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Abstract

Healthcare facilities represent some of the most operationally complex and critical built
environments, in which building performance directly influences patient safety, clinical out-
comes, staff wellbeing and management efficiency. The progressive digitisation of the con-
struction and Facility Management (FM) sectors, driven by Building Information Modelling
(BIM), Digital Twin (DT), the Internet of Things (IoT) and Artificial Intelligence (Al), offers
transformative potential for the management of hospital infrastructure, predictive mainte-
nance and indoor environmental monitoring. Despite a growing body of scientific litera-
ture, existing systematic reviews focus predominantly on clinical or patient-facing Digital
Twin applications, leaving the built environment perspective—encompassing architectural
systems, technical infrastructure and post-construction lifecycle management—largely un-
explored. This Systematic Scoping Review follows the PRISMA-ScR protocol. A structured
database search on Scopus yielded 194 records; after title/abstract screening and full-text
review, the final corpus, defined here as the final set of included studies, comprises 166 stud-
ies (2013-2026; 2026 partial through 21 April) coded through a multidimensional thematic
matrix. Results reveal a marked acceleration in publications from 2023 onwards, with BIM
(56.6%) and Digital Twin (46.4%) as the dominant technologies and Facility Management
as the prevailing domain (69.3%). The principal finding concerns implementation matu-
rity: 52.4% of studies remain at a conceptual level, 38.6% are Prototype/Proof-of-Concept
and 9.0% are Pilot/Testbed; no study documents a fully operational hospital deployment.
Identified gaps include limited system interoperability, the absence of explicit normative
references and insufficient integration of environmental sustainability. Beyond technical
and sustainability dimensions, the review highlights a critical gap in the explicit linkage
between built environment management and direct health outcomes for occupants: real-
time digital monitoring of indoor environmental quality (IEQ) parameters remains the least
operationally implemented domain (9.6% of studies), despite its documented effects on
patient recovery, infection control and healthcare staff performance.

Keywords: Digital Twin; BIM; facility management; hospital; IoT; artificial intelligence;
PRISMA-ScR; scoping review; sustainability; predictive maintenance

1. Introduction

Healthcare buildings are among the most complex built typologies in the world,
characterised by round-the-clock operational requirements, critical building service systems
(HVAC, electrical, hydraulic and medical gas networks), stringent regulatory frameworks
and a highly specialised management model [1,2]. In this review, Facility Management
(FM) denotes the coordinated management of buildings, assets and support services during

Green Health 2026, 2, 24

https:/ /doi.org/10.3390/ greenhealth2030024


https://crossmark.crossref.org/dialog?doi=10.3390/greenhealth2030024&domain=pdf&date_stamp=2026-09-01
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/greenhealth
https://www.mdpi.com
https://orcid.org/0000-0001-5784-3488
https://doi.org/10.3390/greenhealth2030024

Green Health 2026, 2, 24

2 0f29

operation. The European hospital stock, with specific reference here to the Italian context,
is in large part ageing: many facilities were built before the 1980s and require substantial
refurbishment to meet current energy, safety and indoor environmental quality (IEQ)
standards [3,4]. In this context, the digital transition of the construction and hospital FM
sector assumes a strategic role in ensuring operational sustainability, occupant safety and
resource efficiency.

Building Information Modelling (BIM), supported internationally by the ISO 19650
series, with UNI 11337 providing a complementary national reference for the Italian con-
text, constitutes the methodological standard for information management across the full
building lifecycle [5,6]. In recent years, the paradigm has evolved towards the Digital Twin
(DT): a dynamic digital model continuously updated with real-world data through Internet
of Things (IoT) networks and sensors, enabling predictive simulations and real-time deci-
sion support for Facility Management [7,8]. Simultaneously, IoT has enabled continuous
monitoring of environmental, structural and energy parameters in hospital buildings, while
AI/ML has introduced advanced analytical capabilities for predictive maintenance and
performance optimisation [9,10]. Taken together, BIM organises asset information, IoT and
sensors acquire operational data, DT connects the digital representation to the changing
physical state, and AI/ML supports prediction and decision-making.

Despite the growing volume of scientific output on these topics, significant gaps
remain in the systematised literature [11-14]. Existing reviews focus predominantly on
clinical Digital Twins (patient models, diagnostic support, clinical simulation), overlooking
applications to the hospital built environment, i.e., building management, plant systems,
occupant comfort and predictive maintenance [11-15]. This gap is particularly significant
because the physical performance of hospital buildings has a direct and documented impact
on the health of occupants, patients, healthcare workers and visitors, and on the quality of
care delivered [16,17].

Evidence from Evidence-Based Design (EBD) research confirms that indoor environ-
mental parameters, including air quality, thermal comfort, lighting levels and acoustic
conditions, have measurable effects on clinical outcomes and occupant wellbeing in health-
care settings [16]. Hospital-acquired infections (HAIs), in particular, are strongly correlated
with ventilation system performance and humidity control, parameters that require con-
tinuous real-time monitoring rather than periodic inspection [2,16]. Inadequate thermal
comfort and suboptimal IEQ conditions have been associated with extended patient length
of stay, increased stress levels among nursing staff and a higher incidence of adverse
clinical events [16]. Digital technologies for built environment management, including
BIM-based FM platforms, IoT sensor networks and DT architectures, therefore represent
not only instruments for operational efficiency but also critical enablers of occupant health
protection in healthcare facilities [17].

The present article addresses this gap through a Systematic Scoping Review (SSR)
conducted according to the PRISMA-ScR protocol [18] (see Supplementary File S2 for the
completed PRISMA-ScR checklist), aimed at systematically mapping the State of the Art in
the application of BIM, Digital Twin, IoT and Al to the hospital built environment in the
post-construction phase, with a focus on Facility Management, predictive maintenance,
energy performance, indoor environmental quality and safety. The post-construction phase
was selected because operation and maintenance constitute the longest part of the facility
lifecycle and because live asset data, service continuity, maintenance, IEQ and energy
performance are assessed during use. This article is distinguished from existing reviews by:
(i) an explicit focus on the built environment rather than the patient; (ii) the inclusion of
both peer-reviewed journal articles and conference proceedings (fundamental in the AEC
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sector); (iii) the use of a multidimensional thematic matrix inspired by D’"Alberto et al. [19];
and (iv) the analysis of DT implementation maturity according to a four-level scale.

Hospital Facility Management (FM) encompasses the full range of activities required
to ensure the functioning, maintenance, safety and comfort of healthcare buildings [20]. In
Italy, the BIM Decree (DM 560/2017) and its subsequent amendments (DM 312/2021, Leg-
islative Decree 36/2023 art. 43) have introduced a progressive mandate for BIM adoption
in public procurement, extended to healthcare facilities [21]. At the European level, Direc-
tive 2010/31/EU (EPBD) and the subsequent 2030 Climate Package impose increasingly
stringent energy efficiency requirements for existing healthcare buildings [22,23]. These
Italian and European provisions are discussed as contextual examples and did not define
the geographical eligibility boundary of the international review.

In this context, the Digital Twin applied to the hospital built environment represents
the natural evolution of BIM towards an operational and predictive model: by integrating
real-time data from IoT sensors with the BIM geometric-informational model, it becomes
possible to continuously monitor environmental conditions, anticipate plant failures, opti-
mise energy consumption and proactively manage building assets [7-9].

Research Questions

The Research Questions (RQs) guiding this review are:

RQ1: What temporal, geographical and publication-type patterns characterise the
included corpus, and what are the frequencies of the principal technologies and application
domains, such as Facility Management and predictive maintenance, in hospital built
environment management?

RQ2: Which enabling technologies (IoT, AI/ML, Cloud, sensors) are integrated with
BIM /DT for healthcare Facility Management?

RQ3: What levels of implementation maturity and critical gaps exist in the post-
construction phases of healthcare buildings?

2. Materials and Methods

Eligibility criteria were defined using the PCC (Population, Concept, Context) frame-
work [24,25], as summarised in Table 1. Here, Population refers to healthcare built envi-
ronments and their facility assets rather than patients; Concept refers to digital systems
applied to building-related management; and Context refers to post-construction O&M or
whole-lifecycle studies with an explicit operational component.

Table 1. PCC framework for eligibility criteria definition.

PCC Dimension

Inclusion Criteria Exclusion Criteria

Population (unit of
analysis)

Healthcare built environments and their Patient-, organ- or disease-level Digital

facility assets (e.g., hospital buildings, Twins without a material built
operating rooms, clinical departments and environment component; non-healthcare
campuses) facilities; private dwellings

BIM, DT, IoT, sensors and AI/ML applied Clinical IoMT or patient-focused systems

Concept to FM, maintenance, energy, IEQ, safety, without a building, facility, plant, space or
space or asset management operational-management component
Pc.)st-constru.c tion O&M or full lifecycle Pre-2013; non-peer-reviewed; non-English;
with an explicit operational component; - .

Context no explicit operational relevance; not

peer-reviewed; English language;

2013-2026 through 21 April indexed in Scopus
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The structured database search was conducted on Scopus (Elsevier) on 21 April 2026.
Scopus was selected for its multidisciplinary coverage of engineering, construction, com-
puting and healthcare-facility research and for its indexing of AEC conference proceedings.
The Boolean string combines terms related to digital technologies (BIM, “Digital Twin”, IoT,
Al, “machine learning”, “smart building”) and healthcare built environments (“hospital*”,
“healthcare facilit*”, “operating room*”, “clinical facilit*”, “health* building*”) intersected
with FM terms (“facility management”, “predictive maintenance”, “indoor environment*”,
“energy performance”, “HVAC”, “asset management”) [19,26]. The search included arti-
cles (DOCTYPE “ar”), reviews (DOCTYPE “re”) and conference papers (DOCTYPE “cp”),
the latter fundamental in the AEC sector for capturing ASCE, CIB, ISARC and eCAADe
proceedings [26,27]. Studies published from 2013 to 21 April 2026 were included; 2026 is
therefore a partial year.

The initial Scopus search yielded 194 records: 105 articles, 70 conference papers and
19 reviews. A Web of Science search was not performed; the resulting risk of database-
coverage bias is acknowledged in Section 5. The PRISMA-ScR flow diagram is reported in

Figure 1 (Section 2.1).

PRISMA-ScR Flow Diagram

BIM, Digital Twins, loT and Al for post-construction hospital built environments

Records identified in Scopus
(n=194)
Records after duplicate removal
° (n = 194; duplicates = 0)

— Records screened by title and abstract | p Records excluded
= (n=194) (n=13)

Full-text reports assessed for eligibility - ® Full-text reparts excluded
(n=181) (n=17)

0 ) Scopus records meeting inclusion criteria Ll CO Md'-ml i) i
o citation chaining
. (n=164) (n=2)
[[=]=]) Sources of evidence included in the review
== (n=166)
g _' Journal articles 908 Conference papers | [ I Review articles < Thesis
IZM) (n-98;50.0%) | | TERY (55 331%) SO (n=12:7.2%) | (n=1;0.6%)

Coverage: 2013-2026 (2026 partial to 21 April) |
m Single-reviewer coding; documented 20% consistency check (k = 0.82)
Legend (by stage)

D Identification D Screening [I-g:IJIIII'.- & Inclusion D Excluded D Additional / Notes

Q Ex) ® &

Figure 1. PRISMA-ScR flow diagram. The Scopus search identified 194 records; 13 were excluded
at title/abstract screening and 181 proceeded to full-text assessment. Of these, 164 Scopus records
met the inclusion criteria and two additional sources were identified through backward and forward

citation chaining, producing a final corpus of 166 studies (2013-2026; 2026 partial through 21 April).
The final corpus comprised 98 articles, 55 conference papers, 12 reviews and one thesis.

The search string adopted (Scopus format) is as follows:
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TITLE-ABS-KEY((“digital twin*” OR “BIM” OR “building information model*” OR
“digital model*”) AND (“hospital*” OR “healthcare facilit*” OR “operating room*” OR
“clinical facilit*” OR “health* building*”) AND (“facility management” OR “predictive
maintenance” OR “indoor environment*” OR “energy performance” OR “HVAC” OR
“maintenance management” OR “IoT” OR “Internet of Things” OR “smart building”))
AND PUBYEAR > 2012 AND (LIMIT-TO(DOCTYPE,”ar”) OR LIMIT-TO(DOCTYPE,"re”
OR LIMIT-TO(DOCTYPE,”cp”)) AND LIMIT-TO(LANGUAGE,”English”)

Review registration: this scoping review was not prospectively registered; retrospec-
tive registration was not undertaken because screening and synthesis had already been
completed before editorial review.

2.1. Screening and Selection Process

The 194 records exported from Scopus were subjected to title and abstract screen-
ing, identifying 162 probably eligible studies, 19 uncertain (to be assessed at full-text)
and 13 clearly excluded (clinical/patient DT, clinical IoMT, outside built environment
scope) [18]. Of the 181 records submitted to full-text review (162 INCLUDE + 19 UNCER-
TAIN), 164 Scopus records met the eligibility criteria; two additional studies were identified
through backward and forward citation chaining, yielding a final corpus of 166 studies
(2013-2026; 2026 partial through 21 April) [18,24,25]. Coding was performed by a single
reviewer. The 20% consistency check re-examined coded records against the operational
definitions and source records; k = 0.82 is therefore reported as an intra-reviewer con-
sistency statistic rather than inter-rater agreement [28]. The full screening decisions and
thematic-coding records are provided in Supplementary File S1.

2.2. Thematic Matrix and Analytical Framework

Each included study was coded in a purpose-built multidimensional thematic matrix
articulated in 10 analytical groups (A-J) for a total of 32 fields (Table 2). The framework
enables systematic characterisation of each study by: healthcare facility type, application
domain, enabling technologies, technology integration level, DT scale, implementation
maturity, lifecycle phase, data used, reported benefits and identified limitations [19]. Review
articles were retained as mapped evidence and coded as reviews; their reference lists were
used for backward and forward citation tracking to identify potentially eligible original
studies, while their cited primary studies were not counted as additional deployments.
The matrix was constructed and managed using Microsoft Excel for Microsoft 365 (version
2608; Microsoft Corporation, Redmond, WA, USA).

Table 2. Analytical framework of the thematic matrix (10 groups, 32 fields).

Group

Main Analytical Fields

A—Identification

ID Code, Authors, Year, Title, Source, DOI, Document Type, Country/Region

B—Context Healthcare Facility Type, Analysed Environment, Scale (Room /Building/Campus)
C—Objective Application Domain (FM/Energy/IEQ/Maintenance/Safety), Orientation, Specific Objective
D—Users Target Users (FM Manager/Medical Staff/Hospital Management)

E—Technologies

Enabling Technologies (BIM/DT/IoT/Al/AR-VR/Cloud/GIS), Integration, DT Type
(Static/Dynamic/Predictive)

F—Data Data Type (static/real-time/simulated), Use of Real Building Data

G—Maturity DT Maturity Level (Conceptual/Prototype-PoC/Pilot-Testbed /Operational), Study Type, Real Hospital
H—Lifecycle Building Lifecycle Phase (Pre-construction/Design/Post-construction O&M/Full lifecycle)

I—Results Results Type, Main Benefits, Sustainability Link

J—Gaps Reported Limitations, Regulatory References, Interoperability, Notes/Key Quote
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3. Results

Results are organised in seven subsections that sequentially address the review’s
Research Questions: from the overall corpus profile and its geographical and temporal
distribution (RQ1), to the analysis of enabling technologies and application domains (RQ2),
concluding with the principal finding on implementation maturity and the critical gaps
identified (RQ3). All quantitative data derive from the integral coding of the thematic
matrix (n = 166 studies, 32 analytical fields across 10 groups A-J). Values for 2026 are partial
through the 21 April search date.

3.1. Corpus Overview

The final corpus comprises 166 studies published between 2013 and 2026, with 2026
partial through 21 April (Figures 1 and 2). Analysis of the distribution by document type
reveals a prevalence of peer-reviewed articles (n = 98; 59.0%), followed by conference
papers (n = 55; 33.1%) and review articles (n = 12; 7.2%) and one thesis (n = 1; 0.6%). This
distribution confirms the significant role of scientific proceedings in research dissemination
within the AEC sector, consistent with findings reported in the literature. From a temporal
perspective, scientific output shows a broadly linear trend up to 2022, followed by a
marked acceleration in the period from 2023 onward. Notably, 2025 alone accounts for
49 publications, representing 29.5% of the entire corpus. Ten records were published by
21 April 2026, so 2026 is reported only as a partial year.

Temporal Distribution of Included Studies
Included studies: 2013-2026; 2026 partial through 21 April
60

B Annuzl publications (number of studies) 15 _a

—a— Cumulative total {studies) o7
50 4 Accelaration JA

40

30 4 P
24 24

Number of studies

20 4

013 4 2015 2016 2007 2018 2019 2020 2021 2022 2023 2024 025 2026

Publication year

Figure 2. Annual and cumulative publication counts in the included corpus (20132026, n = 166);
2026 is partial through 21 April, and the dashed line marks the acceleration from 2023.

This growth suggests an increasing consolidation of scientific interest in digital tech-
nologies applied to the built environment. The year 2023 is reported descriptively as an
acceleration point in the field’s evolution, coinciding with the broader diffusion of the
Digital Twin paradigm. This period coincides with the growing availability of industrial
IoT platforms, such as Azure Digital Twins, AWS IoT and NVIDIA Omniverse, the pro-
gressive reduction in sensor costs and the development of IFC- and BRICK Schema-based
interoperability standards [8-10]. As shown in Figure 3, from 2023 onwards the Digital
Twin surpasses IoT in terms of citation frequency across the analysed studies, indicating
a sectoral evolution from an approach primarily oriented towards instrumentation and
data collection towards integrated, interoperable, decision-support-oriented digital models.
Because the compared periods differ in duration, Figure 3 reports annualised means for
2013-2018, 2019-2022 and 2023-2026.
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Enablmg-Techno!ogy Trends and Annuahsed Period Comparison

Included studies: 2013-2026; 2026 par wil. Period comparisan (right) restricted to complete-year data, 2014-2025.
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Figure 3. Yearly enabling technology mentions (2013-2026, 1 = 166; 2026 partial through 21 April) and
annualised mean prevalence across four equal three-year periods, 2014-2016, 2017-2019, 20202022
and 2023-2025, excluding the isolated year 2013 and the partial year 2026 from the period comparison.

Geographical Distribution

After normalising Hong Kong affiliations as “Hong Kong SAR, China” and aggregat-
ing those records with China, the corpus covers 37 reported countries/regions. The four
most represented countries are China (n = 25; 15.1%), India (n = 20; 12.0%), the United
States (n = 19; 11.4%) and Italy (n = 18; 10.8%); together they account for 82 studies (49.4%)
(Figure 4). The Asia-Pacific cluster (India, China and Australia) constitutes the most pro-
ductive geographical area, with 49 publications (29.5% of the corpus). Some European
countries, including Norway (n = 5) and Spain (1 = 6), show a notable presence relative
to the overall sample size. The review does not establish a causal link between this dis-
tribution and national policy. Conversely, Africa, Latin America and the Middle East are
underrepresented within this English-language, Scopus-indexed corpus; this should not
be interpreted as the absolute level of technology adoption. The original affiliation strings
remain documented in the matrix audit trail.

Geographical Distribution by First-Author Affiliation

Included studies: 2013-2026

China 48

i

N n=25{15.1%)

india

Urnited States

Italy

n=20{12.0%]

n=19 (11.4%)

=18 {10.8%)

Uruted Kingdom 4

Spain n=6 (3.6%)
Norway n=513.0%)
South Africa rimd {2.4%)
iran n=4 12.4%)
Australia n=d (2.4%)
n=3 (L%

South Korea

Swedan n=3 (1.8%]

0 5 10 15 20 e e
Number of studies

Figure 4. Top 12 countries/regions by first-author affiliation (n = 166, 2013-2026; 2026 partial). Hong
Kong SAR, China, is aggregated with China for totals, while the original affiliation label is retained in
the audit trail. China, the leading country, is highlighted in orange for emphasis; all other countries
are shown in blue.
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3.2. Enabling Technologies and Integration

Analysis of the enabling technologies present in the corpus highlights the still pre-
dominant role of BIM, which constitutes the most frequently occurring technology across
the studied papers (n = 94; 56.6%) (Figure 5). This confirms BIM’s function as the refer-
ence informational infrastructure for the management of the hospital built environment,
and more broadly for the organisation, integration and updating of data across the build-
ing lifecycle [5,13]. The Digital Twin shows a presence now close to that of BIM (n = 77;
46.4%), signalling a progressive transition from predominantly static digital models to
dynamic, updatable systems potentially connected to real-time data streams [7,10,13].
This evolution reflects the growing interest in approaches capable of supporting continu-
ous monitoring, simulation, predictive maintenance and operational decision-making in
healthcare infrastructures.

Frequency of Enabling Technologies

Included studies: 2013-2026; 2026 partial through 21 April; multiple selection

BIM

56,6% (n=54)
Digital Twin 46.4% (n=77)
loT 27.1% (n=45)
AlfML 15.1% (n=25)
AR/VR/MR 12.7% (n=21)
Sensors 6.6% (n=11)
Cioud 4.2% (n=T)
GIS 4.2% (n=T)
0 10 20 30 0 50 60

Percentage of studies (%)

Sensors are reported separately from loT; AR/VR includes mixed reality.

Figure 5. Frequency of enabling technologies in the corpus (1 = 166, 2013-2026; 2026 partial; multiple
selection). Sensors are reported separately from IoT, and AR/ VR includes mixed-reality applications.

Internet of Things (IoT) networks appear in 45 studies (27.1%) and provide connectivity
and data exchange, most frequently supporting the commissioning and operation-and-
maintenance (O&M) phases through real-time monitoring, whereas sensors, reported
separately in 11 studies (6.6%), are the physical devices that acquire environmental, perfor-
mance and operational measurements, typically specified at the design stage and installed
and calibrated during commissioning. AI/ML applications are present in 25 studies (15.1%),
demonstrating still-emerging but growing use, primarily for predictive analytics, process
optimisation and decision support. Augmented and Virtual Reality (AR/VR) technologies
appear in 21 studies (12.7%), predominantly associated with training, assisted maintenance,
immersive visualisation and BIM model interaction [29].

Technology Integration

Analysis of the technology integration level reveals that 51.8% of studies (n = 86) adopt
a single technology, while 25.3% (n = 42) integrate two technologies and 22.9% (n = 38)
consider three or more technologies [19]. These categories describe the breadth of the
reported technology stack but do not, by themselves, demonstrate live data exchange or
operational interoperability.

The technology co-occurrence matrix (Figure 6) enables further exploration of these
dynamics. The most frequent associations involve the pairs Digital Twin-loT (n = 33),
Al/ML-Digital Twin (n = 19) and BIM-IoT (n = 15). In practical terms, loT supplies obser-
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vations, the DT relates them to the asset state, and AI/ML converts them into forecasts or
decision support. These combinations indicate a progressive convergence between digital
models, data acquisition systems and advanced analytical techniques. However, the triad
Digital Twin + IoT + AI/ML, representing a particularly relevant configuration for the
development of predictive, data-driven systems, appears in 11 studies. This confirms
that, in the hospital context, fully integrated applications remain limited, because a fully
integrated application requires a documented, synchronised flow from physical sensing to
the digital representation and analytical output in an operational workflow; co-mention
alone is insufficient, and the literature is predominantly positioned in a transition phase be-
tween the adoption of individual digital technologies and the construction of interoperable,
predictive digital ecosystems [9,10,30,31].

Co-occurrence Matrix of Enabling Technologies

ncluded studies: 2013-2026; 2026 partial through 21 April; diagonal = individual frequency

Core predictive triad DT + laT + AYML: n = 11; co-mention does not by itself demonstrate operaticnal integration

EiM
80
Digital Twin 4 13
IoTq 15 33 45
60
“
L
AlML B 19 13 25 :g_‘
i
]
o
2
iMR : 7 2
ARIVR/MR 12 8 3 21 Lao €
=
Sensors 1 L] [ 3 3 11
F20
Cloud 1 & = o 0 o 7
GI5 4 1 3 o o 1 1 7
T T T T T T T T —0
& & & ¢ & & S @
> ¥ & & o
& q.‘?“ o
i) i

Figure 6. Co-occurrence matrix of enabling technologies (1 = 166, 2013-2026; 2026 partial). Diagonal
cells show individual frequencies and lower-triangle cells show pairwise co-occurrences.

3.3. Application Domains and Orientation

The technology—domain cross-tabulation is presented in Figure 7. Facility Management
(FM) is the principal application domain in the corpus (1 = 115; 69.3%), followed by Energy
Performance (n = 31; 18.7%), Security & Safety (n = 21; 12.7%), IEQ & Comfort (n = 16; 9.6%)
and Predictive Maintenance (1 = 16; 9.6%) (Figure 8) [32,33]. In practice, these applications
include transferring updated hospital-space information between BIM and FM system:s,
structuring maintenance work and asset information, and monitoring operating-room
environmental conditions to support comfort, safety and service decisions [17,32,33]. The
prevalence of FM highlights the centrality of operational demands specific to healthcare
facilities, in which continuous asset management, uninterrupted essential services and
regulatory compliance of plant systems constitute fundamental priorities [32,33].
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Technology Distribution by Application Domain

ncluded studies: 2013-2026; 2026 partial through 21 April; multiple selection

70
BiM 23 3 9 5 3
60
Digital Twin & 18 11 11 3 50
w
=
=2
40 2
ToT 29 3 12 4 5 [ -]
z
30 £
z
ML 4 4 3 4 2 7
AML 1 3 1 20
10
ARNVR/MR 14 4 2 2 1 1
T T T T T 0
Facility Energy Security IEQ Predictive Space
Managemant PFarformance & Safety & Comfort 5 & Flow Op

Figure 7. Technology distribution by application domain (1 = 166, 2013-2026; 2026 partial; multiple
selection).

Application Domains of the Corpus
{n=166, multiple selection)

Facility Management 69.3% (n=115)

Energy Performance 18.7% (n=31)

Security & Safety 12.7% (n=21)
IEQ & Comfort |—: E 9.6% (n=16)
Predictive Maintenance 9.6% (n=16)
Space & Flow Optimisation 3.6% (n=6)
Clinical Support 2.4% (n=4)
Emergency Management 1.8% (n=3)
0 10 20 30 40 50 60 70 80

Percentage of studies (%)

Figure 8. Application domains in the included corpus (n = 166, 2013-2026; 2026 partial; multiple
selection).

From an orientational standpoint, the majority of studies is classifiable as building-
oriented, with a prevailing focus on the hospital built environment (86.1%). A smaller
portion of the corpus exhibits a hybrid orientation, integrating components relating to
both the built environment and clinical-operational processes (11.4%). Only a marginal
percentage of studies is classified as clinical-oriented (2.4%); these contributions were in-
cluded in the review exclusively where they presented a significant component attributable
to the management, monitoring or optimisation of the built environment [15]. Overall,
this distribution confirms the coherence of the corpus with the adopted inclusion criteria,
demonstrating that the analysed literature is predominantly oriented towards the digitalisa-
tion, management and optimisation of hospital infrastructures rather than clinical aspects
per se.

DT Type: The Digital Maturity Scale

Analysis of the DT Type, used to classify studies along an increasing digital maturity
scale (Figure 9), reveals a prevalence of configurations still attributable to early stages of dig-
italisation. In particular, 46.4% of studies (n = 77) present a static BIM-based digital represen-
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tation without documented real-time updating; such a model organises asset information
but does not meet the dynamic-update requirement of a Digital Twin [7,34]. A significant
portion of the corpus (31.3%; n = 52) proposes conceptual frameworks, indicating a theoret-
ical and methodological interest not always accompanied by operational implementations.

Digital Maturity Ladder by Digital-Twin Type

Included studies: 2013-2026; 2026 partial through 21 April
Static BIM 46.4% (n=77)
Conceptual DT 31.3% (n=52)
z
a
)
]
Dynamic DT 12.0% (n=20) il
w
E
o
=
>
P =
Predictive DT 7.2% (n=12) @
8
2
o
=
No DT 3.0% (n=5)
0 10 20 30 a0 50

Percentage of studies (%)

Figure 9. Digital maturity ladder by DT type (n = 166, 2013-2026; 2026 partial). The combined
dynamic/predictive record is assigned to the predictive category for mutually exclusive reporting.

More advanced solutions are less represented. 12.0% of studies (n = 20) describe
dynamic Digital Twins, characterised by the integration of real-time data from IoT sensors,
while only 7.2% (n = 12) introduce predictive Digital Twins with Al/ML-based analytical
capabilities [8-10]. Finally, five studies (3.0%) do not properly configure a Digital Twin,
limiting themselves to a BIM-only approach. One record originally coded as both dynamic
and predictive was assigned to the predictive category for mutually exclusive charting.

Overall, the observed distribution describes a genuine digital maturity ladder, pro-
gressing from static BIM configurations towards dynamic and predictive systems. This
progression mirrors the technological maturation phases described in the Digital Twin
literature, confirming that, in the hospital context, fully integrated and prediction-oriented
applications still represent a minority of the scientific output [10,12,34].

3.4. Implementation Maturity: Principal Finding

Recomposing the technological and applicative picture outlined in the preceding
sections, the analysis focuses on the dimension of practical implementation, examining
the extent to which the systems described in the literature have been effectively tested or
deployed in real hospital contexts. In this respect, the DT Maturity Level represents one of
the most significant findings of this review (Figure 10) [11,12,35]. The classification adopted,
articulated in four maturity levels: Conceptual, Prototype/Proof-of-Concept, Pilot/Testbed
and Operational, with Operational reserved for routine use in an operating hospital with
documented workflow integration, reveals a distribution strongly skewed towards early
development stages. Specifically, 52.4% of studies (n = 87) are classified as Conceptual,
encompassing theoretical frameworks, proposed architectures and bibliographic or method-
ological analyses. A further 38.6% (n = 64) reach the Prototype/Proof-of-Concept level,
referring to solutions validated in controlled or experimental environments.
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Digital-Twin Implementation Maturity
Included studies: 2013-2026; 2026 partial through 21 April; consistency-checked classification

60 4
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Figure 10. Implementation maturity after consistency checking (n = 166, 2013-2026; 2026 partial):
Conceptual n = 87, Prototype/PoC n = 64, Pilot/Testbed n = 15 and Operational n = 0. The null
Operational category is highlighted in red for emphasis.

Only a limited share of studies (9.0%; n = 15) can be classified as Pilot/Testbed,
describing experiments conducted in real environments but not yet extended to a fully
operational scale. No study met the Operational definition after consistency checking. The
record previously classified as Operational was a literature review without documented
real-hospital deployment and was reassigned to Conceptual. This distribution highlights a
marked gap between theoretical-conceptual elaboration and the practical application of
Digital Twins in the hospital sector. This gap, referable to the so-called theory—practice gap,
constitutes one of the principal criticalities identified by the review and suggests the need
to orient future research towards empirical validations, experiments in real contexts and
scalable implementations [11,35].

3.4.1. Maturity vs. Deployment in Real Hospitals

The relationship between implementation maturity, use of real data and deployment
in effective hospital contexts further elucidates the theory—practice gap emerging from
the preceding analysis (Figure 11) [11,35]. Results show a strong association between the
Digital Twin maturity level and the degree of empirical validation.

Among the 87 Conceptual studies, one reports real-hospital use, six report partial
use and 80 report none. The vast majority of these contributions operate on simulations,
theoretical architectures or conceptual models, confirming the predominantly speculative
nature of proposals at initial maturity levels [12]. Among the 64 Prototype/Proof-of-
Concept studies, 29 report real-hospital use, one partial use and 34 none. Among the
15 Pilot/Testbed studies, eight report real-hospital use, one partial use and six none. No
study remains in the Operational category after consistency checking. Overall, these results
confirm that the transition from conceptual modelling to validation in real contexts remains
a central criticality for the maturation of Digital Twins in the hospital sector.
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Implementation Maturity vs. Real-Hospital Application

Included studies: 2013-2026; 2026 partial through 21 April; 100% stacked

1% real 45% real 53% real N/A

%

Share within maturity level (%)

Conceptual Prototype-Pol Pilot-Testbed Operational
(n=87) {n=6d) (=15} {n=0)
B No (simulation only) . 1 . -
t : e sty
Bl ves (real deployment] ategory: n=0 after consistency chec

Partial

Figure 11. Implementation maturity versus real-hospital application (1 = 166, 2013-2026; 2026 partial;
100% stacked). No study remains in the Operational category after consistency checking.

3.4.2. Study Type and Use of Real Data

The distribution by study type shows the prevalence of Case Studies (n = 74; 44.6%),
followed by Theoretical Frameworks (1 = 43; 25.9%), Literature Reviews (1 = 28; 16.9%) and
Mixed-Methodology studies (1 = 18; 10.8%) (Figure 12) [19]. Review papers were retained
as a distinct study type for evidence mapping and conceptual synthesis; their cited primary
studies were not counted as additional deployments, and citation tracking (backward
and forward chaining) was used to retrieve the pertinent original empirical studies where
relevant. Only a marginal share (1.8%; 1 = 3) is based exclusively on simulations.

Study Type and Use of Real Building Data

Study Type (n=166) Use of Real Building Data (n=166)

44.6%

Percentage of studies (%)

Cate Study Thearetical Literature Mixed Simulation
Framewark Review B o - Simalation only 68.7% (n=114)
B ves- Real deployment  22.9% (n=38)
Case studies are the mast common study type (44.6%), :
followed by theoretical framewnrks (25.9%) and literature reviews {16.9%) Partial B.4% [n=14)

Figure 12. Study type and use of real-building data (n = 166, 2013-2026; 2026 partial).

The right panel of Figure 12 analyses the provenance of data used in the studied papers,
with particular reference to the use of data from real buildings. The majority of contributions
(68.7%; n = 114) operate exclusively on simulated data, theoretical models or scenarios not
validated in real-hospital contexts. 22.9% of studies (n = 38) use data derived from real
deployments, while 8.4% (n = 14) present a partial empirical basis, integrating real data with
simulated or modelled components. Overall, these results provide further quantification
of the theory—practice gap: fewer than one-quarter of the analysed corpus presents a fully
empirical validation attributable to an authentic hospital context. This evidence confirms
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the need to strengthen, in future research, the transition from framework and prototype
definition to experimentation in real healthcare buildings under operational conditions.

3.5. Building Lifecycle and Post-Construction Focus

The distribution of studies by building lifecycle phase confirms the coherence of the
corpus with the inclusion criteria adopted in the review. The majority of contributions
(69.3%; n = 115) focus on the post-construction O&M phase, i.e., the activities of building
operation, management and maintenance. A smaller share (22.9%; n = 38) adopts a per-
spective extending across the full lifecycle, from inception to management, while only 7.8%
(n = 13) primarily addresses the design phase (Figure 13).

Distribution by Building Life-cycle Phase

(n=166)
Number of Studies by Phase Relative Share by Phase
80 -
69.3%
(n=115)

Percentage of studies (%)

Post-construction Full Life-cycle Design
(O&M) B Fost-construction (O&M) — 69.3% (n=115)

I Full Life-cycle - 22.9% (n=38)
Most studies focus on the post-construction (operation &
EE maintenance) phase (69.3%), followed by full life-cycle Design — 7.8% (n=13)

analyses (22.9%) and design phase (7.8%).

Figure 13. Included studies by building lifecycle phase (1 = 166, 2013-2026; 2026 partial).

Cross-analysis of lifecycle phase and enabling technologies reveals a significant differ-
entiation. BIM is prevalent in design-oriented studies, confirming its established role as
a modelling, informational coordination and decision support tool in the early stages of
the building process. Conversely, Digital Twin and IoT are more strongly associated with
O&M-focused studies, where the availability of dynamic, updated data enables monitoring,
maintenance and operational optimisation activities. This evidence confirms that the Digital
Twin paradigm finds its most mature application in the building operation phase [7,36].

This distribution reflects a growing attention to the strategic value of data generated
during building use. In line with the position paper by Eurac Research and the orien-
tations of REHVA (Federation of European Heating, Ventilation and Air Conditioning
Associations), data collected during the operational phase represents a fundamental infor-
mational resource for improving maintenance strategies, reducing energy consumption
and enhancing indoor environmental quality [36,37].

3.6. Reported Benefits and Sustainability Link

The principal benefits reported by the analysed studies, identified through multi-
label classification, reveal a clear predominance of operational efficiency improvement
(n =118; 71.1%) (Figure 14). This is followed, at lower frequencies, by support for more
effective decision-making processes (n = 33; 19.9%), energy savings (n = 30; 18.1%), im-
provement of indoor environmental quality (IEQ) (n = 20; 12.0%) and enhanced safety
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levels (n = 14; 8.4%) [20,32,33,38,39]. Cost reduction was reported in 13 studies (7.8%) and
occupant wellbeing in nine (5.4%). The predominance of operational efficiency confirms the
prevailing managerial orientation of the analysed literature. Digital technologies applied
in the hospital context are often interpreted as tools for optimising FM processes, reduc-
ing plant downtime, improving the coordination of maintenance activities and ensuring
the operational continuity of essential services [20,39]. This evidence is consistent with
the specificities of healthcare infrastructures, in which efficiency represents not only an
economic-organisational objective but also a necessary condition for assuring reliability,
resilience and service quality.

Main Benefits Reported by the Corpus

{n = 166, multiple selection)

Efficiency improvement 71.1% in=118)
Better decision-making

Energy savings

|IEQ improvement

Safety improvement - 8.4% in=14
conmtvion [ % 0
Occupant wellbeing . 5.4% (n=9)

0 10 20 30 40 50 60 70 80
Percentage of studies (%)

Q000 00e

Figure 14. Main benefits reported by the included studies (n = 166, 2013-2026; 2026 partial; multiple
selection).

Sustainability Link (GreenHealth Gap)

Analysis of the explicit link with environmental sustainability reveals a significant gap
relative to the GreenHealth mission objectives (Figure 15, left panel). Specifically, 60.2%
of analysed studies (n = 100) make no explicit reference to any sustainability dimension.
Among contributions that establish such a connection, the most frequent reference concerns
energy savings (n = 39; 23.5%), followed by occupant wellbeing (1 = 22; 13.3%), resilience
(n =19; 11.4%) and emissions reduction (n = 12; 7.2%). These categories are multi-label and
therefore do not sum to 166.

Sustainability Link and Reported Limitations

Sustainability Link Reported Limitations

(n=166, multi-label) (n=166, multi-label)

@ Scalabllity
0 Interoperability

No real
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Figure 15. Sustainability links and reported limitations (n = 166, 2013-2026; 2026 partial; multi-label).
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These results indicate that the relationship between digital technologies for the hospi-
tal built environment and environmental sustainability objectives remains only partially
explored in the sectoral literature. This evidence is particularly significant given the Digital
Twin’s potential to support energy management, occupant comfort improvement and
the decarbonisation of hospital building stock. The limited explicit articulation of these
connections therefore suggests the existence of a further research area, explored in Section 4
through the GreenHealth gap perspective.

3.7. Reported Gaps and Limitations

The limitations reported by the corpus studies, identified through multi-label classifi-
cation, are dominated by scalability concerns (n = 88; 53.0%) (Figure 15, right panel). This
criticality primarily concerns the difficulty of extending solutions developed in pilot or
experimental contexts to hospital facilities of greater functional, dimensional and organi-
sational complexity [31,37,40]. This is followed, with equal frequency, by interoperability
(n = 47; 28.3%) and the absence of real-context validation (n = 47; 28.3%). The former refers
to incompatibility between data formats, communication protocols, software environments
and data models, together with incomplete semantic alignment between BIM, building
automation, maintenance and analytical systems [31,37,40].

The regulatory landscape also appears poorly integrated into the analysed literature.
A total of 78.3% of studies cite no explicit reference to international or national standards.
Only one study explicitly references ISO 19650 and one explicitly references UNI 11337;
four cite a local standard and 30 cite other instruments. ISO 19650 is international, whereas
UNI 11337 is an Italian national series. This confirms a significant misalignment between
academic research on hospital Digital Twins and the normative frameworks currently in
force for construction information management [5,6,41]. Overall, the identified criticalities
delineate a clear research agenda for the Discussion: scalability, interoperability, empirical
validation and normative alignment represent the four priority dimensions on which the
hospital Digital Twin field must concentrate its efforts in the coming five years, in order to
facilitate the transition from experimental and fragmented solutions to truly implementable,
replicable and regulatory-compliant systems for the managed upkeep of healthcare assets.

4. Discussion
4.1. The Theory—Practice Gap: The Principal Finding

The most significant finding of this review is the profound gap between conceptual
research and operational implementation in the domain of Digital Twins for hospital built
environments [11,12,35]. With 52.4% of studies still at the conceptual level and no fully
operational hospital deployment, the sector is in a critical transition phase: academic output
has reached significant volume, but empirical validation and scalability remain exceptions
rather than the norm.

This gap is not specific to the hospital sector: benchmark studies on Digital Twin in the
AEC industry identify similar patterns in other built infrastructure sectors [10,14]. How-
ever, the hospital context presents specific characteristics that amplify the gap: regulatory
complexity, the multiplicity of stakeholders (healthcare facilities, FM managers, technology
providers, regulatory bodies), the sensitivity of health data (GDPR, privacy legislation)
and the need to guarantee 24/7 operational continuity even during the implementation of
digital systems [42—44].

Included hospital examples indicate that BIM, IoT and analytical tools can be con-
nected in practical FM workflows [17,32,33]. However, the transferability of these solutions
to different contexts, varying in building size, typology, age and standards, remains un-
demonstrated [32,33]. Cumo et al. [17] show that even in advanced research contexts
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such as the Policlinico Umberto I in Rome, the DT for the operating theatre represents a
promising Pilot-Testbed but is not yet fully Operational.

4.2. The BIM — DT Trajectory: Maturation Pathway

The transition from BIM to Digital Twin emerges as the dominant technological
pathway in the corpus, with BIM as the fundamental informational infrastructure (56.6%)
and DT as its dynamic evolution (46.4%) [7-10]. This trajectory reflects the conceptual
architecture proposed by Grieves [7] and subsequently operationalised in the AEC literature:
BIM should not be described as a “passive digital twin” without qualification: it becomes
part of a DT only when the physical-digital relationship and update mechanism are explicit.

The acceleration observed from 2023 in Figure 3 coincides with broader availability
of cloud, IoT and interoperability services, although the review design does not estab-
lish causality [9,10]. Simultaneously, the adoption of interoperability standards such as
IEC 4.3, the STEP ISO 10303 format and the BRICK Schema for building ontologies can
reduce some integration criticalities when supported by clear information requirements
and governance [37,40].

4.3. Interoperability and Normative Standards: The Critical Node

Interoperability is the second most frequently cited limitation (n = 47; 28.3%) and rep-
resents a structural obstacle to the diffusion of DT in hospitals [31,37,40]. Hospital environ-
ments integrate heterogeneous systems, Building Management Systems (BMS/BAS), Com-
puterised Maintenance Management Systems (CMMS), Electronic Health Records (EHR),
CCTV, access control, HVAC, that rarely communicate natively with one another [31,37,42].
Constructing a fully integrated DT requires resolving this interoperability puzzle at both
the semantic (shared ontologies) and technical levels (communication protocols: OPC-UA,
MQTT, REST API) [31,40].

The misalignment between academic research and normative frameworks, with 78.3%
of studies citing no standard, is particularly concerning. ISO 19650-1/2 provides the in-
ternational information-management framework, while the UNI 11337 series provides
complementary national provisions for the Italian context [5,6]. The recent EN 17412-1
standard on building digital maturity [41] and the Levels of Information Need (LOI/LOD)
defined by UNI 11337-6 could provide a normative structure for standardising the develop-
ment of hospital DTs in Italy and Europe [21,41].

4.4. Sustainability and GreenHealth: A Gap to Address

A total of 60.2% of studies make no explicit mention of environmental sustainability
objectives, despite the strong potential of Digital Twin for energy management and occu-
pant wellbeing improvement [38,45-47]. This gap is particularly relevant relative to the
positioning of GreenHealth (MDPI), which targets precisely the intersection between built
environment technologies and the health/sustainability of healthcare occupants [16,17].

From a public health perspective, this gap is particularly consequential. Healthcare
built environments in which digital systems actively monitor and manage IEQ parameters,
including ventilation rates, CO2 concentration, temperature, humidity, lighting and noise
levels, can support evaluation of occupant comfort, safety and service conditions, but the re-
viewed evidence does not establish direct clinical causality [16,17]. Conversely, suboptimal
indoor conditions resulting from inadequate monitoring and maintenance can adversely
affect occupants and service performance [16]. The integration of DT and IoT frameworks
with explicit health outcome monitoring therefore represents a research opportunity that
should be evaluated with predefined outcomes, ethics and privacy safeguards [16,17].

The disconnect between BIM/DT and sustainability objectives is partly explainable by
the immediate operational priorities of healthcare facilities (service continuity, regulatory
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compliance, safety) relative to long-term objectives (energy, emissions, resilience) [30,38].
The reviewed studies nevertheless report potential gains in energy management, environ-
mental monitoring and maintenance decisions, although measures, baselines and observa-
tion periods remain heterogeneous [38,39,47].

In prospect, the “green” Digital Twin paradigm for hospitals, integrating Al-driven
energy optimisation, real-time IEQ monitoring, carbon accounting and support for decar-
bonisation strategies aligned with the European Green Deal [23,45,46], represents the most
promising and urgent research frontier [45-47].

4.5. Implications for Research and Practice

Across the corpus, the most consistently reported benefits are operational efficiency,
decision support, energy savings and improved maintenance coordination; these should
be interpreted mainly as reported study outcomes rather than verified long-term im-
pacts. For the scientific community, the identified gaps delineate a clear research agenda:
(i) development of scalable deployment frameworks empirically validated; (ii) standardisa-
tion of ontologies for the hospital DT; (iii) explicit integration of sustainability objectives;
and (iv) longitudinal post-occupancy studies to quantify benefits over time [11,35,38,39].

For practitioners and hospital Facility Managers, the review indicates a pragmatic
three-phase pathway: BIM as-built (digitisation of the existing building stock) — IoT
integration (sensorisation and real-time monitoring) — DT predictive (Al/ML for predictive
maintenance and energy optimisation) [32,33]. The adoption of international and applicable
national standards, including ISO 19650 and UNI 11337-6, from the outset is essential to
guarantee long-term scalability and interoperability [5,6,41].

For policymakers and healthcare management, the critical datum is clear: despite a
decade of academic research, the state of the hospital DT remains predominantly theoretical.
Investment in real deployment pilot programmes, with rigorous impact assessment, is
needed to bridge the gap and generate evidence supporting national-scale investment
decisions [5,42-44].

4.6. Comparison with Existing Literature

Broader DT reviews describe enabling technologies, conceptual architectures and
construction-sector applications but do not isolate hospital built environment operations or
apply the same combined technology, domain and maturity coding [10-14]. The present
review adds an explicit separation between DT type, implementation maturity, real data
and real-hospital application.

Healthcare Digital-Twin reviews and pathway simulations often focus on patients,
clinical processes or healthcare IoT rather than on buildings and FM [15,48]. Those studies
are relevant comparators but were included here only when a built environment component
met the eligibility criteria.

The thematic-matrix approach is consistent with prior PRISMA-ScR work on digitalisa-
tion in construction management [19]. The present review differs through its hospital focus,
166-record corpus, explicit sustainability coding and consistency-checked implementation-
maturity scale.

5. Limitations

This review presents several methodological limitations that must be explicitly ac-
knowledged. First, the structured database search was conducted exclusively on Scopus
(21 April 2026): Web of Science was not searched, so database coverage may be incom-
plete [25,26]. Second, coding was performed by a single reviewer; the 20% intra-reviewer
consistency check (k = 0.82) improves transparency but does not substitute for indepen-
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dent dual screening and coding [28]. Third, the inclusion of studies in English only may
introduce a publication bias, excluding relevant contributions in Italian, Spanish, Chinese
or other languages [18,24]. Fourth, the review was not prospectively registered.

Finally, the rapid evolution of the field, with 49 publications in 2025 and 10 records
by 21 April 2026, implies that results may require timely updates to remain current. The
thematic matrix structure and the documented PRISMA-ScR protocol nonetheless enable a
systematic incremental update [25].

6. Conclusions

This Systematic Scoping Review provides a systematic, focused mapping of the appli-
cation of BIM, Digital Twin, IoT and Al to post-construction hospital built environments,
analysing 166 studies (2013-2026; 2026 partial through 21 April) through a ten-group,
32-field analytical thematic matrix [18,19]. The principal contributions to the knowledge
base are summarised as follows.

The principal finding is that 52.4% of studies on hospital DT remain at the conceptual
level, and no fully operational hospital deployment is documented; the theory—practice
gap is therefore the principal obstacle to the diffusion of the paradigm [11,12,35]. This is
consistent with the technological pathway observed, from BIM (56.6%) to DT (46.4%) to
IoT (27.1%) to AI/ML (15.1%), which represents the dominant digital maturation trajectory,
with the acceleration from 2023 marking increased reported use of DT in the hospital
sector [7,37]. Within this trajectory, Facility Management (69.3%) remains the principal
application domain, while IEQ & Comfort (9.6%) and Predictive Maintenance (9.6%) are
the emerging domains with the greatest growth potential [30,32,33].

In addition, 60.2% of studies do not explicitly mention environmental sustainability,
despite the DT’s transformative potential for the decarbonisation of hospital building
stock [38,45-47]; similarly, 78.3% of studies do not cite relevant standards, including ISO
19650 and the national UNI 11337-6 series, signalling a misalignment between academic
research and current normative frameworks [5,6,41].

Particularly, the review highlights a systematic gap in the linkage between digital
built environment management and direct health outcomes for occupants: future work
should integrate health impact metrics, including HAI incidence rates, patient length of
stay and staff performance indicators, into the evaluation frameworks of hospital built
environment Digital Twins, addressing both the GreenHealth mission and the principles
of Evidence-Based Design [16,17]. The results delineate a clear research agenda for the
coming five years: development of real and scalable deployments, standardisation of on-
tologies for the hospital DT, explicit integration of sustainability objectives and longitudinal
post-occupancy studies. In line with the GreenHealth mission, this review supports the
convergence of digital innovation, energy efficiency and the wellbeing of healthcare built
environment occupants, contributing to defining the scientific foundations for a more
sustainable, resilient and data-driven hospital infrastructure [23,45-47].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ greenhealth2030024 /s1,File S1: (DT_Hospital_Screening Matrix.xlsx)
contains the screening and thematic-coding records for all 194 assessed studies, with full bibli-
ographic details and DOI or source links for the 166 included studies; File S2: (PRISMA-ScR-
Fillable-Checklist_DT_Hospital_v10.pdf) is the completed PRISMA-ScR checklist [18]. The 166 coded
records in File S1 correspond to 165 unique sources: four are already cited in the main text as Refer-
ences [17,32,33,48], and the remaining 161 are listed here as References [49-209] so that every included
source is traceable in the reference list. DT-H-139 and DT-H-154 are duplicate records of the same
publication and share one reference entry; the doctoral thesis is record DT-H-165 (Reference [209]).
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