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Abstract

The digital and ecological transition of the industrial sector requires methodological tools
that integrate information modelling, performance simulation, and operational decision
support. In this context, the present study introduces and tests a semi-automatic BIM-
to-BEM framework to optimise human-machine interaction and support critical data
interpretation through Graphical User Interfaces. The objective is to propose and validate a
BIM-to-BEM workflow for an existing industrial facility to enable comparative evaluation
of energy retrofit scenarios. The information model, developed through an interdisciplinary
federated approach and calibrated using parametric procedures, was exported in the
gbXML format to generate a dynamic, interoperable energy model. Six simulation scenarios
were defined incrementally, including interventions on the building envelope, Heating,
Ventilation and Air Conditioning (HVAC) systems, photovoltaic production, and relamping.
Results are made accessible through dashboards developed with Business Intelligence tools,
allowing direct comparison of different design configurations in terms of thermal loads
and indoor environmental stability, highlighting the effectiveness of integrated solutions.
For example, the combined interventions reduced heating demand by up to 32% without
compromising thermal comfort, while in the relamping scenario alone, the building could
achieve an estimated 300 MWh reduction in annual electricity consumption. The proposed
workflow serves as a technical foundation for developing an operational and evolving
Digital Twin, oriented toward the sustainable governance of building—system interactions.
The method proves to be replicable and scalable, offering a practical reference model to
support the energy transition of existing industrial environments.

Keywords: Building Information Modelling (BIM); smart buildings; energy-efficient
technologies

1. Introduction
1.1. General Context

The construction sector is one of the main contributors to global climate-changing
emissions, accounting for approximately 30% of final energy consumption and 26% of
global energy-related emissions [1]. In this scenario, the United Nations 2030 Agenda

Sustainability 2026, 18, 1023

https://doi.org/10.3390/su18021023


https://crossmark.crossref.org/dialog?doi=10.3390/su18021023&domain=pdf&date_stamp=2026-01-22
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-7659-2802
https://orcid.org/0009-0002-8599-6785
https://orcid.org/0000-0001-8101-0769
https://orcid.org/0000-0001-7445-3975
https://orcid.org/0000-0002-6043-6477
https://doi.org/10.3390/su18021023

Sustainability 2026, 18, 1023

2 of 36

has set promoting clean energy, urban sustainability, and climate action among its main
objectives [2]. At the European level, the Renovation Wave strategy aims to double the
annual rate of building energy renovation by 2030 [3]. At the same time, the Fit for
55 legislative package fits into this scenario by defining a series of binding regulatory
instruments to ensure a reduction in net greenhouse gas emissions of at least 55% by
2030, compared to 1990 levels [4]. In this scenario, the industrial sector is one of the main
critical areas in the global challenge to decarbonise the building stock. Although public
policies and scientific research have often focused on residential and tertiary buildings,
production facilities continue to contribute significantly to the construction sector’s overall
environmental footprint. According to the International Energy Agency [5], the industrial
sector accounts for around 30% of global final energy consumption and is responsible for
a significant share of climate-changing emissions from air conditioning, ventilation, and
internal process power systems. In particular, existing industrial buildings constructed
between the 1960s and 1990s typically suffer from obsolete systems, poor building envelope
performance and limited system digitisation. These factors make them not only energy-
inefficient but also ill-equipped to cope with the transition to sustainable, predictive,
and flexible management. The United Nations Global Status Report for Buildings and
Construction [6] highlights how, despite the acceleration of digital innovation in residential
and tertiary buildings, the industrial sector remains one of the least monitored and least
digitised segments. In this context, energy retrofitting is a strategic priority when supported
by decision-making tools that compare scenarios, evaluate trade-offs, and enable informed
choices. To this end, the Industry 5.0 paradigm, promoted by the European Commission,
proposes an integrated vision in which humans are placed at the centre of digital interaction,
not as mere observers but as conscious actors in the decision-making process [7].

In such a challenging context, integrating innovative processes and tools, such as
Building Information Modelling (BIM) and Environmental, Social, and Governance (ESG)
practices, is crucial for charting a course toward sustainability. ESG represents a set of
criteria that guide organisations in their responsibility towards the environment, society,
and proper corporate management. These principles establish a balance between economic
performance and social and environmental impacts, pointing the way to building solutions
that are not only efficient and innovative but also responsible and sustainable on a global
level. Itis in this context that Building Information Modelling to Building Energy Modelling
(BIM-to-BEM) processes serve as a strategic approach to addressing the challenges posed
by ESG, enabling the energy transition and optimised resource management throughout
the life cycle of buildings, in line with globally defined sustainability goals.

Figure 1 shows the integration between the three ESG pillars, namely the environment,
the people and the governance, and the methods and tools identified (BIM, BEM, and
Digital Twin (DT)), highlighting how the convergence of these areas contributes to the
creation of sustainable management models for the building-plant system.

Despite their significant role within the European building stock, industrial facilities
remain underrepresented in energy and digital retrofit strategies, with operational DT
applications still limited and often restricted to controlled or experimental contexts. The
implementation of advanced simulation workflows is frequently hampered by inconsistent,
outdated, or non-interoperable information models, which obstruct the establishment
of continuous digital pipelines and hinder the transition from BIM to BEM. Persistent
interoperability issues, including fragmented data formats, semantic misalignment and the
lack of shared standards, continue to represent structural barriers to the development of
fully operational digital systems.
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Figure 1. Environmental, Social, Governance framework with BIM, BEM and Digital Twin methods
and tools.

Within this perspective, the visual representation of technical information takes on
a central role. Tools such as BIM, BEM and interactive dashboards not only enable the
simulation of energy behaviour and consumption profiles but also render design configu-
rations legible and comparable across comfort, efficiency and adaptability criteria. More
importantly, these tools can now be understood within a broader continuum of digital
representations of the built environment. At one end, Digital Models are static virtual
constructs that are manually updated and used primarily for documentation, design, and
isolated simulations. Progressing along this spectrum, Digital Shadows introduces periodic
data flows from the physical asset to its virtual counterpart, enhancing monitoring and
diagnostic capacity while maintaining a unidirectional relationship. At the most advanced
stage, Digital Twins (DTs) establish real-time, bidirectional communication between virtual
and physical layers, enabling predictive analytics, optimisation and operational control.
Recognising this continuum helps clarify the diversity of digital practices currently ap-
plied to industrial buildings and the varying levels of automation, data integration and
operational capability they entail.

Building on these considerations, the evolution of Digital Models into operational
tools calls for a broader reflection on how users access and interact with data. Intelligent
visual interfaces, interactive dashboards, conversational agents, and immersive eXtended
Reality (XR) environments are increasingly essential for bridging the gap between tech-
nical information modelling and strategic decision-making. Aligned with the principles
of the New European Bauhaus [8], these approaches foster a transition that is not only
technologically efficient but also inclusive and culturally accessible. In this expanded
perspective, the DT ceases to be a mere digital replica and instead becomes a dynamic
knowledge infrastructure integrating geometry, environmental parameters, operational
data and predictive algorithms within a unified ecosystem.

Consistent with the principles of Industry 5.0, which emphasise the convergence of
digital technologies, sustainability and human-centricity, the DT emerges as an operational
environment in which human decision-makers engage directly with data-driven insights.
Adaptive interfaces, real-time feedback loops and semantic querying mechanisms transform
the DT from a descriptive artefact into an active, interactive system capable of supporting
collaborative reasoning, transparent energy management and continuous performance
optimisation. In light of these technological and sustainability-driven transformations, the
need for methodological frameworks that are replicable, interoperable and scalable becomes
increasingly evident. Such frameworks must reliably connect information modelling,

https://doi.org/10.3390/su18021023


https://doi.org/10.3390/su18021023

Sustainability 2026, 18, 1023

4 of 36

energy simulation and DT-oriented operational strategies to provide tangible support for
the energy and maintenance management of the existing industrial heritage.

1.2. Scientific Problem

The growing urgency to respond systematically to environmental and climate chal-
lenges has confronted the construction and manufacturing sectors with the need not only to
reduce energy consumption, but also to restructure the cognitive processes through which
such consumption is monitored, interpreted and managed [6]. In this context, industrial
buildings represent a particularly critical area: the fragmentation of information sources,
poor interoperability between systems and the presence of incomplete or obsolete data
prevent the construction of truly reliable operational models that can be used in day-to-day
management [9]. The complexity of industrial plants, combined with the fragmentation
of modelling protocols, effectively prevents the adoption of unified solutions capable of
integrating all the information dimensions necessary for advanced energy management.
The idea of relying on a single software environment capable of covering all aspects of
industrial building management, from geometric modelling to energy simulation and plant
control, faces structural and operational limitations: no platform currently in use coherently
integrates all these components, making modular, coordinated solutions necessary [10].
This gives rise to the need to build distributed modular architectures based on comple-
mentary tools and articulated workflows, where each phase, from geometric modelling to
dynamic simulation, from sensor technology to operational governance, is addressed by
diverse specialist skills [11].

In this scenario, data visualisation represents the cognitive and operational heart
of the system: tools such as interactive dashboards, immersive XR environments, and
intelligent reports become strategic levers for converting energy and performance data
into real, shared knowledge, making plant systems accessible and interpretable even to
non-technical users and non-specialist decision-makers [2]. Within this perspective, an
interdisciplinary approach becomes essential: the convergence of BIM modellers, energy
engineers, dynamic simulation experts, interface developers, and information visualisation
designers provides the proper foundation for an effective digital transition for the industrial
sector [12].

1.3. Scope of the Work

Within this framework, the present work introduces an integrated operational method-
ology for the energy retrofitting of existing industrial buildings. The approach combines
BIM, BEM, advanced control strategies, and interactive visualisation tools to establish a
clear, actionable transition from BIM to BEM. Particular emphasis is placed on creating
interoperable, updatable and replicable workflows that support informed decision-making
in real-world industrial contexts, bridging the gap between design environments, moni-
toring practices and operational management within a sustainability-oriented perspective.
To situate the proposed workflow within the broader landscape of digital representations,
the methodology also articulates an explicit mapping across progressive stages of digital
maturity. In its current implementation, the proposed BIM-to-BEM workflow operates as a
Digital Model, providing a structured, static representation used for documentation, design
analyses and comparative simulations. When enriched with operational data, monitoring
inputs and control strategies, the system evolves into a Digital Shadow, where the virtual
environment is periodically informed by the behaviour of the real asset, enabling enhanced
diagnosis and performance assessment without influencing the physical system. This pro-
gression establishes the methodological foundation for future development into a Digital
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Twin, in which real-time, bidirectional connections between physical and virtual layers
would enable predictive analytics, optimisation and operational control.

This evolution of the BIM-to-BEM from a Digital Model to a Digital Shadow and then
to an operational Digital Twin is one of the core proposed scientific novelties. The frame-
work presented here is therefore designed as a preparatory, extensible digital infrastructure:
while functioning today as a decision-support environment for energy retrofitting, it is also
conceived to be progressively expanded towards full DT capability through additional lay-
ers of data connectivity, automation, and real-time feedback mechanisms. In this sense, the
proposed methodology acts as a sustainability-oriented decision-support tool, operational-
ising data-driven principles by integrating models, monitoring inputs, and user interfaces
into a multifunctional digital environment. Its navigability and clarity ensure that both
technical and non-specialist users can query and interpret information, effectively linking
information modelling with operational management and offering a concrete, transferable
methodological reference for the digital transformation of industrial facilities.

The methodology was applied and validated on an existing industrial plant in Italy.
After developing the BIM model and converting it into a performance-oriented BEM, six
alternative retrofit scenarios were simulated, each incorporating specific modifications to
the building configuration to evaluate energy savings and operational performance under
different conditions. A further component of the workflow is the creation of an interactive
dashboard that enables intuitive visualisation, scenario comparison, and access to dynamic
results for diverse user profiles.

2. State of the Art

To structure a coherent critical review of the scientific landscape on BIM-to-BEM
information flow, a comparative matrix was developed to classify existing contributions
systematically. The matrix consists of nine operational phases, identified as representative
of the main stages that characterise the transformation from BIM to BEM, culminating in
interactive outputs geared towards decision support. These phases include: (1) data collec-
tion, (2) static modelling, (3) simplification and structuring of the model, (4) assignment of
energy properties, (5) export to simulation engines, (6) simulation and validation, (7) com-
parative scenario modelling, (8) results visualisation, and (9) interactive decision-support
dashboard. In particular, the last two phases of the matrix (i.e., (8) and (9), respectively)
represent the link between the simulation model and its operational use. It is, in fact,
in the display of results and user interaction that the BEM model could evolve from an
analytical tool to an operational DT. Rather than being a static replica, the DT provides
energy scenarios, performance indicators, and dynamic comparisons through responsive
interfaces. In this framework, the dashboard plays a central role, acting as the primary link
between the model and end users, enabling both understanding and informed decision-
making. Without this interactive component, the DT remains purely descriptive and lacks
practical operability.

As shown in Table 1, each literature contribution was mapped within the matrix using
a binary criterion: the actual and substantial presence of each phase was indicated with the
symbol “0”, while its absence, marginal or implicit treatment was marked with “x”. Partial
presence of the phase is indicated by “x/0”. This approach excluded partial or purely
citation-based approaches and isolated the methodological references that were actually
relevant to each phase of the flow.
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Table 1. Comparative matrix of the selected scientific contributions across nine BIM-to-BEM method-

ological steps. The “0” indicates the presence of each step; “x” indicates its absence, while “o/x”
indicates partial presence.
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The matrix’s organisation also informed the analysis discussion of this section, which
has been divided into three main thematic areas: (i) BIM-to-BEM, (ii) Dashboard and
decision support, and (iii) Operational DT. Only contributions that explicitly and verifiably
addressed each specific phase were included in the corresponding category. This structure
ensures that the text remains internally consistent, accurately reflects the covered content,
and avoids unnecessary overlaps or misinterpretations.

2.1. BIM-to-BEM

The transition from BIM to BEM is one of the central methodological challenges in the
digitisation of the construction sector [13]. The transformation process involves multiple
levels: from data collection and architectural modelling to simplification, definition of
astrophysical properties and export to simulation engines [14]. However, recent literature
shows that no established pipeline can connect all these phases in a continuous, automated,
and interoperable manner [15].

Figure 2 shows a conceptual diagram of HCI designed to build a digital ecosystem.
In this context, the DT is defined as a layer of static data (BIM, BEM) and dynamic data
(real-time data), which must be linked to enable critical, integrated interpretation of the
information. The development of graphical interfaces enables direct relationships between
users and data, facilitating the definition of new strategies and policies for smart cities. The
initial data collection phase includes heterogeneous sources such as geometric surveys,
existing drawings, IoT systems, and plant documentation [16]. This heterogeneity, if not
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accompanied by consistent structuring, generates semantic ambiguities in the informa-
tive model [17]. Some studies propose shared information flows between planners and
managers to strengthen model consistency [18].

New policies for sustainability
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Figure 2. Conceptual framework of Human Machine Interaction. Dashed lines indicate dynamic
dataflows, while the continuous line indicate static ones.

Once constructed, the BIM model can vary widely in granularity, semantic structuring,
and information consistency [19]. The presence or absence of coded parametric families,
the definition of thermal zones, and the organisation of information directly affect the
possibility of reuse in the energy domain [20].

Model simplification is often necessary for adaptation to energy simulation software,
but it is rarely systematic [21]. Some authors adopt manual filtering and aggregation
strategies, compromising the reliability of the process [22]. Others propose more structured
approaches, based on archetypes or functional categories [23].

The attribution of energy properties represents another critical point in the flow [24].
While some studies use standard libraries of materials and loads, others highlight the need
to adapt these parameters to the specific building context [25]. The lack of interoperability
between BIM and energy environments further complicates this phase [26].

The model is usually exported to simulation engines using intermediate formats
such as green building eXtensible Markup Language (gbXML) or IDF, but this introduces
known problems of information loss and geometric conversion [27]. In many cases, manual
intervention is required to correct import errors and ensure that the model is readable in
the simulator [28].

Once the BEM model has been completed, energy simulation is carried out using
software such as EnergyPlus, IES-VE or DesignBuilder [29]. However, few studies go
beyond static simulation, and even fewer systematically address calibration with respect
to measured data [30]. Even when usage profiles or local climate files are entered, the
simulation almost always remains disconnected from an integrated operational phase [31].

Overall, the literature presents a fragmented picture: each contribution explores a
single phase of the BIM-to-BEM flow, but none proposes a complete, interoperable, and
reusable pipeline. This methodological discontinuity confirms the absence of a shared solu-
tion for the integrated transition between digital design and energy modelling, highlighting
a clear opportunity for theoretical and operational innovation.
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2.2. Dashboard and Decision Support

The representation of energy simulation results is increasingly important in the transi-
tion from static models to operational decision-support tools [21]. While most academic
contributions conclude with numerical or graphical results, some experiences seek to bridge
the gap between the analytical phase and the final user interface [23].

Dashboards are designed as interactive environments capable of providing infor-
mation in a concise, visual format tailored to different user profiles, such as designers,
managers and energy managers, but their implementation in the BIM-to-BEM context
is often incomplete [24]. Some studies highlight the use of reporting tools or interfaces
integrated into simulation software. Still, these environments are rarely interoperable with
the original BIM model or updatable to reflect new energy scenarios [25].

A critical issue is the lack of a transparent, structured approach to data based on its
use. Simulation results are often returned as static outputs (files, graphs, maps) without
any functional organisation for decision-making processes or maintenance [30]. In some
cases, the use of immersive environments or XR is proposed to facilitate the reading of
simulated data, but these are experiments that do not enter the operational cycle of building
management [32].

The possibility of interacting with results, filtering scenarios or analysing alterna-
tives via responsive interfaces is still poorly addressed in existing literature. Even in the
most advanced cases, the decision support component is relegated to descriptive and
non-interactive levels, preventing integration with energy management or maintenance
processes [31].

In conclusion, although the visualisation of results is recognised as a key step in
operationalising the BIM-to-BEM flow, existing solutions remain fragmented. None of the
revised studies propose a dashboard that is truly integrated with the previous modelling
and simulation stages, nor a dynamic visualisation system capable of adapting to the
different roles involved in the decision-making process. This severely limits the potential
of simulated data as a tool for building management and control.

2.3. Operational Digital Twin

The evolution of information models towards a more dynamic paradigm has led to
the introduction of the concept of DT in the construction industry, although its operational
definition is still vague and applied in a heterogeneous manner [15]. In the BIM-to-BEM
field, DT is often understood as a simulation extension of the energy model, capable of
providing scenarios and indicators in a visual format and, in some cases, updatable [16].

However, the analysed solutions show an apparent prevalence of descriptive ap-
proaches, focused on representation rather than continuous operation.

Some studies propose federated models that integrate architectural geometry, systems
and thermal zones, which can be used for energy and maintenance assessments [17]. These
models are usually developed using traditional BIM software and then enriched with
simulation-relevant attributes, but they cannot be updated or connected to monitoring
systems [18]. Even when the information flow covers the entire BIM-to-BEM chain, the
final model remains static, lacking interaction and adaptive capacity [19].

The simulation component is often treated as an external environment, separate from
the original BIM model. Exporting software, such as EnergyPlus, enables analysis of energy
scenarios but lacks feedback on the initial model or iterative data management [20]. The
update cycle is therefore interrupted: the DT does not evolve according to the context or
plant modifications, limiting its validity over time.

Another critical issue is the lack of connection between simulation and decision-
making. Although some contributions address the generation of multiple scenarios or
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comparative modelling, these approaches do not converge into a coherent structure that
allows continuous control or maintenance based on simulated data [22]. Modelling remains
confined to the design phase and is not intended to be reused during the building’s useful
life [28]. Some more advanced cases introduce concepts of data sharing among the BIM,
BEM, and Facility Management (FM) domains, aiming to unify information sources and
produce a consistent model [29]. However, these are still experimental architectures, lacking
operational validation or scalability.

In summary, the review shows that none of the examined articles proposes a truly
operational DT, i.e., one capable of integrating modelled, simulated, and visualised data in
a continuous, updatable cycle for management. DT is often invoked as a concept but not
implemented as a platform, leaving the link between simulated performance and concrete
action unaddressed.

2.4. Scientific Novelty

The conducted analysis highlights a cross-cutting element: none of the contributions
examined fully covers all nine phases identified, nor does it propose an interoperable, con-
tinuous and validated methodological pipeline. On the contrary, fragmented approaches
prevail, focusing on individual aspects of the flow and often disconnected from information
modelling, simulation, and operational feedback. Specifically, the 9 phases can be grouped
into two critical areas of discontinuity: phases 1 to 6 for methodological fragmentation
in BIM-to-BEM; phases 7 to 9 for the lack of interaction between simulated performance
and practical management action. This occurs because current modelling methodologies
tend to focus on specific tasks in isolation, and the dashboards employed in existing works
remain predominantly descriptive and static.

The proposed research addresses the identified gap by proposing a complete, oper-
ationalised, and end-to-end BIM-to-BEM framework that fills the gaps, by introducing a
systematic methodological flow designed to ensure information consistency and continuity
across all nine phases and by implementing a real-time scenario comparison into an inter-
active dashboard, supporting decision-making. In this sense, this work delivers a Digital
Shadow, not merely descriptive but characterised by a continuous and updatable cycle that
aligns modelled and simulated data with the objective of supporting active management.
In doing so, the framework transforms the traditional static analytical model into a dynamic
and adaptive platform for continuous performance evaluation and operational control.
The architecture of the workflow also makes it naturally extensible towards the develop-
ment of a full Digital Twin, requiring only the future integration of real-time sensing and
bidirectional interaction with the real-world environment. Overall, the methodology estab-
lishes a sustainability-oriented digital environment that effectively bridges the gap between
modelling, simulation, and operational decision-support within industrial buildings.

3. Materials and Methods

The methodological framework adopted in this study is structured around a sequential
BIM-to-BEM workflow designed to ensure consistency, traceability, and interoperability
from geometric modelling to energy simulation and final performance evaluation. As illus-
trated in Figure 3, the process unfolds across three interconnected layers: (i) the creation
and federation of the BIM, where the building is digitally structured and filtered to support
analytical use; (ii) the construction and verification of the BEM, including interoperabil-
ity checks, parameter assignment, and simulation preparation; and (iii) the generation
of decision-support outputs through a dashboard environment, enabling comparison of
retrofit scenarios and extraction of performance indicators. Together, these stages pro-
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vide a clear, reproducible pathway from digital modelling to scenario-based evaluation,
supporting informed decision-making throughout the study.
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Figure 3. Methodological framework from BIM to Dashboard.

3.1. BIM Model Organisation

In this research, the construction of the digital information model was not conceived
as a mere geometric exercise or a simple three-dimensional transposition of the existing
building. Rather, it was approached as a strategic process aimed at structuring a solid,
interoperable database capable of supporting subsequent energy simulations. The process
was developed iteratively, starting from survey and data analysis (provided in digital
format), through a sequence of progressively refined models in which a constant balance
was sought between geometric complexity and the simplicity required to ensure efficiency,
readability, and consistency in the plant’s digitalisation flow, as sketched in Figure 4. The
federated BIM pursued a dual objective: on one hand, to ensure topological consistency
among physical environments, thermal zones, and plant components; on the other, to
establish an information system accessible not only to BIM specialists but also to technical
managers, energy engineers, and facility management personnel.

Within this framework, the federation process acted as a cognitive infrastructure,
integrating three distinct disciplinary models, architectural, Heating, Ventilation and Air
Conditioning (HVAC), and electrical, into a single coordinated environment that laid the
foundations for the development of the BEM through interoperable software tools. The
modelled information was not treated as an end in itself but selectively filtered and organ-
ised according to its relevance to performance analysis. Priority was therefore given to
elements essential for thermal simulations and internal load calculations, while secondary
or decorative components were intentionally minimised. In line with what is discussed
in [33] federation is understood here not as a formal objective but as a critical and op-
erational act, constructing a model that is action-oriented, capable of enabling reliable
simulations, supporting decision-making processes, and, in perspective, feeding dynamic
representations typical of DTs. The resulting federated model, depicted in Figure 5, thus
serves multiple purposes: it is not only a reliable tool for comparative energy analyses
across alternative design scenarios, but also an operational instrument for space and system
management, thanks to its hierarchical structure and interdisciplinary readability. More-
over, it has proven particularly effective for training purposes, allowing technical staff
to digitally explore the plant, understand its functional structure, and visualise planned
transformations by comparing the existing configuration with proposed layouts. This edu-
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cational dimension, often overlooked in BIM workflows oriented solely toward production,
highlights the generative and multifunctional nature of the Digital Model when conceived
as a medium for knowledge rather than merely documentation.

ENERGY MODEL IN REVIT
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Figure 4. Digitisation process of BIM data for energy simulation of industrial plants.
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Figure 5. BIM of an industrial plant as an example.

From a technical standpoint, the federated BIM environment was organised into three
distinct yet interoperable subsystems, reflecting the previously defined disciplinary models:
the architectural, HVAC, and electrical models, depicted in Figure 6. Each subsystem
was developed as an independent file within Autodesk Revit 2021, following parametric
object modelling principles and designed to be semantically and spatially integrated with
the others in a coherent information structure. The architectural model represents the
building envelope, shed roof structure, internal partitions, and the functional division of
spaces, with particular attention to the correspondence between physical environments
and thermal zones to facilitate energy modelling. The HVAC model describes the main
terminals and duct networks at an appropriate level of abstraction to capture the functional
organisation without excessive geometric complexity. The electrical model includes the
central distribution systems, lighting fixtures, and control panels, providing a concise yet
informative overview of the plant network.

Electric Model Mechanical Model Architectural Model

Figure 6. Federated BIM and its components.

This three-part division simplified modelling workflows while maintaining a high de-
gree of readability for users involved in management and control activities. The disciplinary
separation, though technical, was intended to enhance accessibility for non-specialist users,
such as maintenance technicians, energy managers, and production supervisors. Conse-
quently, the BIM model evolved from a mere authoring environment into a shared interface
between design, simulation, and operational management.
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Finally, the modular organisation of the model facilitated the identification and manip-
ulation of components relevant to energy simulation, simplifying the export of data to inter-
operable formats (Industry Foundation Classes-IFC 2x3 and Green Building XML-gbXML).
This ensured compatibility with specialised energy-modelling software and represented
a key step in the overall workflow: the hierarchically structured federated model could
thus be transformed into an environment for testing and comparing scenarios, suitable for
technical evaluation as well as for training and management.

3.2. Interoperability and Verification of the BIM-to-BEM Model

The implemented modelling techniques were defined to obtain a consistent, manipu-
lable, and, above all, reliable information model for export to energy simulation tools, to
reduce corrective operations in the post-processing phase as much as possible. In complex
production contexts, such as the presented case study, characterised by an industrial plant
with a shed roof, any errors replicated during the modelling phase, for example, on a
windowed component multiplied by dozens of modules, can generate systematic critical
issues, whose correction may be time-consuming within calculation environments, such as
DesignBuilder, and compromise the reliability of the result.

On the contrary, the ability to intervene on a single instance in a BIM environment and
seeing it automatically replicated throughout the information system is one of the main op-
erational advantages of the method: modifying a ‘standard” window in Revit is equivalent
to instantly updating all its occurrences, strengthening the control and traceability of the
entire model.

To ensure this approach, a Level of Development (LOD) between 200 and 250 was
adopted, as defined in UNI 11337-4:2017—Digital management of construction information
processes—Part 4 [34], which specifies the minimum information and geometric require-
ments for technical and analytical use of the model. This level allowed for the representation
of the volumetric organisation and the building elements, which are significant for energy
simulation purposes, in a concise yet accurate manner, avoiding unnecessary over-detail.
Elements that do not influence performance, such as furnishings, secondary details or
decorative components, were excluded from the modelling. The priority objective was the
volumetric closure of the rooms, the accurate definition of the envelope surfaces, and the
association of materials only where relevant to the thermal balance. The HVAC system
components were modelled using generic, simplified families, consistently positioned to
ensure the system is readable without weighing down the model.

At the end of the modelling process, the verification and interoperability phase took
place, allowing the transition from the information model into a BEM. The process was
structured in two distinct but complementary stages. The first, conducted within Autodesk
Revit, involved using the Autodesk Revit Energy Analytical Model (EAM) module to verify
the thermo-geometric integrity of the system: closure of environments, correct definition of
zones, and assignment of consistent physical properties. In this phase, any minor errors in
the association between spaces and dispersing surfaces were corrected by acting directly
on the native model. The second stage took place outside the BIM platform, using the open-
source LadyBug Tools (version 1.7.26), as depicted in Figure 7, which allowed the building
envelope to be validated through a series of lightweight, parametric analyses: verification of
openings, solar exposure, flow mapping, and automatic recognition of perimeter surfaces.
This environment, in addition to ensuring transparency and accessibility, allowed for
targeted testing before final import into DesignBuilder (version 6.1.5), minimising the
typical errors associated with reading the gbXML format. The simulation engine for the
energy computations is EnergyPlus (version 8.9). During the gbXML export, specific
options were applied to ensure simulation accuracy and interoperability: tessellation
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was set to “medium” to balance geometric detail with computational efficiency; zoning
was based on the architectural thermal zones defined in the BIM model; and tolerance
settings were adjusted to a precision of 0.001 m to avoid gaps or overlaps in the exported
surfaces. To further ensure transparency and reproducibility, a detailed mapping was
established between Revit main categories and objects and the corresponding gbXML and
EnergyPlus entities. Each building element, including walls, roofs, floors, windows, doors,
internal partitions, HVAC terminals and plant components, was systematically translated
into simulation-relevant entities. Simplification rules were applied to reduce geometric
complexity while maintaining thermal accuracy, such as merging repetitive elements,
omitting minor projections, or abstracting HVAC systems to representative terminals
and plant objects. Openings, including windows, doors, and skylights, were treated
carefully to preserve size, orientation, and solar exposure for accurate energy simulations.
A complete summary of this mapping, including simplifications and the treatment of
openings, is provided in Table 2, ensuring full traceability of the modelling assumptions
and supporting reproducibility of the workflow for future industrial building applications.
It should be noted that HVAC and other MEP components were not exported directly via
gbXML; instead, they were configured in DesignBuilder and subsequently represented in
EnergyPlus as conservative system archetypes consistently associated with the thermal
zones derived from the BIM model. Table 2 builds upon the BIM-to-BEM data-exchange
framework previously developed for industrial buildings energy assessment [16].
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Figure 7. gbXML model of the industrial plant developed for energy analysis. The model was
checked using the open-source Spider gbXML Viewer v12 by LadybugTools (https://www.ladybug.
tools/spider/gbxml-viewer/r12/gv-app/gv-app.html (accessed on 30 July 2025)).
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Table 2. Mapping table between Revit, gbXML and EnergyPlus categories. ‘N/A’ indicates that the

attribute is not applicable to the corresponding category.

Revit

Revit

Treatment of

Category Family/Object gbXML Entity EnergyPlus Object Simplification Rule Openings
Minor projections .
Walls Generic Wall Wall Wall:Construction removed; identical Windows treated
separately
walls merged
Small roof details .
Roofs Roof: Metal Shed Roof Roof:Construction omitted; slope Rooflights treated
RN separately
simplified
Windows Fixed, Shc.img, Window Fenestration:Surface Repetltlvg modules Preserve;l exact size
Industrial consolidated and orientation
. Large industrial .
Doors Single/Double Door Door:Opening shutters simplified to Full opening
Door, Shutter X preserved
standard door openings
Floors Floor: Concrete, Floor Floor:Construction Mln.or ﬂoor. N/A
Raised penetrations omitted
Non-structural walls
Internal Partitions Wall: C.;e.nerlc InteriorWall Wall:Construction are 1nc1udec} only if N/A
Partition separating
thermal zones
. . . . . Treated as a separate Preserved exact size
Rooflights/Skylights Roof Window Window Fenestration:Surface X . .
glazing surface and orientation
. . . ZoneHVAC:SingleDuct:
HVAC Terminals Air terminal N/A ConstantVolume:-NoRehat N/A N/A
HVAC Air Handling - Mechanical N/A Boiler:HotWater N/A N/A
Unit Equipment
Grouped according to .
Thermal Zones Rooms/Spaces ThermalZone Zone architectural zones; Openings handled

e via fenestration
volume verified

At this stage, the exported federated model fully expressed its potential—combining
compactness, readability, and interoperability. These qualities proved valuable not only for
generating the BEM but also for consolidating an information structure suitable for future
exports to other analytical or simulation platforms. The adopted strategy thus eliminated
the need for manual corrections in DesignBuilder while enhancing the structural robustness
of the BIM model. As a result, the model became a reusable, scalable, and easily updatable
resource: any modification introduced in the native BIM environment is automatically
propagated throughout all occurrences, reducing error margins and maximising the overall
efficiency of the BIM-to-BEM workflow.

Finally, the smooth execution of this step confirmed the model’s adaptability. Once ver-
ified, the gbXML file served as a reliable foundation for iterative simulations, comparative
design alternatives, and new analytical workflows, while preserving complete consistency
and information integrity across successive exports (see Figure 8).

Federated Model

Energy modelin Revit Energy modelin Design Builder

Figure 8. Federated BIM in Revit and DesignBuilder.
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3.3. Output and Strategic Role of the Model in the Decision-Making Process

At the end of the federation, simplification and verification process, the digital infor-
mation model took on a function that goes beyond that of a traditional geometric container:
it became a strategic device within the decision-making flow, capable of supporting energy
analyses, comparisons between design alternatives, and technical evaluations at multi-
ple levels.

The main output, i.e., the interoperable file exported in gbXML format, served as
the single, consolidated basis for generating the BEM model. Thanks to its consistent,
validated, and formally closed structure, this output could be reused across multiple
simulation iterations with different retrofit scenarios without the need for rework. In
this sense, the model acted as a stable information hub, capable of conveying knowledge
between the various phases of the project: from surveying to feasibility studies, from
simulation to decision support.

Furthermore, the quality of the exported model enabled complete traceability of
changes, facilitating adaptation to emerging needs and integration with subsequent visu-
alisation and management tools (e.g., business intelligence dashboards, interactive VAR
environments, digital twins).

This condition makes the BIM model not only a starting point for energy calculation,
but a true platform for interdisciplinary dialogue, accessible even to non-specialised users.

Looking ahead, this approach is shaping up to be the technical basis for a full transition
to an operational DT, in which project, simulation and management information can
converge in a dynamic, updatable way, ensuring continuity of information between the
digital environment and the real system.

4. Case Study
4.1. Description of the Industrial Plant

The industrial plant covered by this study is located in Piedmont, in a production area
characterised by prefabricated buildings with extensive floor plans, as shown in Figure 9.
The architectural configuration of the building reflects the types commonly found in the
automotive manufacturing sector: a single large volume, with a floor plan organised around
a regular structural grid of prefabricated pillars that support both the roof and the bridge
cranes, which move the moulds within the plant.

Figure 9. Case study of the industrial plant. Aerial view from Google Earth (© 2025 Google, accessed
on 30 July 2025).
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The internal division of spaces reflects the functional requirements of a production
plant. There are no permanent physical separations, but the distribution of areas is entrusted
to horizontal signage on the ground, in line with the safety and operational flexibility
requirements of the industrial sector. The system is completed by large entrance halls
located at the plant’s main entrances.

One of the most significant elements from an energy perspective is the shed roof,
which uniquely defines the building’s upper layout. This solution, widely used in 20th-
century industrial buildings, consists of an alternating sequence of sloping pitches and
vertical glazed surfaces, designed to promote natural lighting and limit the thermal load
from direct radiation (Figure 10).

Figure 10. Technical survey of the industrial plant used to support the digital modelling and energy
analysis process.

Specifically, on the roof we can find three types of shed modules, distinguishable
by size and glazed surface area, whose repetition determines the overall geometry of the
building, the intensity and distribution of natural light and potential heat loss during the
winter season.

The factory has a covered usable area of approximately 23,000 m?, with internal heights
ranging from 9 to 11 metres, and a total gross volume of over 230,000 m®. The functional
layout includes large central production areas, integrated with plant corridors, technical
areas, offices, service rooms and warehouses, organised according to the logic of logistical
efficiency and operational continuity.

From a plant engineering perspective, the building is equipped with a centralised
HVAC system featuring air-handling units (AHUs) on the ground floor, connected via a
network of suspended metal ducts. The electrical infrastructure includes main switchboards
and main backbones located in technical rooms outside the heated area. At the same time,
internal power distribution is provided by busbars fixed to the main beams, allowing for
wide coverage and simplified maintenance [35].

The size and complexity of the plant make the factory a paradigmatic case study for
the application of BIM-to-BEM flow in the production sector. The modular repetitiveness,
combined with the regular geometry of the roof, has in fact allowed the adoption of para-
metric modelling strategies, significantly reducing processing times and paving the way
for the analysis of future energy scenarios with high traceability and technical consistency.
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4.2. Layout and Information Structure of the Model

The digital representation of the plant has been developed from the building’s actual
configuration, aiming to produce a faithful yet functionally simplified replica of the existing
plant. The model was created through a disciplinary federation process in Autodesk Revit
2021, starting from three main models: architectural, HVAC and electrical.

The architectural model involved the construction of the building envelope, the subdi-
vision of the interior spaces and the definition of the opaque and transparent envelope. The
production areas, which by their nature have no permanent physical subdivisions, were
mapped according to functional and thermal logic, based on the location of the systems,
their primary usage and their geometric characteristics. The shed units were modelled as
repetitive types, parameterised to ensure consistency and speed of updates.

The HVAC model integrated the main visible plant components: air handling units
(AHUs), main ducts and terminals. The representation focused on positional accuracy
and consistency with thermal zoning rather than construction details. The chosen mod-
elling families were simplified to keep the file lightweight and ensure exportability to the
energy model.

Although secondary to the thermal simulation objectives, the electrical model was
included to ensure a complete view of the building-plant system. The main electrical panels,
busbar routes, secondary distribution points and vertical backbones were represented, all
of which are relevant for future management and maintenance assessments.

The entire modelling system has been organised according to federation logic, in
which each discipline maintains its internal consistency but is spatially and semantically
coordinated with the others.

At the information level, the parameter structure has been arranged to support export
to energy simulation environments, ensuring alignment between geometries, zones, and the
physical properties of materials assigned to opaque and transparent stratigraphies, without
introducing information overload while maintaining compatibility with the gbXML format.

This approach allowed us to build a structured, interoperable and technically reliable
AS-IS model capable of supporting both energy simulations and future developments in
the context of a DT oriented towards retrofitting and building management.

4.3. System and Thermophysical Characteristics

The plant is equipped with a centralised hot-water system that supplies the various
AHUSs, which heat the air using a water-air scheme shown in Figure 11, where the red lines
indicate the hot water flow path from the boiler to the AHU, while the black lines represent
the supply air path from the AHU to the indoor environment. The AHUs, located on the
ground floor, are connected to a distribution system of metal ducts running longitudinally
through the production areas.

These components were modelled with attention to positional and functional consis-
tency with respect to thermal zoning, without resorting to excessive detail that would have
compromised the model’s readability. The primary objective was not to reproduce the real
elements with high fidelity, but to clearly define the volumes served by the ducts, with a
view to exporting them in gbXML format and subsequently importing them into the BEM
energy engine.
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Figure 11. Constant Air Volume (CAV) system scheme modelled in DesignBuilder version 6.1.5 for
energy simulation.

The electrical system was also modelled based on the existing single-wire system. The
general layout, the technical rooms outside the heated area, and the main busbars, which
run along the load-bearing beams and distribute energy to the various production areas,
were represented. Although these components do not directly affect the energy simulation,
their presence contributes to an integrated view of the building-plant system, which is
helpful for future management or maintenance analyses.

The thermophysical properties of the building envelope were established according to
the available technical documentation and the data collected during the survey:

e  The prefabricated reinforced concrete panels used for the infill walls were associated
with stratigraphies with thermal transmittance values compatible with the construction
characteristics of the period;

e  The shed roof was modelled by distinguishing between opaque and transparent
surfaces, each of which was assigned consistent thermophysical parameters;

e  The ribbon windows, made of metal profiles and single glazing, were identified as one
of the critical points of the building envelope in terms of winter heat loss and were
correctly mapped as heat-loss surfaces.

In this phase, two versions of the thermophysical model were developed, Model 1.0
and Model 1.5, both consistent with the available technical documentation and designed to
support differentiated simulation scenarios. Together, they provide a reliable representation
of the main energy flows and serve distinct purposes within the analysis process. Model
1.0 adopts a much simpler architectural layout and features a flat roof. It was conceived to
ensure rapid responsiveness and ease of manipulation during the experimental stages. Its
streamlined structure makes it particularly suitable for assessing the impact of specific mod-
ifications, allowing the effects of individual interventions to be isolated through successive
parametric simulations. Model 1.5, by contrast, incorporates a higher level of architectural
detail, enabling a more accurate representation of the building’s geometry by modelling the
three different types of shed modules installed on the roof. This refinement enhances both
the overall volumetric definition and the correct solar orientation of transparent surfaces,
aspects that directly influence the simulation of solar gains and internal thermal behaviour.
The transition from Model 1.0 to Model 1.5 does not involve changes to the HVAC and
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electrical systems but introduces geometric and radiative improvements that are valuable
in the advanced stages of validation. The difference between the two configurations is
highlighted in Figure 12.

Model 1.0 Model 1.5

Figure 12. Comparison between BIM Model 1.0 and Model 1.5.

Both models were calibrated against the actual methane consumption for heating, as
obtained from monthly utility bills. The comparison between measured and simulated
data was performed only for the heating period, i.e., from January to March and from
October to December of the year 2022. A model is calibrated correctly when the deviation
between simulated and real data is below 8%. Under this criterion, Model 1.0 achieved a
seasonal mean difference of 4.01% in consumption, while Model 1.5 achieved a deviation
of only 1.35%. The monthly difference between the simulations and the real data is shown
in Figure 13.
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Figure 13. Comparison between real and simulated data.

The integration between the building envelope and the systems laid the foundation
for enriching the BIM model toward BEM, ensuring alignment between the built reality
and its digital replica.

5. Scenario Simulation
5.1. General Setup of Simulation Scenarios

The plant’s energy modelling aimed to compare a series of intervention scenarios, un-
derstood as alternative design configurations hypothesised from the current state, capable
of improving the building’s thermal energy performance.

In this context, a scenario is defined as a coherent combination of modifications to the
building envelope or systems, parameterised and simulated to assess its effectiveness with
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respect to several objectives: reduction in energy consumption, improvement of indoor
comfort and overall sustainability of the intervention. These scenarios are not limited to
the technical dimension; they also represent operational tools to support decision-making,
geared towards energy efficiency and a sustainable transition.

The scenarios were constructed using an incremental and parametric approach. Each
configuration was defined by modifying one or more significant parameters, while keeping
the climatic conditions (via .epw files), building usage profiles and internal thermal load
assumptions unchanged. This ensured comparative homogeneity between the scenarios,
isolating the specific effect of each intervention while providing an operational interpreta-
tion of the results. Specifically, six distinct configurations have been developed to cover
a wide range of possibilities, differentiated by level of intrusiveness, impact on existing
infrastructure, and required investment. Some scenarios focus on specific elements, such as
replacing windows and doors or insulating the roof; others propose integrated solutions,
combining modifications to the building envelope with the introduction of an intelligent,
adaptive control strategy that manages HVAC systems.

The exploration of multiple scenarios enabled the evaluation of alternative solutions
to reduce energy consumption while adapting intervention strategies to available resources,
technical scalability, and implementation timelines. This approach supported a compara-
tive, replicable decision-making framework that integrated technical-energy analysis with
considerations of operational and management feasibility.

5.2. Advanced Control Strategy

Incorporating a smart control strategy into the building model enhances its analytical
potential across different operating conditions. In the proposed scenarios, a Reinforcement
Learning (RL) [36] approach was adopted to optimise the HVAC system’s operation.

RL is a data-driven control method in which an agent interacts with the environment
by selecting control actions and learns over time the optimal strategy, or policy, that
maximises a defined reward function. In this study, the reward function was designed
to evaluate each control decision according to its impact on energy performance, thermal
comfort, and system stability. The algorithm rewards actions that keep indoor temperatures
close to the desired setpoints while reducing unnecessary energy use or abrupt fluctuations.
Through repeated interactions with the simulated environment, the agent gradually learns
to operate the HVAC system more adaptively and efficiently. The control variable in this
case is the supply air temperature, that is, the degree to which the air can be heated by the
coil in the plant’s AHU. The action space was defined as a set of 8 discrete temperature
adjustments, ranging from 0 °C to +5 °C, representing incremental heating steps available to
the control agent. The control strategy was implemented using a Double Deep Q-Network
algorithm [37], a reinforcement learning technique that improves decision accuracy and
stability during the training process.

The agent was trained offline, meaning the optimal control policy was derived from
pre-collected operational data generated through the BEM simulations. During the testing
phase, however, the trained agent interacted directly with the simulated environment,
which replicated the behaviour of the actual building, allowing performance to be eval-
uated under realistic operating conditions. This was enabled by the OpenAl Gym tool
(v. 0.26.2) [38] (Gym, s.d.).

5.3. Layout Description of the Six Simulated Scenarios

The energy simulation process was divided into six distinct design scenarios, each
representing a structured variation in the model, aimed at evaluating the effectiveness of
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specific intervention strategies on the building envelope and/or plant systems. The six
identified scenarios are:

Scenario 1: the advanced HVAC control strategy applied to version 1.0 of the model,
with the aim of testing the responsiveness of the model in the presence of adaptive
control logic. The simulation enabled evaluation of the optimisation algorithm’s
effectiveness in modulating internal setpoints in response to thermal loads and the
building envelope’s dynamic behaviour.

Scenario 2: an advanced control strategy was coupled with a window and door
retrofit in Model 1.5, involving the replacement of the existing single-glazed units with
high-performance components. In particular, the new fixtures feature a thermal trans-
mittance of 1.1 W/m?K, in line with current regulatory requirements. This solution
reduced transmission losses and, when integrated with active system management,
significantly improved both requirements and the stability of internal comfort.
Scenario 3: advanced control in model 1.5 was coupled with the improvement of the
stratigraphy of the prefabricated infill panels in the vertical walls, by introducing
low-conductivity insulating materials. The new configuration consists of a ventilated
fagade system, incorporating an external insulation layer and an air cavity, resulting
in a thermal transmittance of approximately 0.12 W/m?K. The objective of this inter-
vention was to assess reductions in winter heating loads and evaluate the system’s
ability to maintain thermal stability when paired with active control.

Scenario 4: in Model 1.5, the advanced control strategy was combined with an inter-
vention on the shed roof (see Figure 14a), involving both the addition of insulating
layers on the sloping pitches and the rationalisation of glazed surfaces. In Figure 14a,
the different colours identify distinct groups of sheds. For the flat portions of the
roof, a pendent system was applied to ensure proper rainwater drainage, achieving a
thermal transmittance of approximately 0.17 W/m?K. For the inclined shed elements,
the chosen configuration included installing an insulation layer over a corrugated
metal sheet with aluminium protection, resulting in a thermal transmittance of about
0.15 W/m?K. This scenario enabled the simulation of variations in solar gains and
thermal losses through the upper envelope, an especially critical component in indus-
trial buildings, as illustrated in Figure 14b, where two different insulation solutions
are shown according to the roof surface type.

Scenario 5: a rooftop photovoltaic system was simulated in Model 1.0, by modelling the
integration between electricity production and the building’s needs. Self-consumption
flows and the reduction in grid consumption were evaluated without modifying the
building envelope or HVAC systems.

Scenario 6: simulation of a relamping intervention in Model 1.0, replacing the entire
lighting system with high-efficiency LED fixtures. The aim was to reduce internal
loads and observe any interactions with air conditioning requirements, even indirectly.

Overall, the six scenarios address a wide range of strategies, from active plant man-

agement to passive interventions, from renewable generation to load reduction, providing

a solid basis for energy comparisons and for defining scalable, replicable strategies in an

industrial context.
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Figure 14. Examples of energy retrofit actions in the plant: (a) window type identification based on
shed configuration; (b) selection of insulating material according to roof installation specifications.

5.4. Simulation Settings

All simulations were conducted in DesignBuilder v.6.1.5, using EnergyPlus v.8.9 as the
calculation engine. The energy model, exported from the verified BIM model in gbXML
format, was used as the basis for annual standardised simulations to ensure analytical
consistency and robust comparisons.

The climatic conditions for the simulations were defined using an .epw file representa-
tive of the industrial plant’s location. While pre-existing .epw weather files are typically
available for many locations [39], in this case, a customised file was required because none
was available for the city of interest, namely San Benigno Canavese (Torino, Italy). To this
end, hourly meteorological data for the year 2022, including air temperature, dew point
temperature, relative humidity, rainfall, snow depth, surface pressure, wind speed, wind
direction, Global Horizontal Irradiance, Diffuse Horizontal Irradiance, and Direct Normal
Irradiance, were retrieved from [40] and used to construct the corresponding weather file,
the name of which remains confidential. This ensured homogeneity between the simulated
configurations and significance in relation to the compared values [41].

Employment profiles and internal workloads were also kept constant across scenar-
ios to allow comparison of results. The profiles were constructed based on the plant’s
actual production shifts, accounting for continuous presence during daytime shifts and
limited activity during night-time shifts. This methodological choice enabled the isolation
of the actual impact of the simulated design changes, preventing external factors from
introducing distortions.

As regards thermal setpoints, the heating system configuration provided for a reference
temperature of 19 °C during regular operation, with attenuation temperatures set at 15 °C
during periods of lower activity, as depicted in Figure 15. These values were set to match the
actual settings of the existing system and remained the same across all simulated scenarios
to ensure the comparability of the results and the rigour of the comparative analysis.

The simulations were conducted on an annual basis, but the analysis focused exclu-
sively on the winter heating season, since the plant is not equipped with cooling systems or
active mechanical ventilation. Unheated periods were therefore not considered for energy
assessment purposes. The calculation was performed with 15 min timesteps, using a
dynamic, iterative algorithm that enabled continuous evaluation of the interactions among
the building envelope, external environmental conditions, and plant performance.

The outputs selected for scenario comparison included, in particular, monthly heating
demand and the operative temperature extracted at a sub-hourly timestep (15 min) for each
heated zone. These indicators enabled both quantitative and qualitative readings of the
building’s behaviour in response to the simulated design interventions.

https:/ /doi.org/10.3390/su18021023


https://doi.org/10.3390/su18021023

Sustainability 2026, 18, 1023

24 of 36

Timestep Frequency, 1 January-31 December 2022
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15

Temperature Set Point

Figure 15. Daily profile of system startup schedule and variation in thermal setpoint temperatures in
the industrial plant. The dashed lines separate the heating season from the cooling season.

Thanks to the accurate definition of these settings, it was possible to construct a stable
and consistent simulation matrix, in which each scenario was analysed using consistent,
traceable criteria.

6. Critical Analysis of Results and Operational Implications
6.1. Energy Performance Assessment

The energy performance analysis highlighted significant differences between the six
simulated scenarios, confirming the effectiveness of the intervention strategies applied to
both the building envelope and the plant systems. The comparison was based on heating
requirements, calculated in kWh/month for the entire heating season, while keeping the
load profiles, setpoints, climatic conditions, and all operating assumptions consistent.

Scenario 1, which implemented advanced control in Model 1.0, demonstrated a con-
sistent 41% reduction in energy demand (see Table 3 and Figure 16), driven by more
efficient setpoint management and improved adaptability to variable loads. These energy
savings were achieved without altering the building envelope’s physical characteristics,
highlighting the positive impact of an intelligent management approach. The total annual
consumption drops to 4.541 MWh in Scenario 1, with reductions occurring systematically
across the entire heating season. Monthly values confirm this trend: where the calibrated
model records winter-month consumptions of 2.135 MWh, 1.508 MWh, and 984 kWh,
Scenario 1 lowers them to 1.563 MWh, 1.074 MWh, and 599 kWh, reflecting proportional
savings of 26% to 39%. Even in milder transitional months, the optimisation produces
offsets exceeding 60%, as seen in the drop from 194 kWh to 34 kWh, highlighting how the
improved algorithm prevents unnecessary system operation during low-load conditions.
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Table 3. Results of Scenario 1 simulation.

Real Consumption Validated Model 1.0 Calibration offset  Scenariol  Control offest
Month MWh kWh MW kWh % MWh %
Jan 2036 2,036,479 2135 2,135,086 —4.84% 1563 26.80%
Feb 1495 1,495,275 1508 1,507,543 —0.82% 1074 28.73%
Mar 1380 1,379,553 984 983,527 28.71% 599 39.08%
Apr 564 564,067 194 193,700 65.66% 34 82.55%
Oct 36 35,609 3 3416 90.41% 0 100.00%
Nov 852 851,923 928 928,267 —8.96% 340 63.37%
Dec 1748 1,748,166 2034 2,034,028 —16.35% 931 54.23%
Tot. 8111 8,111,073 7786 7,785,567 4.01% 4541 41.67%
Scenario 1 - Advanced control strategy
9.000
= 8.000
g 7.000
g 6.000
5 5.000
§ 4.000
§ 3.000
é 2.000
-::: 1.000
[}
=

0
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M Real consumption M Validated Model 1.0 M Scenario 1

Figure 16. Real data, validated model and Scenario 1 comparison.

It is important to note, however, that the results are influenced by the simplifications
inherent in Model 1.0. Although the model was calibrated to the actual building (with a
4% offset) and provides a reasonable level of accuracy, these simplifications mean that the
results should be interpreted as indicative of strategic trends rather than precise predictions.
This does not diminish the value of the study but instead underscores the importance of
using the model as a dynamic decision-making tool that can be refined over time with
progressively more real-world data, potentially sourced from monitoring systems.

Scenario 2 combines advanced control with window refurbishment in Model 1.5. The
results, shown in Table 4, are first presented for the structural refurbishment alone, fol-
lowed by an assessment of the additional impact of the advanced control on the updated
model. The window intervention alone produced a noticeable reduction in heating de-
mand, approximately 7%, particularly during the warmer months of the heating season
(April and October), where reductions reach 11.9% and 56.2%, respectively, due to reduced
heat losses through transparent surfaces, as illustrated in Figure 17. With the introduction
of the advanced control strategy, methane consumption can be reduced by nearly 28%
compared to the refurbished version of Model 1.5, highlighting the combined effect of en-
velope improvements and optimised control. Monthly data show that the most significant
savings occur in March, November, and December, with reductions of 31.9%, 27.6%, and
28.9%, respectively.
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Table 4. Results of Scenario 2 simulation.
Real Validated BEM  Calibratic Scenario Windows Scenario 2—Windows +  Control
Consumption Model 1.5 Offset 2—Windows Offset Control Offset
MWh kWh MW kWh % MWh kWh % MWh %
Jan 2036 2,036,479 2259 2,258,654 10.91% 2123 2,122,641 6.02% 1579 25.62%
Feb 1495 1,495,275 1588 1,587,998  6.20% 1486 1,485,979 6.42% 1062 28.52%
Mar 1380 1,379,553 1017 1,016,591 26.31% 929 928,569 8.66% 632 31.92%
Apr 564 564,067 239 238,573 57.70% 210 210,151 11.91% 166 20.95%
Oct 36 35,609 4 3722 89.55% 2 1629 56.23% 1 36.77%
Nov 852 851,923 979 978,549 14.86% 896 896,489 8.39% 649 27.63%
Dec 1748 1,748,166 2135 2,135,426 22.15% 2008 2,007,740 5.98% 1428 28.89%
Tot 8111 8,111,073 8220 8,219,513 1.34% 7653 7,653,198  6.89% 5517 27.91%
Scenario 2 - Windows refurbishment + advanced control
'-g 9.000
s 8.000
= 7.000
,CQ..L 6.000
£ 5.000
=
2 4.000
S 3.000
s 2.000
: e Il il
R || B [ ] T a— m=n 11
Jan Feb Mar Apr Oct Nov Dec Tot.
M Validated BEM Model_1.5 M Scenario 3 - windows M Scenario 3 - windows + control M Real consumption
Figure 17. Real data, validated model and Scenario 2 comparison.
Similarly, Scenario 3, which focused on vertical wall insulation and advanced control,
showed a reduction in consumption, with particular effectiveness during the months with
the greatest temperature range, as depicted in Table 5 and Figure 18.
Table 5. Results of Scenario 3 simulation.
Real Validated BEM Calibratic Scenario 3—Walls Walls Scenario 3—Walls + Control
Consumption Model 1.5 Offset Offset Control Offset
MWh kWh MWh kWh % MWh kWh % MWh %
Jan 2036 2,036,479 2259 2,258,654 10.91% 2185 2,185,492 3.24% 1489 31.86%
Feb 1495 1,495,275 1588 1,587,998  6.20% 1549 1,549,068  2.45% 1017 34.35%
Mar 1380 1,379,553 1017 1,016,591 26.31% 1001 1,001,259  1.51% 649 35.16%
Apr 564 564,067 239 238,573  57.70% 235 235,295 1.37% 173 26.56%
Oct 36 35,609 4 3722 89.55% 4 4342 —16.66% 3 23.31%
Nov 852 851,923 979 978,549 14.86% 946 945,877 3.34% 662 30.05%
Dec 1748 1,748,166 2135 2,135,426 22.15% 2059 2,058,552  3.60% 1369 33.48%
Tot 8111 8,111,073 8220 8,219,513 1.34% 7980 7,979,886  2.92% 5362 32.80%

In this case, the offset related to the structural retrofit stands around 3%. This offset
remains consistently low across high-demand months, generally between 1.51% and 3.60%.
The crucial finding is that the structural retrofit focused solely on the opaque walls con-
tributes only 2.92% to the total energy savings potential. In contrast, the final Scenario 3
(walls + control) achieves a substantial 32.80% reduction in total. This disparity strongly
indicates that the glazed surfaces represent the dominant thermal weakness. The relatively
minor 2.92% impact of insulating the opaque surfaces, contrasted with the significant
remaining potential for savings, justifies the conclusion that the influence of the glazed
surface is greater than that of the vertical opaque surfaces.
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Figure 18. Real data, validated model and Scenario 3 comparison.

Scenario 4, addressing the insulation of the shed roof, confirmed the strategic impor-
tance of the upper envelope. The presence of large sloped and glazed surfaces results
in significant heat loss; therefore, improving their thermal performance reduced energy
consumption by 21%. This intervention effectively limited dispersions and produced a
clear impact on the monthly consumption profile, as shown in Figure 19. Monthly data
show that roof insulation is particularly effective during high-consumption periods, likely
summer and winter extremes. For instance, as indicated in Table 6, the Roof offset reaches
its peak impact in November at 27.32% (reducing consumption from 979 MWh to 711 MWh
and is similarly high in December at 22.02% (reducing consumption from 2135 MWh to
1665 MWh and January at 21.62% (from 2258 MWh to 1770 MWh).

Scenario 4 - Roof + advanced control
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Figure 19. Real data, validated model and Scenario 4 comparison.

Scenario 5, which involved installing a photovoltaic (PV) system, did not affect heat-
ing demand but influenced the overall energy balance by improving on-site electricity
production and reducing net demand from external sources. This scenario was developed
in response to the steady increase in the building’s electrical consumption observed over
recent years. The sloped shed roof modules, with a 30° inclination and south-facing orien-
tation, were leveraged to optimise solar capture, and the potential electricity production
was estimated using PVGIS software (v. 5.2) [42]. The analysis led to the hypothetical
installation of 4271 PV panels, resulting in an estimated annual electricity generation of
approximately 2.5 GWh. Considering that the plant’s electrical consumption in 2022 was
about 14.3 GWh, the proposed PV system would cover roughly 17% of the annual demand.
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Table 6. Results of Scenario 4 simulation.
Real Consumption Vahl\:::l:ilf 5 M C(a)lézr:thm Scenario 4—Roof (l;f(;git Scenario 4—Roof + Control C(;);tslgl
MWh kWh MWh kWh % MWh kWh % MWh %
Jan 2036 2,036,479 2259 2,258,654 10.91% 1770 1,770,296 21.62% 1574 11.08%
Feb 1495 1,495,275 1588 1,587,998 6.20% 1275 1,275,473 19.68% 1140 10.60%
Mar 1380 1,379,553 1017 1,016,591 26.31% 852 852,321 16.16% 817 4.18%
Apr 564 564,067 239 238,573 57.70% 204 204,112 14.44% 194 5.05%
Oct 36 35,609 4 3722 89.55% 0 42 98.87% 5 —11,828.57%
Nov 852 851,923 979 978,549 14.86% 711 711,244 27.32% 690 2.97%
Dec 1748 1,748,166 2135 2,135,426 22.15% 1665 1,665,242 22.02% 1480 11.14%
Tot. 8111 8,111,073 8220 8,219,513 1.34% 6479 6,478,730 21.18% 5900 8.94%

Finally, Scenario 6, which focused on relamping, primarily affected the electrical
loads, with minor secondary effects on the thermal balance but clear benefits for overall
system efficiency. By replacing 264 lighting fixtures with new, more efficient technologies
such as LEDs, the installed lighting power would be reduced by approximately 40%.
This intervention would result in energy savings exceeding 300 MWh per year, assuming
continuous 24 h operation, while also improving light distribution and visual comfort
within the spaces.

These data confirm the central role of a combined strategy, in which envelope
quality and smart management capabilities work in synergy to optimise building
energy performance.

6.2. Comparative Analysis

The comparison of the six simulated scenarios led to a systematic assessment of the
impact of the various intervention strategies on the plant. The comparison was carried out
while keeping all operating and climatic conditions constant to isolate the specific effect of
each design change relative to the reference scenario.

In terms of reducing heating requirements, the scenarios that combined advanced
control with passive interventions on the building envelope achieved the most significant
results. Scenario 3, which involved insulating vertical walls alongside the implementa-
tion of the smart controller, showed a substantial reduction in energy consumption (see
Figure 18, confirming the critical role of transmission losses in the original prefabricated
panels. Although Scenario 1 reported the highest level of savings (Figure 15), its results
are less reliable because Model 1.0, on which the scenario is based, has lower accuracy.
The insulation of the shed roof, presented in Scenario 4, also produced tangible benefits,
particularly during the mid-season months of the heating period.

The results highlight how the quality of the building envelope and the responsiveness
of the control system act synergistically in determining both thermal performance and
indoor environmental comfort. Scenarios 5 and 6, involving indirect plant interventions,
such as the installation of photovoltaic systems and relamping, although not directly influ-
encing the heat balance, contributed to lowering overall electrical loads and improving the
self-consumption profile, with positive implications for sustainability and decarbonization.

This analysis indicates that no single measure alone can achieve a radical transfor-
mation of the building’s energy performance. The greatest potential emerges instead
from the progressive integration of multiple strategies, balancing cost, invasiveness, and
performance return.

This comparative phase, therefore, represents not only an ex-post interpretation of the
results but also a decision-support tool for planning interventions and managing operations
in coordination with plant production. It can guide the definition of priorities, the selection
of technologies, and the development of progressive and realistic operational roadmaps.
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6.3. Indoor Comfort

The analysis of thermal comfort was based exclusively on the Predicted Percentage of
Dissatisfied (PPD) index, computed for all scenarios directly influencing indoor thermal
conditions. According to ISO 7730 [43], PPD values below 10% are considered acceptable for
most environments. In the baseline configuration with optimised control (i.e., Scenario 1.0),
the system already achieves a mean PPD of 6%, indicating that advanced HVAC regulation
substantially improves thermal stability compared with a purely static control logic.

Across all subsequent scenarios involving either control optimisation or envelope re-
furbishment, the PPD index remains consistently within the 6-8.4% range, confirming that
every intervention maintains comfort within acceptable ISO thresholds. The scenarios that
combine optimised control with envelope upgrades deliver the most balanced performance.
Windows replacement (Scenario 2) achieves a PPD of 8%, while wall insulation (Scenario
3) slightly increases it to 8.4% due to local variations in thermal transients. The interven-
tion on the shed roof (Scenario 4) results in the lowest PPD value (6.4%), demonstrating
the significant contribution of improved upper-envelope insulation in reducing vertical
temperature gradients and mitigating cold-draft effects.

These results confirm that envelope-related measures, when paired with advanced
control strategies, enhance thermal uniformity more effectively than control logic alone.
Although the obtained PPD values remain higher than those typically targeted in residential
or office buildings, they fall fully within the expected and acceptable range for industrial
environments, where large volumes, intermittent occupancy, and process-related internal
loads inherently limit tighter comfort targets. It is important to note that PPD was not
evaluated for Scenarios 5, regarding the PV system installation, and Scenario 6, regarding
the relamping, as these interventions do not modify the building’s thermal behaviour
in a way that would meaningfully affect occupants’ thermal perception. Their influence
is primarily energetic rather than comfort-related, and thus outside the scope of PPD
assessment. Overall, the comfort analysis confirms that integrated solutions, combining
optimised HVAC control with targeted envelope improvements, provide the most relevant
reductions in thermal dissatisfaction, ensuring stable and acceptable indoor conditions
without compromising industrial operational needs.

6.4. Interactive Dashboard for Energy Scenarios

In parallel with the numerical analyses and simulations, another important result
of the study was the development of an interactive summary dashboard. This tool was
designed to rework the simulation outputs into tabular and graphical formats, making
the main performance indicators easily accessible and interpretable. Its purpose is to
enable rapid comparisons between scenarios and to support a decision-making-oriented
understanding of the results.

The dashboard integrates data from all simulated scenarios, with particular attention
to monthly heating requirements and average operating temperatures by zone, identified
as the most representative indicators during the performance evaluation phase. The data
were reorganised in .xlsx format and structured for direct import into dynamic visualisation
environments. A snippet from the dashboard is shown in Figure 20.

The representation logic was conceived to facilitate comparison: values are displayed
in chronological order, with automatic highlighting of differences between scenarios and
filtering options by scenario, month, or zone. The goal is not to display single results in
isolation but to create a transparent interface between simulation data and project decisions,
effectively translating numerical outputs into operational insights.
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Figure 20. Interactive dashboard comparing different energy simulation scenarios.

From a communication standpoint, the dashboard serves as a synthesis of the BIM-to-
BEM workflow, visually conveying the impact of each design hypothesis while maintaining
coherence with the original information model. In this sense, the export process is not a
secondary task but a true interpretative extension of the model—valuable for management,
planning, and interdisciplinary discussion.

The ability to intuitively access complex data and compare the energy impact of dif-
ferent simulated configurations in real time represents one of the most significant achieve-
ments in terms of the model’s practical applicability. The dashboard, therefore, acts as a
mediation tool between technical simulation and decision-making, offering a clear, dynamic,
and scalable foundation for the strategic evaluation of interventions.

6.5. Results Interpretation and Implementation Considerations

The results obtained from the simulation of the six scenarios confirmed the effec-
tiveness of integrated strategies combining interventions on the building envelope with
advanced management of plant systems in the context of an existing industrial building.
However, the analysis cannot be limited to a numerical comparison of energy savings; it
requires a broader reflection on operating conditions, design constraints, and the practical
implications of implementing the simulated measures.

One of the first aspects that emerged concerns the technical scalability of the proposed
scenarios. Interventions such as relamping or the introduction of advanced control systems
are relatively easy to implement because they do not require significant modifications
within the models. In contrast, more invasive actions, particularly those involving the
building envelope, can deliver greater energy savings but raise critical issues related to
accessibility, execution time, and interference with ongoing operations. Therefore, the
evaluation must consider not only the direct energy benefits but also operational feasibility,
economic sustainability, and compatibility with production cycles.

A second key aspect relates to the consistency between simulation and operational
reality, which depends on the level of detail in the two model versions. Using a simplified
model (i.e., Model 1.0) inevitably leads to lower accuracy; however, this does not diminish
the value of the analysis. On the contrary, it underscores the importance of viewing the
model as a dynamic decision-making tool, capable of being continuously refined through
progressive integration of real monitoring data.
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The assessment also highlighted that maximum effectiveness is achieved not through
isolated actions but through integrated configurations, in which envelope improvements
are complemented by active and optimised system management. The combinatorial logic
underlying the simulated scenarios revealed that the interaction of multiple measures can
produce non-linear outcomes, sometimes exceeding the sum of individual effects. This
finding reinforces the need for interdependent and interdisciplinary design approaches,
capable of addressing the building-system complexity with a systemic perspective.

Looking ahead, the adoption of dynamic simulation tools linked to digital information
models paves the way for an evolutionary approach to building management, where
intervention planning is integrated with predictive control and real-time optimisation.
The operational implications of this work, therefore, extend beyond a single simulation
exercise, outlining a replicable and adaptable methodology that supports more informed,
transparent, and scalable decision-making processes.

6.6. Replicability and Scalability

The approach tested in the industrial plant case study demonstrates a high degree
of technical replicability, thanks to the construction of a methodological flow based on
interoperable tools, readable information models and a parametric energy simulation
strategy. The process of exporting from the BIM model to gbXML format, subsequent
import into DesignBuilder and controlled management of simulation scenarios represents a
repeatable chain of operations, based on clearly documentable steps that can be transferred
to other building contexts. This replicability is reinforced by the fact that the energy model
was built from the actual configuration of the building with an intermediate level of detail,
sufficiently informative to return the geometry, zoning and thermo-physical characteristics
of the building, but also light enough to be managed without excessive computational loads.
The decision not to introduce excessive customisation in the setpoints or operating profiles
has made it possible to maintain standardisable starting conditions, which make the entire
process suitable for application in other production plants with similar configurations.

In terms of scalability, the scenario structure allows for a modular and progressive
interpretation of the interventions, in which each element (insulation, control, relamping,
photovoltaics) can be activated or combined according to the retrofit strategy. In this
sense, the method is scalable both technically, as it can be adapted to more complex or
simpler models, and operationally, as it can accompany phased planning processes with
incremental investment logic.

The ability to export outputs to dashboards is also a key element of management
scalability: the same information structure can be used for monitoring, communication
with decision-makers and continuous updating of the model over time. This condition
foreshadows a natural transition towards a DT, understood not as a high-fidelity replica,
but as a dynamic interoperable model that evolves with the building and accompanies its
transformation strategies.

7. Conclusions

The study showed how the integration of information modelling and dynamic energy
simulation can be applied in an operational and traceable manner even in complex indus-
trial contexts. Through an approach based on six intervention scenarios, it was possible
to analyse and compare different design strategies with the aim of improving the energy
performance of the existing building.

The results of the simulations showed a progressive reduction in thermal requirements
when interventions were made to the building envelope and HVAC systems were optimised.
The best-performing configurations were those in which passive and active measures
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worked in synergy, confirming the need for integrated approaches to efficiency in the
production sector.

The entire process made it possible to build a solid comparative matrix capable of
supporting the decision-making process, not considering energy performance only, but
also feasibility, scalability and the degree of interference with the plant’s operating cycle.

7.1. Methodological Limitations

The methodology enabled a clear analysis of the different intervention strategies.
However, it is necessary to highlight some limitations that must be considered when criti-
cally interpreting the results. The first constraint concerns the simplification of the energy
model, derived from a BIM at an intermediate level of detail, i.e., Model 1.0. Although this
choice ensured short processing times and good manoeuvrability in the iterative phases,
it led to a reduction in geometric fidelity compared to more refined configurations, such
as that represented in Model 1.5. In particular, the simplified representation of inclined
surfaces and solar gains linked to the orientation of the shed modules may have limited the
accuracy of the estimate of winter loads linked to radiation. The same can be said about
the uncertainties about the structural material properties, which were retrieved during the
on-site survey, but were not recalled from official documentation.

A second limitation is related to the consistency of occupancy profiles, setpoints and
operating conditions in all scenarios. This choice was made to ensure comparative homo-
geneity between the simulated configurations and to isolate the impact of individual design
variables. However, it excluded the possibility of simulating more complex usage dynamics
or adaptive scenarios based on the variability of actual energy demand. Another relevant
constraint arises from the use of a single climatic dataset for all simulations. While this en-
sured comparability among scenarios, it did not account for interannual weather variability
or potential future climatic changes, which could influence overall energy performance.
Similarly, the analysis focused solely on the heating season, deliberately omitting the sim-
ulation of summer behaviour; therefore, the cooling operating mode was not simulated,
as it was not relevant to the plant system currently in use. This allowed the analysis to be
focused but also reduced the breadth of the simulation spectrum. Moreover, the study did
not include the energy contribution of the industrial production process. This simplification,
intentionally adopted to focus on building-system interactions, narrows the scope of the
analysis when considering the complete energy balance of the facility. Another aspect to
consider is that, despite starting from a consistent BIM model, the process of exporting to
gbXML and subsequent manipulation in DesignBuilder required some adjustments, which
may have generated minor discrepancies between the original information representation
and the actual simulation. Although checked and validated, these operations highlight
the need for even more stable interoperability tools for transfer between BIM and BEM
environments. Finally, it should be noted that the energy model was not calibrated on
actual monitoring data but was constructed on the basis of actual monthly consumption,
declared parameters and technical documentation. This does not compromise the com-
parative validity of the scenarios, but it does limit the absolute predictive accuracy of the
results, which may need to be integrated in the future through measurement campaigns or
operational monitoring systems. However, beyond the methodological consistency of the
workflow, it is necessary to highlight a cross-cutting critical issue concerning the effective
operational implementation of the BIM-to-BEM process.

The theoretical replicability of the procedures does not automatically translate into
ease of adoption in the real world: the preparation of the entire digital infrastructure,
from the construction of the information model to the processing of simulation results,
requires the availability of interoperable tools, access to reliable data, and above all, the
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structured coordination of multidisciplinary skills. The complete automation of the process,
understood as a continuous and transparent chain of digital steps from BIM modelling
to energy export, dynamic simulation, and the return of results, is not yet a consolidated
system, but rather a trajectory in development. Some phases can already be made more
efficient through parametric and interoperable tools, but the overall effectiveness of the
workflow still depends largely on the active intervention of technical experts capable of
managing transitions between the information, simulation, and management environments.
In this sense, the main limitation lies not so much in technological constraints as in the
organisational and systemic complexity of the process. For a BIM-to-BEM flow to become
truly operational, it is necessary to address an initial phase characterised by high design and
interdisciplinary inertia, which involves the coordinated activation of different professional
skills, architectural, plant engineering, energy, and IT, capable of communicating and
converging towards shared objectives. Recognising this limitation does not diminish the
value of the proposed method, but instead emphasises its advanced and strategic nature,
reiterating that the success of an integrated simulation process does not depend solely on
the availability of digital tools, but on the ability to build a shared operating culture based
on interoperability, transparency and collaboration.

7.2. Connection with Operational Digital Twin

The work can be seen as a technical and methodological prerequisite for the construc-
tion of an operational energy DT. In particular, the proposed BIM-to-BEM workflow can be
interpreted as a key intermediate step within a broader BIM-to-BEM-to-DT pipeline. The
structuring of the BIM model, its informed simplification, interoperability with BEM tools
and the reorganisation of simulated data in visual form are all elements consistent with
the architecture of an advanced digital system, not only capable of simulating, but also of
representing, monitoring and optimising the building in real time.

The transition from static simulation to DT will require the integration of sensor and
actuator systems, for example, via Internet-of-Things (also known as IoT) technologies
and ecosystems, connection to real data and the definition of updatable predictive models.
Within this perspective, the BIM-to-BEM framework serves as the digital backbone on
which an energy-operational DT can be progressively built, once the appropriate sensing
and control layers are deployed. Notably, the method already demonstrates a shift toward
operationality, transforming digital information from a static representation into a decision-
support mechanism. In this sense, the DT becomes not merely an aspirational future
development but a concrete, attainable evolution of the current workflow, capable of
delivering tangible benefits in terms of efficiency, sustainability and strategic management.

7.3. Future Perspectives

While the results obtained are significant, the methodological development remains
open and evolving. Future work will concentrate, on the one hand, on strengthening the
model’s information richness, both geometrically and dynamically, through the integration
of real monitoring data and the refinement of system parameters. On the other hand, the
process will be extended towards higher levels of automation, reducing manual interven-
tion and improving the consistency of data exchanges between BIM environments and
simulation platforms. In parallel, the growing availability of dashboarding and real-time
visualisation environments offers the opportunity to build dynamic interfaces that support
continuous operational decision-making rather than isolated, one-off simulations. These
developments will not only enhance the robustness of the BIM-to-BEM workflow but will
also move the system closer to its intended trajectory: the realisation of a fully operational
Digital Twin.
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