservation professionals, and other relevant stakeholders can have a systematic method to measure the investment opportu-
nity within a European context. The index was developed by following a composite indicators and scoreboards tool and considered 15
different indicators encompassing aspects of cultural stock, environmental stewardship, and socioeconomic demographics. The top
three ranked cities were: 1) Paris, 2) London, and 3) Berlin, and all top 50 cities were in Western and Central Europe, which indicates
that further dissemination of ARCH and the circular city model is needed among Eastern European cities. Also from an economic per-
spective, Ost and Saleh [83] have discussed comprehensively the value chain of activities (creation, conservation, dissemination,
fruition, and engagement) related to the BCHE conservation. They proposed an assessment process to estimate the potential co-
destruction of values in situations confronting the reuse of existing immovable CH assets or their demolition to build new ones. Such
methodology accounts for the loss of authenticity and integrity, consideration of negative side-effects, and opportunity costs, en-
abling decision-makers to prove the feasibility and viability of ARCH projects. The notion that existing built CH assets are highly sus-
tainable is strongly supported by the findings of Redden and Crawford [84]. Based on the results obtained after an extensive literature
review, they claimed that historic buildings are high environmental performers. The inadequate assessment of such valuable assets in
certain studies can be attributed to the limitations of narrowly focused methodologies. These methodologies often overlook important
indicators such as resource depletion, material waste, and pollution. Bosone et al. [85] have examined the significant role of digital
technologies in the adoption of circularity and ARCH models. Among their findings, they emphasize the emergence of two novel con-
cepts: “digital commons”, defined as a series of open resources, freely used, and democratically shared, developed and managed by
people, and “prosumers”, a concept that combines the roles of users (consumers) and producers. Finally, Pintossi et al. [86] explored
the challenges posed by ARCH in a local case study of Salerno, Italy, using a participatory approach (another example of the previ-
ously discussed methodology). Moreover, after thorough discussions, including topics such as knowledge production and manage-
ment, participation valorization, and cooperation, they proposed a series of plausible solutions aimed at decision and policymakers to
promote the adoption of ARCH for achieving sustainable development based on BCHE conservation.

It is recognized that novel technologies used on the conservation of the BCHE are seldomly developed for purposes specific to the
field but rather adopted from other areas of research after being broadly tested and validated. This is the case argued by Vega-Bosch
et al. [87], who conducted a study of cryogenics (dry ice blasting), a technology widely used in the aerospace and industrial sectors,
and its possible uses on the conservation of immovable CH assets. Their findings show that adopting cryogenics would lead to eco-
nomically feasible and sympathetic interventions, enhancing the sustainability of conservation practices. Cryogenics would replace
the use of toxic chemical substances currently in use, provide a safer work environment for conservators, and contribute to the
achievement of five UN SDGs (SDGs 7, 8, 9, 12, and 13). Another recently adopted technology in the field of BCHE conservation is ad-
ditive manufacturing. Altadonna et al. [88] have evaluated through a Life Cycle Analysis, the environmental impact of two 3D print-
ing techniques used to produce built CH asset models, namely Computed Numerical Control and Fused Deposition Modeling. The au-
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thors concluded that, although Fused Deposition Modeling produces lower material waste and environmental impact, as well as lower
initial investment costs for the case study conducted, Computed Numerical Control may be more sustainable for large-volume produc-
tion scales due to its flexibility and versatility in processing a wider range of materials.

Other records identified in this SLR dealing with the sustainability principle comprise a green conservation framework based on
specifically defined targets, tools, and tasks proposed by Shehata et al. [89]; a preventive conservation methodology rooted in digital
technologies and work indicators developed by Zhou et al. [90]; a heritage city sustainability index suggested by Saleh et al. [91] to
measure the contribution that the integration of built CH assets may have on the achievement of sustainable cities; and the capacity
building program presented by Reina Ortiz et al. [92] to train professionals of the AECMO&C industry to adequately deal with the
conservation of the BCHE within a Latin American context. Furthermore, regarding the training of professionals of the AECMO&C in-
dustry, it is worth noting the recent initiative launched by the EU for the creation of the New European Bauhaus Academy on skills for
sustainable construction with innovative materials [145]. Its purpose is to accelerate the up-skilling and re-skilling in the AECMO&C
industry workforce to support the transition to a regenerative bio-economy and circular system of material reuse transition. This pre-
sents an opportunity for various stakeholders involved in the conservation of the BCHE to benefit from, by developing learning activi-
ties that incorporate Industry 5.0 principles and enabling technologies, and by participating in the envisioned network and collabora-
tive platform. Other funding opportunities can also be found at the national level, such as the “Piano Transizione 5.0 launched by the
Italian government.

3.3.4. Human-centric solutions and human-machine-interaction

Human-centric solutions and human-machine-interaction technologies within the context of Industry 5.0 are envisioned as tools
to support humans and enhance human innovation and creativity through the help of machine capabilities [54]. Among the various
means to achieve this aim are multilingual speech and gesture recognition; technologies for tracking physical and mental employee
stress; collaborative robots (cobots); augmented, virtual, and mixed realities; exoskeletons; and human cognitive capabilities en-
hancements through the development of Al-based decision support systems. All these technologies have experienced an important de-
velopment in recent years and are commonly referred to as human-in-the-loop within the Industry 4.0 paradigm [146-148]. How-
ever, within the novel vision of Industry 5.0, which aims to place humans at the core of all activities, what is now sought is better de-
scribed as a symbiosis between human and technological components [149].

In such context, Nota and Petraglia [93] have proposed a novel three-tiered situational awareness model for the conservation of
heritage buildings. It consists of the perception of environmental elements at the first level, situation comprehension at the second
level, and a future status projection at the last level. Their model aims at enhancing human monitoring, controlling, and management
capabilities of the BCHE by means of a cyber-physical assisted decision support system. Promising results were obtained after apply-
ing the proposed model to the study case of an Italian palace and the model is now used as the base of other projects on the conserva-
tion of historic villages. Furthermore, Zhang et al. [94] suggested a framework for the creation of a built CH metaverse to enhance
cultural tourism, asset management, and conservation. Such metaverse would consist of elements grouped within five distinct dimen-
sions, namely linearity (music, folk stories, audio guides), planarity (paintings, blueprints, photographs), space (buildings, bridges,
ruins), time (live performances, kinematic art, living towns), and context (history, culture, religion). This methodology has been
tested by the authors on the creation of a metaverse experience for the Eight Immortals located at Haq Par Villa, Singapore, which
was originally designed to promote Taoism. On the other hand, Salonia [95] has explored the role of robotics and augmented reality,
among other digital technologies, in the conservation of the BCHE. Although the author recognizes the significant improvement of
technology applications in the field of BCHE conservation, it is argued that such improvements are unfortunately not always accom-
panied by lower costs, process simplifications, or an increase in awareness of the identity value of the studied cases. All these gaps
need to be addressed in future research to achieve a successful adaptation of the AECMO&C industry to adopt Industry 5.0 enabling
technologies.

3.3.5. Bio-inspired and smart materials

Bio-inspired technologies and developments in smart materials within the field of BCHE conservation are primarily envisioned for
application in consolidation interventions. Wang et al. [96] identified and classified a series of bio-inspired materials used in the con-
solidation of timber assets. Biomass materials derived from natural sources are most suitable for strengthening indoor timber compo-
nents. Nanocomposites, including nanoparticles, nanocellulose, and other polymers, are mainly used to neutralize wood acidity, serve
as protective coatings, and enhance the internal structure of timber. Finally, the use of green bionic materials and polymerization
technologies is especially suitable to enhance timber strength and flexibility while remaining compatible with the original wood ma-
terial. From another perspective, Rossi and Bournas [97] have described various smart sensing materials capable of enhancing the
monitoring of built CH assets. Novel applications of fiber optic sensors, piezoelectric sensors, and self-sensing materials are among the
latest advances in this area. Particularly interesting for the conservation of the BCHE is the novel concept of “smart bricks”, which are
electrically conductive and piezoresistive, thus being capable of monitoring strains and detecting damage on in-plane loaded struc-
tures. Within this context, the recent “revival” of earth-based and vernacular architecture building technologies and materials has ex-
perienced an increased interest from the research community based on their potential to achieve sustainable construction practices
[150-152].

3.3.6. Real time-based DT and simulation

Among the various stakeholders in the AECMO&C industry, there is a particular interest in the development and implementation
of DT. DT is a concept that involves both the physical asset and the creation of a virtual copy of it, along with an interconnection com-
ponent that links both assets and can track the physical asset performance in real time [98]. This allows, among other functionalities,
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to spot possible problems before they escalate, thereby enhancing safety and reducing maintenance costs [153]. There is a unified
viewpoint and agreement on the use of these DTs in the design, construction, management, operation, and decommissioning of built
environment assets. Such interest has also increased in recent years among professionals dealing with the conservation of built CH as-
sets [99]. Jiménez Rios et al. [23] identified a suitable Industry 4.0 DT framework for built CH assets based on an As-Is Historical As-
set Information Model (AI-HAIM, in this concept the word “Asset” replaces the word “Building” commonly used in the Historical
Building Information Modeling (HBIM) [154] approach to extend the proposed framework to various kinds of built CH assets, i.e.,
bridges, aqueducts, canals, etc.). This AI-HAIM must contain interoperable data, geometry, finite element, and data-driven modules
(“digital asset™) and be linked to its real-world counterpart through a multi-metric asset health monitoring system. That system
should continuously produce data on the asset's structural, environmental, and operational conditions (“physical asset™). The authors
have also identified as major challenges in creating Industry 4.0 DT the lack of clear guidelines for creating macro-DT integrating in-
dividual asset models, and the absence of FAIR benchmark databases suitable for DT prototyping development and validation
[155,156]. Another major gap is the lack of interoperability among different software and data used in the DT model generation, as
clearly highlighted by Sajjadian [157], who warns against the disruptive effect that this unsolved issue may have during Industry 5.0
implementation.

A key stage in the creation of DT is to accurately capture the geometry of the physical assets to generate a high-fidelity virtual
replica. Krukowski and Vogiatzaki [100] presented novel 3D modeling approaches based on photogrammetric methods and on auto-
matically acquired images by an unmanned aerial vehicle, commonly known as drone. The resulting models achieved a high degree of
accuracy with their proposed approach, and the simplicity of the required devices means that highly skilled professionals are not
needed to implement the proposed methodology. Stanga et al. [101] also used drones photogrammetry, complemented with total sta-
tion measurements, laser scanner, and terrestrial photogrammetry, to acquire the geometric data of the Claudius Anio Novus aque-
duct in the Tor Fiscale Park, Rome, Italy. The highly accurate data obtained was then processed to generate HBIM and virtual reality
models, integrating the heritage context of the asset and providing an enriched user experience to visitors.

Nevertheless, DT technology is still in its early stages of development and implementation within the BCHE conservation field.
Some recent attempts at creating DT include the European case studies of an Italian church elaborated by Marra et al. [102] (selected
because its features and size were considered of low-to-moderate complexity, ideal for a first implementation test), the Cathedral of
San Mateo Quadriportico, Salerno, Italy, by Falcone et al. [103] following a graph-based management approach, the conservation
works conducted in the facade of the Church of Santa Maria di Nazareth, Venice, Italy, by Rocca et al. [104], the model of the pulpit
of Giovanni Pisano, in Pistoia, Italy, within the context of the CHARMING PISTOIA project by Monchetti et al. [105], the implementa-
tion of a virtual technical tour approach by Bruno et al. [106] on two different built CH assets in the south of Italy, the villa Zingali
Tetto, Catania, Italy, by La Russa and Santagati [107], and more recently, the impressive case study of Santa Maria in Trastevere,
Rome, Italy, where Ippolito et al. [108] implemented various methods for the digital documentation of this important UNESCO world
heritage asset. Nguyen et al. [109] have digitized and created HBIM, virtual and augmented reality models of the Hung King Temple,
Ho Chi Minh, Vietnam, to promote digital tourism and make CH available through technology. All these examples are limited to the
creation of HBIM models, but actual DTs are expected to be achieved after future work is completed.

Other topics discussed within the DT approach applied to the conservation of the BCHE include the need to identify and validate
the veracity or the original virtual replica of a physical asset and the training of conservation professionals. Darwish and Hassanien
[110] proposed the use of blockchain technology to credit, identify, and authenticate original DT of built CH assets, thus ensuring ad-
equate rights management and ownership value preservation. In turn, Borucka and Parrinello [111] presented the vision for the cre-
ation of a new international Master's programme (120 ECTs on 2 years) to educate professionals on technologies related to Industry
5.0 enabling technologies while fostering a sensitive approach towards built CH conservation. Their work was developed within the
VREA consortium, which involved seven higher education institutions from Europe, America, and Asia, as well as other third-party
collaborators. As concluded by Haddad [112] after conducting a review of visual digital technologies and their application on docu-
mentation, conservation, and monitoring of the BCHE, there is an urgent need for new seminars, workshops, and guidelines targeting
the various AECMO&C industry stakeholders and multidisciplinary professionals involved in BCHE conservation.

3.3.7. Cyber safe data transmission, storage, and analysis

The enabling technologies of the transformative Industry 5.0 vision either generate large amounts of data (e.g., DT) or rely on
what is known as big data (e.g., AI) to function adequately [158]. The nature of such data is complex and multimeric, obtained from a
wide range of devices and monitoring strategies. The big data scenario is further complicated when dealing with large-scale built CH
assets, like in the study case reported by Chen et al. [113]. These authors studied a portion of the Great Wall in China, known as the
Badaling Great Wall, considered the most prominent section of the Great Wall with several kilometers of length. Very-high resolution
multi-temporal spotlight TerraSAR-X data were collected from satellite-based Earth observations from 2019 to 2020. Another exam-
ple of big data on the conservation of the BCHE is discussed by Gawronek and Noszczyk [114], who conducted terrestrial laser scan-
ning during the intervention works for the redevelopment of a historic granary in Poland. The surveying campaign of this relatively
modest asset, which took place between 2017 and 2019, resulted in a hefty amount of data points, later used to generate an HBIM
model and enhance the decision-making process along the redevelopment project. Moreover, as discussed by Lerario [115], internet
of things technologies have the potential to generate vast amounts of tracking and behavioral data from users of built CH assets,
which can later be processed and utilized to provide better visiting experiences and enhance management and conservation strate-
gies. To deal with the challenge of adequately handling vast amounts of data, several research efforts have proposed the creation of
various digital platforms, information systems, and information management approaches.
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Digital platforms operate on a democratic principle, involving users in the collection, support, extraction, exchange, connec-
tion, interaction, and social relationship of their resources. The participatory nature of digital platforms is particularly attractive
in the field of BCHE conservation, given the universal value and common interest in CH. Longo et al. [116] have reviewed the CH
digital platforms proposed by three research projects, namely, INCEPTION [117-119], ROCK [120,121], and IDEHA, created to
act as repositories, processing, and visualization hubs of open and interoperable multiformat data obtained from various sources.
Their results show the usefulness of all platforms as decision and monitoring support systems and as a means for the creation of
collaborative stakeholders’ networks. Another recently developed digital platform for the conservation of the BCHE is SyPEAH
[122]. Based on open-source modules and a WebGIS approach, this platform was created to manage the UNESCO world heritage
site assets of the “Parco Archeologico del Colosseo”, Rome, Italy, although not openly available to be adopted in other case studies.
Conversely, Moreno et al. [123] have launched a free and publicly available platform capable of assisting in the definition of
strategies for BCHE conservation. The Art-Risk 3.0 platform consists of three modules: interface, GIS database, and Al engine. It
implements a fuzzy-logic inference system to identify threat levels and degrees of vulnerability of built CH assets, classifying them
according to a risk index and enabling optimal resource allocation to conduct preventive conservation. Unfortunately, the scope of
this tool is limited only to a Spanish context. Finally, Doan et al. [125] have proposed the creation of a smart platform through
participatory processes to improve community access and raise awareness of the values and advantages of conserving French colo-
nial villas in Hanoi, Vietnam.

In alignment with the digitalization trend observed in recent years in the management and conservation of CH, Mateus et al. [124]
proposed the creation of an open-access information system specialized on historical and military Portuguese heritage. The develop-
ment of this innovative tool is based on a back-end LAMP solution and a conventional front-end implementation (HTML, CSS, and
Javascript). Still in the prototype stage, this information system is envisioned as a sustainable and inclusive management model that
would benefit the safeguarding of CH while promoting social and economic development. Other national initiatives for the collection,
preservation, and dissemination of CH through information systems are identified by Gireesh Kumar [126], who also highlights the
lack of a national information system in the Indian context. Among the more important examples mentioned by Gireesh Kumar are
Romania, Finland, Qatar, Ireland, and Uganda. At a European level, the recently created information system for the conservation of
CH is called Europeana, which “provides cultural heritage enthusiasts, professionals, teachers, and researchers with access to Europe's digital
cultural heritage”. At the moment of writing this article (April 2024), Europeana had more than 31 million images, almost 25 million
documents, 1.2 million audio files, 366 thousand videos, and 5105 3D objects available for consultation.

The creation of innovative digital platforms and information systems, coupled with the digitalization of CH, resulting in the emer-
gence of what is called “digital heritage”, presents a challenge for effectively managing the vast amount of digital information gener-
ated. Within this context, various authors have developed novel information management strategies to adequately deal with digitized
assets. Masciotta et al. [127], through the HeritageCare project, suggested an integrated digital-based methodology for the preventive
conservation of built CH assets. Their approach encompasses the stages of information documentation, registration, and management
while directly involving the asset owners in the conservation process. The HeritageCare methodology envisions the implementation
of a multi-level information system that increases in complexity based on the preventive conservation requirements of different as-
sets. Accordingly, it provides correspondingly complex functionalities, with the generation of an HBIM model being one of the prod-
ucts of the more advanced service level proposed. Furthermore, Korro Bafiuelos et al. [128] explored a series of conservation case
studies to define a conceptual framework for effectively managing information within the context of BCHE conservation. They con-
cluded that despite the increased number of information and digital tools among conservation professionals, further efforts are
needed to address interoperability issues among the various tools developed, as well as to enhance their outreach and reusability. Al-
ternative ontological data sharing and management approaches applied to the conservation of the BCHE have been proposed by Moy-
ano et al. [159].

3.38. AI

Al is a pervasive technology with applications in areas as diverse as religion education [160], medicine [161], and mathematics
and logic [162], to name a few. In the field of BCHE conservation, Al is used both as an independent tool, as well as an enabler for the
correct operationalization of other digital technologies [129]. Tzima et al. [130] applied machine learning algorithms to process the
large quantities of satellite synthetic-aperture radar and optical data collected during the monitoring of historic cities in Cyprus,
namely, Nicosia and Limassol. Both random forest and maximum likelihood, which are supervised machine learning algorithms, were
used to generate a landcover classification at the pixel level and to detect changes in the urban development of the studied cities.
Their work would enable local authorities to adequately preserve the BCHE from rapid uncontrolled urbanization and climate change
impacts.

Other direct applications of Al for the conservation of the BCHE found in this SLR are related to damage detection and the so-
called scan-to-BIM technologies. Alexakis et al. [131] implemented a pyramid scene parsing network, which is a deep learning en-
coder/decoder structure particularly effective in performing segmentation tasks, to analyze Infrared Thermography images and de-
tect damages caused by raising damp in two important built CH case studies in the Middle East (the Holy Aedicule of the Holy Sepul-
cher, Jerusalem, and the Msma'a historic building, Hebron). Rodrigues et al. [132] used a Convolutional Neural Network (CNN) based
on Residual Network (ResNet) architectures to detect various pathologies (i.e., cracks, efflorescence, stains, among others) in historic
buildings. Furthermore, their workflow also included the interpolation of the detected damages within an HBIM model to assist on the
decision-making process for the conservation of built CH assets. Their methodology was tested and validated in the case study of the
Church of Santa Casa da Misericordia, Aveiro, Portugal, although relatively low F1 scores were obtained due to the small size of the
photographic database used to train the CNN. Finally, Masini et al. [133] conducted a dimensionality reduction analysis (Kernel Prin-
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cipal Component Analysis, Isometric Mapping, and t-distributed Stochastic Neighbor Embedding) to study the structural response of
the world-famous Brunelleschi's Dome, at “Santa Maria del Fiore” Cathedral, Florence, Italy,. These authors investigated the feasibility
of several CNN and recurrent neural networks to predict the medium and long-term structural behavior of the dome. Their results
showed that, while all three dimensionality reduction techniques could detect seasonal periodicity on the behavior of the monitored
cracks in the dome, KPCA was the technique that provided a lower overall residual variance ratio, thus deemed to be the more effec-
tive approach. On the other hand, Croce et al. [134] used random forest algorithms to assist in the semantic segmentation of point
clouds for the automatic construction of HBIM models, whereas Matrone and Martini [135] exploited the freely available “Architec-
tural Cultural Heritage” database to train an enhanced Dynamic Graph CNN modified with 3D features to conduct semantic segmenta-
tion of point clouds achieving overall accuracy above 84 %. The semantic segmentation approaches presented by both authors hold
the promise of reducing the HBIM model generation time from hours to only minutes, significantly boosting the productivity of con-
servation professionals.

3.3.9. Energy efficiency and trustworthy autonomy

To keep the rise in global temperatures below 1.5 °C, as outlined in the Paris Agreement [16], a net-zero policy has been exten-
sively encouraged at the international level by the UN. Net zero is defined as “cutting carbon emissions to a small amount of residual
emissions that can be absorbed and durably stored by nature and other carbon dioxide removal measures, leaving zero in the atmosphere”
[163]. As one of the main factors contributing to human greenhouse gas emissions is the direct energy consumption in buildings [15],
several technological attempts aimed at improving the energy performance of built CH assets have been developed. These efforts are
intended to support the global goal of achieving net-zero emissions by 2040 in developed countries and by 2050 in developing coun-
tries [164].

Piselli et al. [136] developed an integrated modeling and simulation framework based on HBIM for the energy retrofitting of built
CH assets with a renewable geothermal heating, ventilation, and air conditioning system. The authors implemented the framework in
a medieval complex in Italy, resulting in considerable benefits, namely 73 % less heating energy and 69 % CO, emissions cut while
keeping the same occupancy conditions and comfort levels. Also based on an HBIM approach, Moyano et al. [137] demonstrated the
benefits of monitoring microclimate data and energy parameters for improving decision-making within the field of built CH conserva-
tion. In turn, Massafra et al. [138] integrated building performance simulation tools within an HBIM environment to assess the inter-
vention benefits in terms of thermal demand in a series of listed modern buildings in Italy. Their multi-criteria analysis (annual heat
energy demand, investment costs, lifecycle costs, payback period, and upgrade level) enables the comparison and optimization of dif-
ferent energy performance improvement strategies. From another point of view, Lucchi [139] has conducted an extensive review on
the integration of photovoltaic systems as energy retrofitting measurements of built CH assets. Photovoltaics, whose main advantages
are reliability, modularity, scalability, versatility, low maintenance costs, and peak shaving, is a technology with the potential to con-
tribute towards achieving net-zero emissions. Lucchi's work has identified relevant policies, recommendations, and design criteria re-
quired for adequate and sympathetic integration of photovoltaic panels on historic buildings. According to the author, three main lev-
els of integration need to be respected, namely aesthetic, technical, and energetic. The main criteria to be considered include panel
color, reflectivity, concealment, shape, and location within the built CH asset.

4. Conclusions

The work presented in this manuscript fulfills the aims of the envisaged systematic literature review. These aims include gather-
ing, synthesizing, and analyzing state-of-the-art knowledge and information to determine how Industry 5.0 principles and enabling
technologies can contribute to improving built cultural heritage environment conservation practices. Furthermore, it has generated
critical insights into the current applications and future potential of Industry 5.0 principles and enabling technologies in enhancing
conservation practices.

To address the research question posed in this systematic literature review—specifically, how the AECMO&C industry can adapt
and better prepare to embrace Industry 5.0 principles and enabling technologies to enhance practices in built cultural heritage (CH)
conservation—the following key strategies have been identified.

e Leveraging human-centric frameworks: The AECMO&C industry can adapt by effectively utilizing human-centric frameworks
that prioritize ethical considerations and promote participatory, value-centered conservation practices. This approach ensures
that the human element remains at the forefront, aligning with the principles of Industry 5.0.

e Emphasizing resilience: Resilience, one of the core principles of Industry 5.0, should be adopted to systematically analyze and
implement strategies that enhance the industry's ability to withstand both rapid- and slow-onset disasters. This is increasingly
relevant in the context of digitalization, where resilience is becoming integral to safeguarding cultural heritage.

e Advancing sustainable practices: Significant progress in areas such as social media, tourism, materials, and manufacturing
processes reflects the industry's evolution toward sustainability. For example, the use of smart bricks for structural monitoring,
along with innovative data generation, processing, and exploitation strategies, are recognized as groundbreaking approaches
that contribute to more sustainable conservation practices.

e Harnessing artificial intelligence: AI has emerged as a powerful tool, both as an independent technology and as an enabler
for other digital innovations. Its implementation can significantly boost productivity among professional conservators,
facilitating more efficient and effective conservation efforts.
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These strategies collectively represent the means by which the AECMO&C industry can adapt to and prepare for the integration of
Industry 5.0 principles and enabling technologies, ultimately leading to improved conservation practices in built cultural heritage.
These conclusions are based on the bibliographic evidence found through the rigorous SLR conducted and presented in the structure
narrative synthesis of this manuscript.

The SLR also highlights several gaps in the current understanding and application of Industry 5.0 principles and technologies.
Adoption has been conservative, with a need for better integration of sustainability and AI with other technologies. There is also a ge-
ographical inequality in Industry 5.0 research and implementation, suggesting that Global South countries could benefit from early
adoption and collaborations with leading stakeholders. Training for conservation professionals requires further collaboration, partic-
ularly through regional and national initiatives.

Further challenges were identified in creating digital twins, including software interoperability issues, lack of guidelines for
macro-digital twins, and the absence of suitable databases for digital twin development and validation. Additionally, data safety tech-
nologies like blockchain need further exploration to ensure authorship recognition and proper conservation of digital heritage assets.
The increasing energy demands of Industry 5.0 technologies also present a critical challenge that extends beyond the AECMO&C in-
dustry and would require broader multi-stakeholder consensus to be tackled.

The novelty of this work lies in its comprehensive review of Industry 5.0 principles and technologies, with a focus on BCHE. It is
valuable for conservation practitioners seeking best practices, policymakers promoting new technologies, and researchers exploring
gaps for further innovation. The practical outcomes are expected to enhance conservation practices through resilience strategies,
smart material retrofitting, real-time monitoring, and community engagement in decision-making. In conclusion, while Industry 5.0
offers significant potential for conservation, addressing these gaps and challenges is essential to fully realize its benefits.
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