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This paper examines the current frameworks, technologies and methodologies
incorporated into architectural adaptive reuse plans for heritage buildings. It focuses on
the use of the Heritage Building Information Model (HBIM) to support adaptive reuse
processes and compare its effectiveness to contemporary tools and approaches.
Specifically, the paper studies the application of Internet of Things (I0T) sensors in
heritage buildings to monitor their condition in real-time, as well as the storage and
documentation of this updated data in an HBIM accessible to all stakeholders, thus
establishing a Digital Twin (DT) management environment for heritage buildings.
Additionally, modern visualization technologies such as Extended Reality (XR) devices
and 3D Gaussian Splatting (3DGS) representations of heritage, can efficiently enhance
the communication of the updated data of the Digital Twin HBIM among all stakeholders,
through in-field and remote collaboration in immersive XR environments. This study aims
to provide a dynamic framework for monitoring structural conditions, simulating reuse
scenarios, and enabling immersive stakeholder engagement through XR collaborative
environments.
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INTRODUCTION
The growing complexity of adaptive reuse of
heritage buildings necessitates a shift from
conventional static documentation methods toward
integrated digital ecosystems that bridge historical
accuracy with predictive analytics (Jouan and Hallot,
2020; Samy, El-Habashi and Al-Behiery, 2024). This
paper contextualizes the evolution from the current
digital frameworks wused in this architectural
approach, like Heritage Building Information
Modeling (HBIM) frameworks, to an HBIM based in
the Digital Twin environment, as it can address the
challenges of adaptive reuse strategies more
effectively. The implementation of Internet of Things
(IloT) sensors in heritage buildings and the
visualization of the processed real-time data given
by them, in a Cloud HBIM model that is accessible to
every stakeholder, can greatly enhance real-time
monitoring of buildings conditions, decision making
in reuse plans and interdisciplinary collaboration.
This study will explore the workflow and
methodologies, from researched prototype
applications of an HBIM-based Digital Twin, to lay
the foundation for future experimental use cases to
be conducted on cultural heritage buildings in
Greece. Additionally, it will emphasize the role of
Extended Reality (XR) technologies and 3D Gaussian
Splatting (3DGS) in enhancing visualization and
interaction with the updated heritage data, given by
the HBIM Digital Twin.

LITERATURE REVIEW

The preservation and adaptive reuse of cultural
heritage buildings require advanced digital
ecosystems to address their complex challenges
because traditional static documentation methods
no longer suffice (Jouan and Hallot, 2020). This
literature review investigates current adaptive reuse
practices and HBIM fundamentals and recent
technological developments including Digital Twins
(DT), XR and 3DGS that enhance heritage
management practices. Research has extensively
studied these technologies separately and in
restricted pairings for building management
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applications including maintenance and cultural
mediation, yet an integrated framework for cultural
heritage adaptive reuse remains underdeveloped
(Coupry et al., 2021). The research establishes a new
framework to address this knowledge deficiency.

Adaptive Reuse: Processes and
Methodologies

Adaptive reuse refers to the process of reusing and
converting existing structures of historical or cultural
significance into new functional spaces while
maintaining their architectural integrity and
historical value. Adaptive reuse guides design
intervention plans to construct modular structures
that can be reversed without damage to the basic
structure. This design of interventions allows for
future flexibility and adaptation to changes in use or
function over time, which may include the creation
of adaptable spaces that can serve various purposes
as the needs of the social context evolve (Buthke et
al,, 2020).

The basic sequence of steps that adaptive reuse
follows are  Research,  Analysis,  Design,
Implementation, Evaluation and Support.

In the Research phase, all the archaeological and
historical data of the building are gathered, that
includes archaeological investigations, historical
records, and the morphology of the building over
time, gathered from architectural drawings, texts,
sketches, photos and documentation that provide
insights into building's history and development
over time.

In the Analysis phase, the archaeological and
historical data of the building are analysed to
identify cultural elements to be conserved and
assess their cultural value and significance.
Additionally, systematic inspections and
assessments for monitoring the physical condition of
the heritage building are conducted for the
evaluation of building's structural integrity and
identification of elements that can be preserved or
require modification. The data analysis of consistent
inspections and monitoring of physical conditions of
heritage buildings, results in the building pathology



data that includes the potential damage or decay of
the fabric of the historic building and the
investigation of the sub-surface characteristics of its
materials and structural systems.

In the Design phase, the research and analysis
data are translated into initial design concepts that
outline how the adaptive reuse will take shape.
Digital frameworks and techniques are used in this
phase, such as HBIM, parametric design and 3D
reconstruction of cultural heritage buildings using
photogrammetry and laser scanning. The geometric
data of cultural heritage buildings coming from
scanning devices, results in a 3D mesh geometry that
embeds its current state of position, size, shape of
the components of its outer skin.

Detailed parametric models representing the
integration of potential adaptive structures and new
building systems (both structural and non-
structural) are overlaid onto the current structure
and systems of the heritage building’s 3D model,
enhancing the visualization of their implementation
in the real world.

In the Implementation phase, based on the
concept designs from the design phase, the right
materials and construction methods are selected to
create and test adaptive structures in the field. These
structures must be low-cost, quickly constructed,
easily modified, and reversible. Usually, robotics
methods with CNC cutting machines are used to
manufacture modular structures.

Finally, in the Evaluation and Support phase, the
entire adaptive reuse strategy is evaluated based on
its budget and effectiveness, and then its product is
maintained to support the functionality of the
heritage building (Buthke et al., 2020; Jouan and
Hallot, 2020; Khalil and Stravoravdis, 2019; Samy, El-
Habashi and Al-Behiery, 2024).

HBIM based adaptive reuse strategy

Modern workflows of adaptive reuse strategies make
use of HBIM frameworks, as they can support all the
phases of the architectural approach by integrating,
organizing and visualizing multi-level data
(archaeological, historical, geometrical and building

pathology), in a 3D replica of the cultural heritage
building with parametric design capabilities.
Additionally, HBIM frameworks can use the building
health status and material properties, given by
pathological data and virtually embed them in the
geometrical data. Thus, stakeholders can test
simulation scenarios through the computation of
these data, resulting in the performance of overall
structure, called performance data. For those
reasons, HBIM framework can enhance the decision-
making and communication of multi-level data to all
involved  stakeholders including historians,
architects, archaeologists, conservators and
engineers (Jouan and Hallot, 2019; Khalil and
Stravoravdis, 2019; Samy, El-Habashi and Al-Behiery,
2024).

The HBIM framework in Bayt Yakan case study
successfully directed adaptive reuse strategies
through its digital model which quantified heritage
values including authenticity and integrity and
significance and adaptability. The framework's
ability to visually represent these impacts within
Autodesk Revit, ultimately identifying the "Library"
scenario as optimal due toits high scores for heritage
preservation and functional integration, required
minimal interventions, and involved continuing its
educational function and cultural and community
value. The "Library" scenario retained most of the
hall's original features, with minimal changes
required for adaptive reuse (Samy, El-Habashi and
Al-Behiery, 2024).

HBIM based in Digital Twin environment

A Digital Twin refers to the virtual copy or model of
any physical entity (Physical Twin), both of which are
connected through real-time data exchange,
enabled by loT no sensors. The DT consists of an loT
sensor circuit, integrated into a building and a
platform for storing, managing and translating this
real-time data from the sensors, into graphical
representations that are then used in user interfaces,
to understand the real state of the building.
Specifically, the sensors can detect abnormal
changes in environmental conditions which
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threaten the integrity of the building, on time. The
probability of underlying future risks can be
calculated through the long-term storage of data
from sensors and their evaluation. Furthermore, real-
time data updates can bring greater fidelity to HBIM
simulations, in contrast to simulations with static
data. Also, an important feature of the DT
environment is the access of this updated data to
online web platforms, through which all
stakeholders can examine the now common HBIM
file (Jouan and Hallot, 2020; Poornima,
Janardhanachari and Sakkari, 2022).

The use case study of Bab Al-Mansour in
Morocco demonstrates how DT technology
enhances HBIM by converting static documentation
into real-time management and predictive
conservation systems. The HBIM model received loT
sensors to monitor structures and environments
continuously, which enabled real-time data
collection for predicting deterioration and
maximizing maintenance effectiveness. The HBIM-
based Digital Twin system combined historical
records with architectural models and maintenance
logs and sensor data to support data-driven
decisions and efficient resource management

through  KPIs  (Structural Integrity  Score,
Environmental Degradation Impact, etc) for
quantitative  performance  evaluation.  The

framework achieved proactive conservation and
improved visualization for all stakeholders through
its comprehensive integration which made it
suitable for replication at other African heritage sites
(Serbouti et al.,, 2025).

XR collaboration and visualization of
BIM-based Digital Twin data

XR environments refer to a spectrum of
environments, from immersive Virtual Reality (VR)
environments and objects to Augmented Reality
(AR) environments where virtual information and/or
objects can overlay the physical world. XR devices
are used to enter these environments and interact
with the virtual 2D/3D content. These environments
are not isolated from each other, so users can
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collaborate in real-time regardless of the
environment they are in (Coupry et al, 2021).
Additionally, in AR environments the Visual
Positioning System (VPS) technology can spatially
position the 3D content and overlay it to the physical
world, with great accuracy. This is possible by
scanning the physical world with a device's camera
and through an identification process, the 3D
content is accurately placed virtually in the desired
position of the physical world. Another great aspect
of this technology is that it doesn't necessarily
require GPS or the Internet to function (Numan et al.,
2025).

A practical example of XR technologies
integration is the "HOMeBIM live app". The main
contribution of XR technology in this project,
involved converting the conventional static Building
Information Modeling (BIM) framework into an
interactive Digital Twin environment that was both
dynamic and accessible. The integration directly
addressed the "interactivity gap" of BIM software.
The project implemented an XR web platform to
establish new levels of interoperability which
enabled both experts and non-experts including
building inhabitants to interact with the Digital Twin
in real-time. The real-time visualization of complex
data through XR allowed users to view sensor
readings and heatmaps directly on 3D building
models which improved their understanding of
comfort levels and energy usage and building
behaviour. The mobile application interface of XR
solved the problem of making complex building
data accessible to various users through its user-
friendly and portable design. The comprehensive
system gave users better control and awareness,
which led to enhanced building management and
energy efficiency (Banfi et al., 2022).

3D Gaussian Splatting visualization of
heritage buildings

3D Gaussian Splatting is an emerging technique that
is based on the same Structure from Motion (SFM)
methods that photogrammetry and laser scan
programs use to align the primary material into a



dense point cloud, the difference is that Gaussian
functions are used for the reconstruction of a 3D
volume model, that consists of a dense cloud of 3D
anisotropic ellipsoids called splats, instead of 3D
mesh surfaces (Kerbl et al., 2023).

This 3D volume rendering can depict fine
structures, difficult surfaces and large-scale locations
in more detail than traditional methods. Indeed, the
accuracy of the Gaussian splat cloud, compared to
the detailed point cloud of industrial
photogrammetry, is less dense and less accurate
(Yang et al., 2024). However, displaying 3D Gaussian
splats instead of 3D mesh polygons is more render-
efficient and performs better on web and XR
platforms with higher quality real-time rendering. In
addition, the use of semantic segmentation
algorithms in  Gaussian Splatting enables the
dynamic and selective optimization of the density of
the Gaussian splat model to the desired LOD without
the need for skilled personnel to do it manually (Wu
etal, 2024).

In a practical implementation of modeling a
15m-long diverse indoor corridor, demonstrated
that 3DGS achieved better efficiency and quality
results. The traditional methods faced difficulties
with voids and incomplete features and manual
remediation but 3DGS outperformed them by
rendering images quickly while maintaining high
detail and realism. The optimized 3DGS algorithm
achieved substantial performance enhancements
through its PSNR metric increase of 4.3% and SSIM
increase of 0.2% (Fang et al., 2025).

The 3DGS scene representation and fast
differentiable renderer of 3DGS deliver state-of-the-
art visual quality at 1080p resolution with training
times that match competitors to enable real-time
(=30 fps) novel-view synthesis. The system
demonstrates practical usage through its ability to
generate complex scenes from multiple view
captures within minutes while preserving high
image quality. The robust system performance
enables real-time navigation through an interactive
viewer which supports the development of rich
responsive web experiences and Extended Reality

(XR) applications that need high frame rates and
precise visual accuracy (Kerbl et al., 2023).

CHALLENGES OF HBIM-BASED ADAPTIVE
REUSE PROCESS

Despite the recognized benefits of HBIM for
managing complex data in heritage contexts, its
current implementation for adaptive reuse faces
several significant challenges.

1. The collection of cultural building data to update
HBIM information still depends on regular
physical condition monitoring inspections. In
case of changes in the cultural building
microclimate not captured by inspection,
conservation and adaptive reuse strategies
become inaccurate. Moreover, consistent
monitoring activities in large scale or ongoing
projects can be resource intensive (Jouan and
Hallot, 2019, 2020).

2. In the case of irregular geometries of a cultural
building that usually include structures with fine
details, high reflectance or transparency of
surfaces, lighting and temperature conditions, it
is often difficult and time-consuming to
accurately record these elements with
photogrammetry or laser scan devices. In case of
failure, modeling inevitably resorts to older
relevant descriptions, even verbal reports (Fang
etal, 2025).

3. Processing large raw data from
photogrammetry or laser scanning devices is
time-consuming and requires specialized
personnel to optimize this data into the desired
Level of Detail (LOD) 3D model of heritage
building, to be imported into the HBIM
framework. In addition, large 3D scenes that
require realistic details negatively affect the
performance and smooth flow of the HBIM
software, especially in use cases of BIM
interaction through web platforms. The use of
dense point clouds may not be a good
workaround because the point cloud space is
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not consistent with the HBIM design concept
(Brusaporci et al., 2023).

4. So far, HBIM design programs are locally based,
which makes it necessary to transfer files
between stakeholders, so that everyone can
examine the same HBIM file. The problem with
this process is the slow transfer of files due to the
volume of data and the requirement for
stakeholders to use a common HBIM program,
for file compatibility. In case of outdated files,
communication between stakeholders s
difficult. Although there are use cases for web
HBIM platforms such as PetroBIM and HBIM
Portal, they are in prototype stages (Jouan and
Hallot, 2019).

5. In case of large projects with multiple
stakeholders and multi-layered data, the
navigation in the visualized data and adaptive
reuse plans in traditional 3D scenes can be
complex (Banfi, Brumana and Stanga, 2019).

A PROPOSED FRAMEWORK TO ADDRESS
THE CHALLENGES

The challenges inherent in the current HBIM-based
adaptive reuse process highlight the need for a more
dynamic, integrated, and accessible framework. This
proposed framework leverages the synergistic
integration of an HBIM-based Digital Twin
environment, real-time loT sensor data, 3DGS for
advanced visualization, and XR collaborative
platforms. This holistic approach aims to address
each identified challenge, enhancing accuracy,
efficiency, accessibility, and stakeholder
engagement.

Integration of HBIM into Digital Twin
framework

This integration requires strategical positioning of
loT sensors (e.g. temperature, humidity, strain
gauges, accelerometers) within the heritage
building. This sensor circuit can track the building
microclimate in real-time and communicate
wirelessly, to transmit raw data. Following up, those
raw data are collected in a cloud-based ingestion
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platform that is responsible for their security, initial
processing and routing. The processing of raw data
is needed for optimization, to make possible real-
time analytics.

Next step is to establish a bidirectional data link
AP| between the Digital Twin data and the Cloud
HBIM, this will allow the linking of parameters inside
the HBIM framework with real-time transmission of
loT sensors data.

For an HBIM based Digital Twin to be created is
required a BIM software that can handle heritage
data (ontologies, semantics) and support
bidirectional link APl with the DT data, (Poornima,
Janardhanachari and Sakkari, 2022) a software that
the research mentions is Autodesk Revit (Banfi et al.,
2022).

The integration of DT framework directly
resolves Challenge 1 by shifting from scheduled
physical inspections to automated real-time
monitoring of building conditions, which provides
accurate data for proactive conservation strategies.
The centralized cloud-based platform for HBIM and
its real-time data solves Challenge 4 by providing
online access to all stakeholders and eliminating
problems with file transfers and compatibility issues
and outdated information.

Integration of XR technology into HBIM-
based Digital Twin framework

This integration requires cross-platform WebXR APIs
to facilitate broad accessibility (VR headsets, AR-
enabled smartphones/tablets). Thus, dynamic data
(real-time sensor readings, performance data,
simulation results) are streamed from the cloud
server to the XR client application. The key features
of this integration are:

e Interactive overlays of dynamic data in VR or AR
experience. This could include color-coded
heatmaps for temperature, animated arrows for
air flow, or numerical readouts for structural
stress (Banfi, Brumana and Stanga, 2019).

e VPS for AR experience, in which in-field
operators see precisely anchored data overlayed



to physical world. Services that provide that
capability are Niantic Spatial (Numan et al., 2025)
and Immersal (Kimura and Cohen, 2022).

e Multi-user and multi-platform capabilities,
allowing multiple stakeholders to
simultaneously use the virtual or augmented
space and interact with the dynamic data, in-
field or remotely (Banfi, 2022; Coupry et al.,
2021).

The integration of XR technologies solves
Challenge 5 by simplifying the process of working
with visualized data and adaptive reuse plans across
large projects involving multiple stakeholders. The
system enables users to interact with complex multi-
layered data through simple immersive
collaborative XR environments which support joint
decision-making between all parties involved. Real-
time visualization on web platforms reduces the
complexity of interacting with complex 3D scenes
according to Challenge 3 but 3DGS handles the main
optimization for rendering efficiency.

Integration of 3D Gaussian Splatting into
the HBIM-based Digital Twin and XR
environments

This integration requires the HBIM software and
WebXR platforms to be compatible with interactive
viewers of 3DGS scenes. An example of an HBIM
software that can integrate 3DGS scenes is Autodesk
Revit, which utilizes V-Ray 7 (Chaos, n.d.).
Additionally, THREE.js frameworks (Kellogg, n.d.) are
an example of a web environment that supports this
integration.

In practice, 3DGS may have potential benefits in
designing processes and heritage communication.
Specifically, 3DGS may potentially replace dense
point clouds of heritage representation in Scan-to-
BIM design processes and virtual adaptive reuse
plans.

The integration directly solves Challenge 2
because 3DGS reconstructs complex scenes with
superior detail and realism to accurately record
irregular geometries and fine details. The system

delivers a fundamental solution to Challenge 3
through its render-efficient alternative to traditional
3D meshes or dense point clouds. The system
enables realistic visualization of large, detailed
heritage scenes on web and XR platforms while
providing smooth performance and reducing both
processing time and the requirement for specialized
personnel to optimize LOD.

EXPERIMENTAL RESULTS

To validate the proposed framework, a primary
experimental setup was created, specified in the
visualization aspect. Specifically, the digitization of
heritage buildings with traditional methods and
3DGS to observe quality comparison of 3D
reconstructed scenes, graphical efficiency, file size
and reconstruction effort. Additionally, VR/AR and
VPS technologies were explored, for XR content
visualization. All experiments were developed in
Ontovisual Spatial Experience workspace.

Photogrammetry vs 3DGS

By experimenting with 3D capturing and
reconstruction of heritage buildings of Skopelos
Greece, photogrammetry and 3DGS pipelines were
used.

On the one hand, in the «case of
photogrammetry, a textured mesh of the heritage
building Timios Prodromos, Skopelos Greece, was
reconstructed via a photogrammetry program called
Reality Capture. The result was a mesh with high
polygon count, around fifteen million, with a decent
geometric visualization. There were also some holes
in the model, distorted texture or polygons and loss
of small and detailed structures. The combination of
high polygon count, big resolution of textures and
reconstruction errors, needed specific manual
optimization processes so that this 3D model would
be compatible with light performance platforms
(smartphones, VR devices and Web platforms).

On the other hand, the 3DGS reconstruction
didn't have much difference in processing time but
the result was more realistic than photogrammetry
“Figure 17, it better captured small structures and
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reflectance surfaces and didn’t need manual and
time-cost optimization processes to efficiently runin
light performance platforms “Figure 2",

3DGS programs could benefit HBIM as a better
reference tool for designing overlayed adaptive
reuse plans.
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AR anchored content using VPS
By using Immersal SDK and the Unity framework, a
VPS of Ontovisaul indoor workspace was activated.

First step was capturing the workspace with a
smartphone camera and reconstructing a VPS active
point cloud. After that, air conditioner pipe 3D
models were put in the 3D scene, following the
virtual reference of the workspace which
represented the VPS active point cloud. Finally in the
client app the user scanned the workspace, and the
3D air conditioning pipe system was augmented
over the physical world “Figure 3”.

This system had a decent accuracy of AR
anchored visual content, but indoor spaces can be
sometimes difficult to track cause of low light,
featureless surfaces and reflectance surfaces.

Moreover, through this system there are also
capabilities for supporting multi-stakeholder
collaboration even if different stakeholders are using
different devices (smartphones, PCs, VR/AR devices)
or XR environments (VR, AR), this called Shared AR
(Numan et al,, 2025).

CONCLUSION AND FUTURE WORK

This study examined how the integration of Digital
Twin, 3DGS and WebXR technologies into the HBIM
framework could benefit adaptive reuse strategies.
The findings highlight that online access to updated
HBIM models through a Digital Twin environment,
improved 3D rendering quality via Gaussian
Splatting on WebXR platforms, and immersive
remote collaboration enabled by XR devices create
new opportunities for interdisciplinary cultural
heritage management. Future research will focus on
testing the combined methodologies across various
use cases, particularly evaluating their cost-
effectiveness compared to existing systems. A key
objective is to standardize a new methodology that
integrates these technologies into a unified
framework.

In the next phase, the research will focus on the
virtual architectural design with the combined use of
WebXR applications HBIM based Digital Twin
frameworks, to conduct reversible adaptive reuse

Figure 1

3D Visualization of
Timios Prodromos,
Skopelos Greece,
3D Mesh (Left),
3DGS (Right)

Figure 2

3DGS Visualization
of Timios
Prodromos,
Skopelos Greece,
with integrated VR
technology.

Figure 3

AR VPS
visualization of 3D
air-conditioning
pipe system in
workspace of
Ontovisual Spatial
Experience



plans in XR collaborative immersive environments,
with real-time rendering of 3DGS models and real-
time monitoring of the physical condition of the
cultural building through the Digital Twin, ultimately
resulting in a real-time design of cultural heritage
building management strategies.
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