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Abstract

Urban Building Energy Modelling (UBEM) is increasingly recognised as a key tool for
bridging building-scale analysis and city-level planning, supporting the decarbonisation
of urban areas. It enables the assessment of building performance and the exploration
of retrofit strategies, policy scenarios, and renewable integration. Over the past decade,
UBEM has continuously evolved, encompassing physics-based, data-driven, and hybrid
approaches, often supported by archetype generation and GIS workflows. Recent research
also integrates microclimate, mobility, and green infrastructure. While this enriches analysis
outcomes, it also leads to fragmentation, limiting tools’ comparability, transparency, and
practical use by policymakers. This perspective paper provides a critical interpretation
of the recent evolution in UBEM and proposes a goal-oriented classification of modelling
approaches based on their final objectives rather than on calculation methodology. The
paper also identifies three key gaps: the lack of scalable and consistent data frameworks,
the absence of a shared terminology, and the need for criteria to assess whether models
are “fit for purpose.” Addressing these issues through improved data infrastructures,
conceptual clarity, and reliability assessment can support convergence without limiting
innovation, fostering more robust and decision-relevant UBEM applications to support the
energy transition.

Keywords: Urban Building Energy Modelling; UBEM; urban decarbonization; data
standardisation; building archetypes; GIS; energy policy; city energy planning

1. Introduction
As the majority of the world’s population lives in cities and urban systems account for a

dominant share of energy consumption and greenhouse gas emissions, the decarbonisation
challenge increasingly manifests at the urban scale [1]; thus, the global energy transition
is substantially taking momentum in urban areas [2]. In this context, the need for tools
capable of describing, analysing, and forecasting energy use across building stocks has
become urgent and unavoidable [3].

Urban Building Energy Modelling (UBEM) has emerged over the past decade as a
pivotal approach to bridge the gap between building-level and city-scale simulations [4].
This evolution reflects a conceptual shift in the way energy systems are understood. While
conventional building energy models (BEMs) have been developed to support design
and compliance at the single-building level, UBEM operates from a systemic perspective,
in which buildings are embedded in infrastructure networks and influenced by urban
morphology, microclimate conditions, and human behaviour. Traditional BEMs, while
highly accurate, are typically limited to a single or to a small group of buildings and
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therefore struggle to capture the diversity, scale, and interactions that characterise urban
environments [5]. UBEM applications range from assessing current energy performance to
exploring future scenarios, including retrofit strategies, electrification pathways, and the
integration of renewables [6]. This capability is particularly relevant in the context of global
decarbonisation efforts [7]. Policymakers and urban planners increasingly require tools to
support evidence-based decision-making, to evaluate long-term scenarios, and to quantify
the impacts of interventions. UBEM provides a structured framework for exploring these
dimensions, linking physical modelling to strategic planning and enabling the assessment
of both current performance and future pathways [8]. Beyond its technical role, UBEM
is also gaining importance as a decision-support tool within broader urban sustainability
agendas [9]. It enables the exploration of co-benefits and trade-offs across sectors, such as
energy, mobility, and urban microclimate; moreover, it facilitates the alignment of energy
strategies with spatial planning and policy objectives [10,11].

Over time, the field has expanded significantly, both in terms of methodologies and
application domains [6]. Physics-based bottom-up models, data-driven approaches, and
hybrid frameworks coexist and are often combined with geospatial data infrastructures,
such as Geographic Information Systems (GIS), Building Information Modelling (BIM)
and 3D city models. At the same time, UBEM has progressively incorporated additional
layers of complexity, including urban microclimate, mobility patterns, and green and
blue infrastructure [12]. This diversification has expanded the range of applications and
increased the contextual relevance of UBEM studies, but at the cost of reduced comparability
across approaches.

This rapid growth has thus led to a high degree of fragmentation. Different studies
rely on heterogeneous data sources, inconsistent assumptions, and diverse modelling
approaches, often developed for specific case studies or local contexts. The adopted ter-
minology is not standardised, with key concepts such as “archetypes,” “prototypes,” and
“reference buildings” used inconsistently across the literature [13–15]. Moreover, models
are frequently designed with implicit objectives, making it difficult to compare results
or assess their suitability for different applications [16,17]. As a consequence, despite its
apparent methodological maturity, UBEM still struggles to deliver transparent, compa-
rable, and decision-relevant outputs, particularly in policy-oriented applications. At the
core of this fragmentation lies the unresolved relationship between data and modelling.
UBEM is inherently data-intensive [18], requiring detailed information on building geom-
etry, construction characteristics, systems, and occupancy [19]. Yet, such data are often
incomplete, dispersed across institutions, or available at different levels of resolution. To
address this limitation, many studies rely on simplified representations of the building
stock, such as archetypes or reference buildings, which enable scalability while introducing
additional layers of abstraction and uncertainty. While these approaches are essential for
operationalising UBEM at scale, their definition and use vary significantly across studies,
further complicating comparability [10,20].

In parallel, the objectives of UBEM applications have diversified. Some models are
developed to support long-term energy planning [21] and policy evaluation [22] at the
city or national scale, while others focus on detailed design questions, such as retrofit
optimisation [23], renewable integration at the district or building level [24] or microcli-
mate factors [25]. Despite this fundamental difference in purpose, the literature rarely
classifies or evaluates models based on their intended use. Instead, most reviews focus on
methodological distinctions, such as the type of modelling approach or the level of detail.

Thus, the current stage of development of UBEM calls for a shift from the multipli-
cation of modelling approaches towards conceptual consolidation. Rather than further
expanding the range of modelling techniques, there is a growing need to establish a com-

https://doi.org/10.3390/en19143351

https://doi.org/10.3390/en19143351


Energies 2026, 19, 3351 3 of 26

mon foundation that can support comparability, transparency, and effective application.
Building on these considerations, this perspective paper draws on recent UBEM literature
to provide a critical reading of the field, highlight its main research trajectories, and mo-
tivate a goal-oriented classification of UBEM approaches. Finally, it outlines a pathway
towards a more coherent and reliable UBEM framework, grounded in improved data
infrastructures, a shared language, and the development of reliability assessment criteria.
By addressing these foundational aspects, the field can move towards stronger convergence
while preserving the flexibility and innovation that have characterised its evolution.

2. An Overview of the UBEM Research Landscape
UBEM has progressively emerged as a distinct research field at the intersection of build-

ing simulation, urban analysis, energy planning, and data science. Since 2010, UBEM has
no longer been treated as a mere extension of single-building energy modelling but rather
as a methodological domain concerned with representing heterogeneous building stocks,
their spatial embedding within cities, and their interaction with wider environmental and
infrastructural systems. Some early contributions [26–29] already hinted at this broader
urban framing, even before UBEM became fully consolidated as a recognised research field.
For instance, in 2006, the paper by Guy [29] discussed buildings, energy efficiency, and
innovation as an urban sustainability issue, approaching the topic from a socio-technical
perspective and highlighting that energy choices in the built environment are conditioned
by cultural, organisational, and policy contexts rather than by purely technical optimisation
logics alone. This contribution anticipated one of the key tensions in later UBEM literature:
the need to move beyond simplified engineering views and to acknowledge that urban
energy questions are rooted in broader systems of decision-making.

A clearer methodological shift toward the urban scale emerges in the 2012 review
paper by Bourdic et al. [30], which addresses district- and city-scale calculation tools,
modelling approaches, and assessment systems. The study shows that simplified aggre-
gation methods are often insufficient to capture the complexity of urban energy use and
greenhouse gas emissions, thereby emphasising the need for more systematic, multi-scale
modelling frameworks. The review [24] marks the transition from generalised urban energy
assessment toward a more explicit concern with modelling urban building stocks and their
spatial complexity.

From the mid-2010s onward, UBEM became clearly identifiable as a research field
in its own right. The review of “a nascent field” [10] by Reinhart and Cerezo Davila
formalises Urban Building Energy Modelling as an emergent domain and describes the
main components of bottom-up urban simulation workflows, including input organisation,
thermal model generation, execution, and validation [10]. The paper introduces a workflow-
based approach to understanding UBEM, which subsequent reviews will progressively
expand and diversify.

The same trend is reinforced by later review papers [6,11,31,32] that treat UBEM not
only as an urban extension of building simulation, but as a decision-support framework
for sustainability planning, retrofit analysis, and policy design. In particular, the review
of modelling approaches and procedures for urban building energy use [11], the practical
overview of UBEM tools and methods [31], the user-oriented comparison of physics-based
bottom-up UBEM tools [6], and the review of urban neighbourhood energy calculation
methods from the perspectives of databases, models, and platforms [32] collectively show
how the field has become increasingly structured, yet also increasingly heterogeneous.

This indicates that UBEM has not developed as a single, unified methodological
framework. Rather, it evolved as an umbrella field covering a wide range of approaches,
scales, purposes, and disciplinary influences.
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The evolution of UBEM over the past two decades is illustrated conceptually in
Figure 1. Initially, urban-scale applications largely emerged as extensions of traditional
Building Energy Modelling (BEM), focusing on scaling building-level simulations to dis-
tricts and cities. As the field matured, UBEM progressively established itself as a distinct
research domain and underwent a rapid methodological diversification, integrating ad-
vances in artificial intelligence, urban climate modelling, digital twins, and urban energy
systems. This progressive expansion has substantially increased the analytical capabili-
ties of UBEM, but has also contributed to the methodological fragmentation discussed
throughout this perspective.

Figure 1. Conceptual evolution of Urban Building Energy Modelling (UBEM).

2.1. Main Research Trends

To identify the main research trends shaping the UBEM landscape, a targeted literature
screening was conducted in Scopus. The search was intentionally restricted to review-
type publications to capture consolidated knowledge, methodological developments, and
emerging directions in the field. This choice reflects the aim of the perspective paper: rather
than cataloguing all individual UBEM applications, the objective is to analyse how the
field has been progressively interpreted, consolidated, and problematised by the literature
itself. The query returned an initial set of 124 records, which were subsequently screened
based on title, abstract, and thematic relevance. Papers were excluded if they focused on
single-building energy modelling without urban-scale implications, on technology-specific
analyses without a modelling component, or on broader urban sustainability topics not
directly related to building energy modelling. Following this process, a final corpus of
75 review papers was retained. The selected studies were analysed qualitatively and
grouped by primary research focus, enabling the identification of recurring thematic areas.
These include:

i. Core modelling paradigms (Section 2.1.1);
ii. Building stock representation and archetype generation (Section 2.1.2);
iii. Occupant behaviour modelling (Section 2.1.3);
iv. Calibration, validation, and uncertainty (Section 2.1.4);
v. Data acquisition and interoperability (Section 2.1.5);
vi. GIS/BIM integration and digital twins (Section 2.1.6);
vii. Urban morphology and inter-building effects (Section 2.1.7);
viii. Microclimate integration (Section 2.1.8);
ix. Integration with urban energy systems (Section 2.1.9);
x. Emerging artificial intelligence (AI)-driven approaches (Section 2.1.10);
xi. Life Cycle Assessment (LCA) and carbon emissions (Section 2.1.11).

Rather than providing an exhaustive classification, this section organises the literature
into these thematic domains to highlight the breadth, diversity, and fragmentation of current
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UBEM research. The proposed categorisation is not intended to be mutually exclusive, as
several review papers span multiple thematic areas simultaneously [4,33]. Table 1, therefore,
summarises the distribution of the studies that could be primarily associated with one of
the identified research trends, providing an overview of the main topics addressed and
their relative representation within the reviewed corpus.

Table 1. Classification of reviewed papers by research trend.

Theme Description References

Core modelling
paradigms

This theme covers the main modelling approaches adopted in UBEM:
physics-based, data-driven, and hybrid methods. Physics-based
models rely on thermophysical simulations, while data-driven
approaches use statistical and machine learning (ML) techniques.
Hybrid approaches combine both, aiming to balance accuracy,
scalability, and computational efficiency.

[6,11,16,34–40]

Archetypes and
building stock
modelling

This research area focuses on representing heterogeneous building
stocks using archetypes or reference buildings. While essential for
scaling simulations to the urban level, this approach introduces
challenges related to classification, standardisation, transferability,
and the trade-off between model detail and computational feasibility.

[16,20,41–43]

Occupant
behaviour and
usage patterns

Occupant-related modelling addresses the influence of user
behaviour, schedules, and activity patterns on energy consumption.
Recent studies move beyond static assumptions toward dynamic and
stochastic representations, often relying on data-driven approaches
to better capture variability at the urban scale.

[44–48]

Calibration,
validation and
uncertainty

This theme addresses the reliability of UBEM outputs, focusing on
model calibration, validation procedures, and uncertainty
quantification. The literature highlights the need for improved
reproducibility, transparency, and standardised validation practices,
especially in data-scarce urban contexts.

[11,17,34,35,41,49,50]

Data acquisition
and interoperability

UBEM relies on large, heterogeneous datasets, including geometry,
systems, and operational data. Research in this area focuses on data
collection methods, open datasets, and interoperability challenges,
emphasising the need for consistent data frameworks and shared
data infrastructures.

[49–53]

GIS, BIM and
digital twins

This theme covers the integration of geospatial and semantic data
through GIS and BIM, enabling multi-scale modelling of urban
environments. Recent developments are advancing digital twins,
enabling real-time data integration, monitoring, and dynamic
simulation of urban energy systems.

[49,54–56]

Urban morphology
and spatial effects

Studies in this area investigate how urban form (e.g., density, layout,
and building configuration) influences energy demand through
shading, solar access, and spatial interactions. Urban morphology is
increasingly recognised as a key factor in improving UBEM accuracy.

[57–59]

Urban microclimate
and environmental
factors

This research stream focuses on the impact of urban climate
conditions, including the urban heat island effect, wind, and green
and blue infrastructure, on building energy use. It also explores
coupling strategies between UBEM and environmental models to
better represent local climatic variations.

[60–67]

Urban energy
system integration

This theme reflects the expansion of UBEM toward system-level
analysis, including integration with district energy systems,
renewable energy, and multi-energy networks. Buildings are
increasingly modelled as active components within broader urban
energy infrastructures.

[36,68–75]
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Table 1. Cont.

Theme Description References

AI, ML and
advanced analytics

This area includes the application of AI techniques to UBEM, such as
ML, deep learning, explainable AI, and optimisation methods. These
approaches aim to improve prediction accuracy, computational
efficiency, and decision-support capabilities.

[37–40,76,77]

Sustainability and
LCA integration

This theme connects UBEM with broader sustainability frameworks,
including life cycle assessment and carbon accounting. It reflects an
emerging trend toward integrating operational energy modelling
with environmental impact assessment at building and urban scales.

[78–81]

Although each review paper was assigned to a primary thematic category to facilitate
the discussion presented in Table 1, this classification should not be interpreted as mutually
exclusive. Many review papers simultaneously address multiple research themes, reflecting
the increasingly interdisciplinary nature of UBEM research. For example, studies focusing
on artificial intelligence frequently discuss data acquisition and interoperability issues,
while research on urban microclimate is often closely connected with urban morphology,
GIS-based workflows, and urban energy systems. Likewise, topics such as validation,
calibration, and uncertainty permeate virtually all modelling approaches. Figure 2 concep-
tually illustrates these recurring thematic interconnections, highlighting the progressive
overlap among research domains that characterises the current UBEM landscape. This
overlap reinforces the idea that current UBEM classifications are useful for describing
research themes but less effective at clarifying how models should be selected, evaluated,
and interpreted for their intended use.

Figure 2. Conceptual interconnections among the major identified UBEM research themes.

2.1.1. Core Modelling Paradigms: Physics-Based, Data-Driven, and Hybrid Approaches

The literature reports the coexistence of three broad modelling paradigms for UBEM:
physics-based models, data-driven models, and hybrid approaches.

In the physics-based approaches, urban building stocks are represented using thermo-
physical descriptions, geometric information, operational assumptions, and weather-driven
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simulation engines. The work by Li et al. [11], reviewing urban building energy use mod-
elling approaches and procedures, describes the workflow of physics-based bottom-up
models, including model preparation, archetype definition, calibration issues, and applica-
tions for urban-scale energy assessment. Similarly, the review by Castaldo and Piselli [34]
about dynamic simulation approaches bridges single-building modelling and district-scale
analysis, showing how dynamic models support a more realistic assessment of buildings in
urban contexts. These two early papers make clear that physics-based UBEM remains the
preferred approach whenever interpretability, scenario testing, and physically meaningful
outputs are priorities. This centrality of physics-based modelling is confirmed by later
literature comparing tools and workflows. Ang et al. [16] propose a consolidated UBEM
workflow and organise applications into categories, including urban planning, stock-level
carbon reduction, individual building recommendations, and buildings-to-grid integration.
Ferrando et al. [6] reviewed bottom-up physics-based UBEM tools from a user-oriented
perspective, comparing required inputs, outputs, workflows, applicability, and target users.
While Kamel [35] highlights the continuing importance of calibration, open-access data,
heating and cooling system characterisation, and occupancy schedules. The more recent
work by Cevallos-Sierra et al. [36], on the future of physics-based UBEM tools, further
confirms that this approach remains foundational even as the field expands toward more
integrated applications.

Alongside this, a second major trajectory has emerged around data-driven methods.
Fathi et al. [37] studied ML applications for urban building energy forecasting, demon-
strating that data-driven approaches have grown, particularly in tasks such as demand
forecasting and energy performance estimation. The review [37] not only shows the
potential of ML, but also identifies the scarcity of urban-scale studies compared with
individual-building studies, the variability of input variables and forecasting targets, and
the lack of universally comparable performance metrics.

Recent literature increasingly presents the future of UBEM as hybrid. Li et al. [38]
reviewed the combination of physical approaches with deep learning techniques, discussing
that AI can help overcome some of the limits of traditional physical modelling, while
retaining the strengths of simulation-based approaches. Darvishvand et al. [39] focused on
explainable artificial intelligence in UBEM, showing that the field is moving beyond raw
prediction performance toward the need for transparency, stakeholder trust, and actionable
explanations for planners, engineers, and decision-makers. Hybridisation also appears in
other reviews of integrated frameworks, like under extreme heat, where physical, AI and
ML, and microclimate-oriented approaches are combined to address complex multi-scale
phenomena [40].

Taken together, these papers show that the research landscape is no longer centred on a
single modelling approach. Instead, UBEM is increasingly characterised by methodological
pluralism: physics-based models remain indispensable for physically grounded simulation,
data-driven models offer scalability and speed, and hybrid approaches are emerging as a
synthesis that addresses complex urban scenarios more efficiently.

2.1.2. Archetype Generation, Building Stock Representation, and the Challenge of
Urban Heterogeneity

One of the most recurrent themes in the reviewed literature is the representation of
heterogeneous building stocks. At the urban scale, detailed building-by-building modelling
is rarely feasible, and therefore UBEM frequently relies on archetypal abstraction, clustering,
and stock characterisation procedures. These representations are often referred to as
archetypes, although the terminology varies across studies. This has made archetype
generation one of the most important methodological challenges in the field.
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Assessment of uncertainties in building characterisation for urban-scale energy mod-
elling is especially relevant in this field, because these uncertainties enter the UBEM
workflow at a very early stage, through incomplete or approximate representations of age,
construction, geometry, systems, and occupancy [41]. In UBEM, uncertainty permeates both
the simulation engine and the characterisation stage, indicating that model output quality
is highly dependent on upstream simplifications. Dahlström et al. [42] reviewed advances
in UBEM, including new model components and applications. Their work identifies the
development of archetypes as one of the key underdeveloped aspects of current UBEM
practice. The review [42] discusses archetypes not only as a purely technical necessity
but as a modelling component that influences future scenario analysis, socio-economic
representation, and even the potential integration of human behaviour and climate change.
The most explicit contribution on this topic is the recent systematic review by Ma et al. [43]
on the integration of archetypal building modelling into UBEM. The paper addresses the
advantages and challenges of archetypal building modelling, emphasising persistent issues
in standardising building types, modelling dynamic features, and ensuring cross-regional
applicability. It also highlights how digital technologies and richer data sources may
improve archetype-based modelling in the future.

A parallel line of work addresses the classification and validation of archetypes from a
more applied angle. Some selected reviews [20,41,42] focus on the motivation, challenges,
and methods of building archetype characterisation in bottom-up urban models, showing
that characterisation choices depend strongly on the purpose and scope of the study, and
that probabilistic and Bayesian approaches are gaining relevance because they can better
manage diversity and uncertainty.

These reviews show that one of the defining features of UBEM is the continuous nego-
tiation between representativeness, scalability, and data constraints. Urban heterogeneity
is a conceptual challenge that affects model transferability, cross-city comparison, and
methodological standardisation. The field is still far from consensus on how archetypes
should be defined, validated, and reused across contexts.

2.1.3. Occupants, Occupancy Patterns, and Behavioural Realism

A second major stream within the UBEM landscape concerns occupant-related mod-
elling. Across the reviews, occupants emerge as one of the most important and most
difficult components to represent realistically. Whereas early UBEM workflows often
adopted static schedules and deterministic assumptions, more recent literature increasingly
claims that behavioural and occupancy dynamics are essential for reducing the performance
gap between simulated and actual energy use [46].

The review by Happle et al. [48] categorises approaches into deterministic and stochas-
tic modelling strategies and argues that stochastic models, and especially person-based
approaches, are better suited for representing behavioural diversity.

The 2022 review by Dabirian et al. [47] on occupant-centric Urban Building Energy
Modelling delves further into the occupant-related inputs that matter, including occupancy
schedules, appliance use, lighting, setpoints, and domestic hot water demand. The con-
tribution connects behavioural realism to data availability and co-simulation approaches,
and it highlights the practical problem of deriving detailed occupant-related inputs at the
urban scale.

More recent reviews continue to enlarge this theme. The overview by Banfi et al. [46],
about occupant behaviour modelling to support urban building energy simulation, dis-
cusses available data sources, modelling approaches, and the challenges of scaling from the
building to the urban level. The systematic review by Ren et al. [45], about occupancy pat-
tern generation from the urban to the building scale, frames occupancy modelling not only
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as a building-energy issue but also as a problem involving mobility models, multi-source
data, and the trade-off between complexity, breadth, and interpretability. Finally, the 2024
review by Banfi et al. [44], about integrating occupant behaviour into UBEM, emphasises
that one of the main barriers is not only conceptual but also software-related: existing
UBEM tools often rely on static occupant profiles because they do not yet provide flexible
support for more advanced behavioural modelling.

UBEM is progressively moving away from a purely building-physics interpretation of
cities. Occupant modelling introduces social and temporal dimensions that interact with
energy systems, urban mobility, and the everyday use of urban space. UBEM also leans
toward more dynamic, human-centred, and data-intensive urban modelling.

2.1.4. Calibration, Validation, Uncertainty, and Reproducibility

As the field matures, an increasing number of review papers shift attention from
model construction to model reliability. Calibration, validation, uncertainty treatment, and
reproducibility now appear as major themes.

Already in the review by Li et al. [11], calibration is identified as a core challenge,
particularly because urban-scale models rely on numerous assumptions and often operate
with limited measured data. The review by Castaldo et al. [34] also reinforces this concern,
noting that calibration is essential to bridge the gap between theoretical model performance
and field conditions. Later studies make these concerns even more explicit. The review by
Bolluk et al. [41], already mentioned in relation to archetypes, demonstrates that uncertainty
is pervasive and often originates from data assumptions rather than from simulation
tools alone. The systematic review by Kong et al. [17] identifies inadequate treatment of
input uncertainty, insufficient control over simulation and calibration procedures, and
computational burden as major limitations of current practice. A particularly important
contribution is the taxonomic review of information modelling for urban building energy
simulation by Malhotra et al. [49]. The paper [49] concludes that a very large proportion
of reviewed studies are not reproducible because they fail to fully report data formats,
workflows, data sources, and validation methods. Thus, the current UBEM landscape is
not only heterogeneous but also fragmented and weakly standardised.

The same concern is echoed by reviews that discuss data sources and tools more
broadly. The systematic review by Kamel [35] stresses the lack of high-resolution data and
the need for standard UBEM data acquisition and model development procedures. The
review on data acquisition for UBEM by Wang et al. [50] notes that the cost, availability,
and quality of the data used strongly affect the performance of the modelling workflow.

This growing concern with validation, calibration, and reproducibility is significant
because it indicates a transition from exploratory tool development toward a phase in which
UBEM is increasingly expected to support policy, planning, and operational decisions.

2.1.5. Data Acquisition, Open Datasets, and Interoperability

The growth of UBEM has been accompanied by a parallel expansion of research on
data. In the reviewed literature, data-related issues appear in at least three forms: the
acquisition of input data, the availability of open datasets, and the interoperability between
data structures and modelling tools.

The review by Wang et al. [50] systematically discusses geometric, non-geometric,
weather, and validation/calibration data, and emphasises that the quality and quantity of
these inputs determine the reliability of the final model, showing how UBEM increasingly
draws on methods from geography, transport, and computer science, thereby confirming
the field’s interdisciplinary evolution. A complementary perspective is offered by Jin
et al. [51]; in their review, they show that building energy use datasets have become central
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to regional planning, benchmarking, and policymaking, but also raise issues of privacy,
public disclosure, and data standardisation. The open-data benchmarking review by Roth
et al. [52] shows that public urban datasets can support data-driven benchmarking methods
more effectively than generic national survey datasets in some contexts.

Interoperability is addressed most directly by the taxonomic review by Malhotra
et al. [49], which identifies weak interoperability between input and output formats through-
out the modelling chain. This problem is also closely connected to GIS/BIM integration
and subsequent digital twin research, discussed in the next section. UBEM is no longer
constrained only by model formulation, but also by the infrastructures through which data
are acquired, exchanged, and documented. As a result, studies often rely on different data
regimes, access conditions, and documentation standards.

2.1.6. GIS, BIM, and Digital Twins

A major research trend emerging from the most recent review literature concerns the
progressive digitalisation of UBEM workflows through GIS, BIM, their integration and
digital twin approaches. If early UBEM studies relied primarily on GIS for spatial data
extraction, current work increasingly frames UBEM within richer, more interoperable, and
sometimes real-time digital environments.

GIS is foundational to many physics-based applications because it enables building-
stock mapping, geometric extraction, and spatial characterisation. However, the more
recent literature shows a shift from basic GIS usage toward structured integration with
BIM and semantic modelling [49,55]. The review by Malhotra et al. [49] is again important
in this respect because it addresses data formats and interoperability challenges in ways
that directly relate to GIS/BIM workflows. The review by Li et al. [54] is even more explicit
in showing how remote sensing, GIS, and ML are becoming central to urban-scale energy
and environmental assessment, linking geospatial technologies not only to modelling, but
also to renewable potential assessment and policy support. A further step is represented by
GIS- and BIM-integrated research. The review on GeoBIM for geothermal energy efficiency
in buildings and smart cities by Pinto et al. [55] positions the integration of BIM and
GIS as a multiscale framework that improves data quality, supports thermal performance
assessment, and enables shallow geothermal applications.

Digital twins form another key branch of this digitalisation trend. Bibri et al. [56] show
that digital twins are increasingly connected to energy management, AI, the Internet of
Things (IoT), and real-time data analytics. They also emphasise predictive maintenance,
operational optimisation, and cyber-physical integration. Zhang et al. [82] analysed the
evolution from building digital twins to urban digital twins, highlighting the growing
integration between energy systems, spatial data infrastructures, interoperability frame-
works, and real-time urban management processes. These works are highly relevant to
future convergence, pointing toward an urban modelling environment in which geometry,
data streams, operational control, and energy simulation are integrated. As a matter of
fact, UBEM is no longer only a simulation workflow; it is increasingly part of a digital
urban infrastructure.

2.1.7. Urban Morphology, Inter-Building Effects, and Spatial Form

Another strong line of research in the UBEM landscape concerns the role of urban
morphology. The reviewed literature repeatedly shows that building energy demand at
the urban scale cannot be understood without accounting for density, orientation, spacing,
form, and inter-building effects.

Quan et al. [57] explicitly map different measures of urban form, assumed mecha-
nisms, and methodological approaches, and their work reveals that conclusions about
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densification, typology, and morphological effects are often diverse and sometimes con-
tradictory. The paper [57] shows that spatial form is not a secondary modifier of building
performance, but one of the main conceptual bridges between urban design and UBEM.
A complementary methodological perspective is offered by Morganti et al. [58] in their
review on urban metrics and their ability to predict local climate, thermal comfort, and
energy demand. The paper [58] makes explicit that the field has developed numerous
metrics to quantify built form, density, and typology, but that their predictive power and
transferability remain uneven.

Want et al. [59] reviewed the inter-building effects and their impact on building energy
and solar energy use, reinforcing the importance of urban spatial relations. It shows that
neighbouring buildings affect not only heating and cooling demand, but also solar potential
and indoor thermal comfort.

2.1.8. Microclimate Integration: UHI, Urban Wind, Green and Blue Infrastructure

One of the most dynamic areas of recent UBEM-related research concerns the inte-
gration of urban microclimate. Across the selected reviews [60–67], this topic appears
through urban heat island (UHI) studies, urban wind environment reviews, green and
blue infrastructure studies, and coupling strategies between urban climate and building
energy models.

The literature on UHI is particularly strong. Li et al. [60], in 2019, reviewed UHI
impacts on building energy consumption, providing a valuable overview of reported
cooling and heating effects and showing significant variability across cities, climates, and
methodologies. Later reviews strengthen this line of work by discussing UHI modelling
approaches, outdoor comfort, and building energy demand more explicitly [61,62]. These
papers are significant because they reveal how inconsistently UHI is still treated in practical
energy simulation workflows. A particularly important contribution is the review by
Sezer et al. [63] that moves the discussion into the methodological terrain of tool coupling,
information exchange, and co-simulation. Worthy et al. [64], in a more recent review,
explicitly devoted to bridging the simulation-to-reality gap in UBEM through microclimate
integration, claim that current UBEM methodologies are constrained by reliance on non-
urban-specific, aggregated climate inputs and propose hybrid observational and simulation-
based strategies to obtain more representative weather inputs. A recent global meta-analysis
of nature-based solutions, by Wei et al. [67], further expands this topic by synthesising the
cooling and energy-saving effects of green and blue infrastructure across multiple climate
zones and spatial scales.

Urban wind and vegetation constitute further branches of this line of work. Jie
et al. [65] discuss mechanisms, tools, coupling methods, and validation issues of these
aspects. On the other hand, the review by Zhu et al. [66], about numerical simulation
of urban green infrastructure on building energy use, synthesises workflows, tools, and
validation methods for modelling vegetation-related effects. In general, the reviews [83–85]
on urban trees and their impact on building energy use further confirm that shading,
microclimate modification, and placement strategies are becoming part of the broader
environmental dimension of urban energy modelling. The city is an altered climatic
environment in which vegetation, heat islands, local wind patterns, and land-surface
conditions materially influence energy demand.

2.1.9. From Building Demand to Urban Energy Systems

A particularly important evolution in the literature is the progressive expansion of
UBEM toward urban energy system modelling. Several review papers show that the
field is moving beyond demand-side building simulation and increasingly engaging with
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district heating and cooling, renewable integration, energy hubs, flexibility, and multi-
energy systems.

An early signal of this shift is the work by Kveselis et al. [68] about district heating and
cooling technologies in the building sector, which discusses their role in meeting energy
and environmental targets and highlights the importance of system-level infrastructure and
policy. Zhang et al. [69] proposed a more explicitly urban-scale perspective on urban energy
systems at the building-cluster level, incorporating renewable energy solutions, energy
hubs, cluster-scale systems, and their optimisation. The literature on flexibility further
broadens this viewpoint. Luc et al. [70] studied energy-demand flexibility in buildings and
district heating systems, discussing how buildings and thermal systems can contribute to
demand-side management and to integrated energy systems. More recent reviews develop
this line through district heating technologies for building flexibility [71], energy storage
control for buildings and districts [72], and energy hubs [73,74].

The most advanced formulation of this trend appears in two reviews: one is from
Liu et al. [74] about multi-energy coupling and conversion methods for urban buildings,
and the other is by Ngai et al. [75] about multi-energy systems in dense urban building
clusters. These papers explicitly frame the separation between demand-side simulation
and supply-side energy flow optimisation as a central research gap. The literature makes
clear that UBEM must be coupled with broader urban energy system models to effectively
support low-carbon urban transitions.

This evolution also reflects a conceptual shift in the role of buildings within UBEM.
Rather than being modelled as isolated energy consumers, buildings are increasingly repre-
sented as active components of integrated urban energy systems, interacting with district
heating and cooling networks, renewable generation, storage, and flexibility services. This
trend reinforces the need for interoperable modelling frameworks capable of coupling
demand- and supply-side analyses.

2.1.10. AI, ML, Deep Learning, Explainability, and Generative Workflows

AI is now one of the clearest drivers of innovation in the UBEM research landscape. In
the reviewed literature, AI-related approaches appear in multiple forms: ML forecasting,
deep-learning-enhanced physics-based models, explainable AI (XAI), generative design,
and AI-supported retrofit optimisation.

The systematic review by Fathi et al. [37], about ML approaches in urban building
energy performance forecasting, provides one of the earliest strong syntheses of this trend.
It documents the growing use of learning algorithms to predict energy performance at the
urban scale and identifies major gaps, including the scarcity of urban-scale applications, the
absence of climate change integration, and the lack of consistent comparison criteria. The
hybridisation of AI and physics-based modelling is then addressed more explicitly in the
comprehensive review on combining physical approaches with deep learning techniques
by Li et al. [38]. XAI introduces a further step in this evolution. The systematic review of
XAI in UBEM by Darvishvand et al. [39] argues that explainability is necessary to make
complex models understandable and actionable for stakeholders such as policymakers,
planners, engineers, and building managers. This shows that the AI turn in UBEM is
already moving toward governance and decision-making concerns.

Another interesting branch is the integration of UBEM with generative design and
parametric workflows. The review on UBEM and generative design by Elshanshoury
et al. [76] discusses how surrogate models, parametric exploration, and ML can support
urban design optimisation. This emphasises that the latest innovations are not only improv-
ing simulation accuracy, but also changing how UBEM can be used in early-stage planning
and design exploration.
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Finally, AI also enters the field through retrofit and optimisation studies. Shan et al. [77]
studied AI-driven multi-objective optimisation and decision-making for urban building
energy retrofit, showing how ML, clustering, and optimisation are being combined to
identify retrofit priorities and balance energy, cost, and environmental goals.

Together, these papers show that AI is not a single trend but a cluster of converging
trajectories. It affects prediction, explainability, design, and decision support.

2.1.11. LCA, Carbon, and Broader Sustainability Assessment

Although UBEM is primarily concerned with operational energy modelling, the re-
viewed literature also reveals a growing connection with LCA, energy–carbon integration,
and broader sustainability frameworks [78–81].

The review by Huang et al. [78] proposes a district-level systems perspective that
integrates energy and carbon emissions and highlights interactions among buildings, the
surrounding environment, and user behaviours. The paper anticipates subsequent efforts to
move beyond operational energy to more holistic assessments of urban sustainability. More
recent work pushes this boundary further. The work by Li et al. [79] integrates UBEM and
urban-building environmental assessment, explicitly claiming to couple operational energy
modelling with broader urban environmental assessment frameworks. Zhou et al. [80]
reviewed UBEM in relation to the Sustainable Development Goals, expanding the scope
beyond technical energy questions to include policy, equity, interdisciplinarity, and broader
sustainability agendas.

Finally, although it sits somewhat adjacent to core UBEM, the review by Wang et al. [81]
scales LCA to district energy systems. The work illustrates how environmental assess-
ment is progressively moving from isolated building technologies toward system-level
district analysis.

This strand remains smaller than others, but it is important because it signals an emerg-
ing tendency to position UBEM within wider decarbonization, life cycle, and sustainability
assessment frameworks.

2.2. Discussion of the Research Landscape

Taken as a whole, the 75 review papers portray UBEM as a field that is simultaneously
maturing and fragmenting. It is maturing because the literature now includes consolidated
reviews of tools, workflows, archetypes, data acquisition, calibration, microclimate integra-
tion, behaviour modelling, AI applications, and energy system coupling. It is fragmenting
because these lines of work are often developed in partially separate sub-communities,
with different data practices, different modelling assumptions, and different conceptual
definitions of what counts as “urban energy modelling”.

The first large group of studies remains centred on physics-based UBEM, workflow
design, tool comparison, and scenario analysis [6,10,11,16,35,36]. The second cluster focuses
on human and stochastic realism, especially through occupant behaviour and occupancy
modelling [44–48]. The third group is concerned with data, interoperability, and digital
infrastructures, including open datasets, GIS/BIM integration, geospatial methods, and dig-
ital twins [49–51,54–56]. The fourth group addresses urban context integration, particularly
through urban form, UHI, microclimate coupling, wind, and vegetation [57,58,60,63–66].
Finally, the fifth group pushes UBEM toward urban energy systems and broader sustainabil-
ity assessment, including flexibility, energy hubs, multi-energy systems, AI-based retrofit
planning, LCA, and policy support [69,70,73–75,78–80].

The overall picture is therefore one of diversity without full integration. UBEM today
encompasses tools and approaches ranging from bottom-up thermal simulation to ML
forecasting, from archetype generation to digital twins, from UHI coupling to district-scale
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energy hubs. This diversity reflects the richness of the field, but also its methodological
fragmentation. At the same time, a clear convergence is evident in the most recent literature:
future UBEM is increasingly envisioned as a multi-domain, multi-scale, and interoperable
platform in which buildings, urban form, microclimate, human behaviour, energy systems,
and digital infrastructures are progressively connected. This suggests that the current
research landscape should not be interpreted as a stable taxonomy, but as a field in transition.
What started as a methodological effort to extend building energy modelling to districts
and cities is increasingly becoming a broader project of integrated urban energy intelligence.
The research landscape described above, therefore, shows that UBEM fragmentation is
not only methodological but also functional: similar modelling techniques may serve
very different purposes, while similar decision-making needs may be addressed through
different methods. Consequently, the thematic trends discussed above are not proposed as
an alternative taxonomy, but rather as complementary dimensions that can be interpreted
through the goal-oriented framework introduced in the following section.

3. Categorising UBEM Approaches
The overview presented in Section 2 highlights a research landscape that is both

rich and highly heterogeneous. UBEM has evolved through a wide range of modelling
approaches, data structures, and application domains, reflecting its interdisciplinary na-
ture and its progressive expansion. However, this diversity has also made it increasingly
difficult to compare models, interpret results, and assess their suitability for specific applica-
tions [6,49]. Most existing classifications of UBEM approaches are based on methodological
distinctions, typically differentiating between physics-based, data-driven, and hybrid mod-
els. While this type of classification is useful to describe how models are constructed,
it provides limited insight into how they are intended to be used. In practice, models
developed for fundamentally different purposes are often discussed within the same
methodological categories, despite relying on different assumptions, data requirements,
and evaluation criteria [12,86]. A recurring observation across the reviewed literature is
that the final objective of the model strongly influences its structure, level of detail, and
underlying assumptions [6,16]. For instance, models designed to support long-term urban
energy planning operate at large spatial scales and rely on simplified representations of
building stocks, whereas models developed for retrofit analysis or district design require
greater detail and more accurate representations of building behaviour.

Objective-based readings of UBEM are not entirely absent from the literature. For
example, Salvalai et al. [87] recently classified UBEM studies by application domain, in-
cluding energy demand forecasting, policy evaluation, and tool development. The present
perspective paper builds on this direction but adopts a different conceptual level of abstrac-
tion. The aim is not to replace application-based classifications but to provide a simplified
interpretative framework that links modelling objectives to data requirements, validation
expectations, reliability criteria, and fit-for-purpose assessment. Rather than organising
application domains, the proposed framework seeks to reinterpret how UBEM models
should be understood and evaluated in light of their intended use. This suggests that
a complementary classification, based on the intended use and scale of application, can
provide a clearer interpretation of the UBEM landscape. In this perspective, two main
categories can be identified: policy-oriented models and design-oriented models. These
two categories are deliberately broad. They are not intended to exhaust the diversity
of UBEM applications, but to define two dominant modelling logics that differ in scale,
expected accuracy, data requirements, validation strategies, and decision-making context.
These categories should not be seen as rigid or mutually exclusive, but rather as two
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ends of a continuous spectrum, within which intermediate applications may exist, such as
district-scale planning or neighbourhood retrofit prioritisation (Figure 3).

Figure 3. Conceptual shift from rigid methodological classification of UBEM approaches toward a
goal-oriented spectrum ranging from policy-oriented to design-oriented applications.

3.1. Policy-Oriented UBEM Approaches

Policy-oriented UBEM models are primarily developed to support strategic decision-
making at the city scale [22,25,29,88]. Their main purpose is to provide a system-level
understanding of energy use, enabling evaluation of long-term scenarios, assessment of
policy interventions, and urban energy planning.

In this context, models are typically designed to explore questions such as the impact
of large-scale retrofit programmes, the electrification of building systems or the integration
of renewable energy at the urban scale. As a result, they operate on large datasets and
require representations that are both scalable and computationally manageable. This often
leads to the use of simplified building descriptions, such as statistical representations of
building stocks, which allow the aggregation of heterogeneous buildings into a manageable
number of categories, or in Resistance–Capacitance models when a physics-based approach
is chosen. The reliance on simplified representations is not merely a methodological choice,
but a necessary condition for operating at large spatial scales. However, it also introduces
additional layers of abstraction and uncertainty. In many cases, input data are incomplete
or available only at aggregated levels, and assumptions regarding occupancy, systems, and
building characteristics must be generalised. Consequently, calibration and validation are
often performed at aggregate levels, and the accuracy of individual building predictions
is not the primary objective. The outputs of policy-oriented models reflect this work.
Rather than focusing on detailed building performance, they provide indicators such
as total energy demand, emissions, or the comparative impact of alternative scenarios.
These outputs are particularly valuable for policymakers and planners, as they support
evidence-based decision-making and long-term strategy development.

At the same time, the literature highlights several limitations of this approach [6,50,89].
The use of heterogeneous data sources, simplified assumptions, and context-specific mod-
elling choices often reduces comparability between studies. Moreover, the implicit nature
of many modelling assumptions can limit transparency and hinder the interpretation of
results. Despite these challenges, policy-oriented UBEM remains a fundamental tool for ad-
dressing urban energy transitions, as it enables the exploration of large-scale interventions
that cannot be captured through building-level analysis alone.
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3.2. Design-Oriented UBEM Approaches

Design-oriented UBEM approaches, in contrast, are developed to support more de-
tailed analysis at the scale of a district or neighbourhood [90–92]. Their primary objective
is to evaluate energy performance with greater accuracy, often in the context of design
optimisation, retrofit strategies, or renewable energy integration on specific buildings.
These models are typically characterised by a higher level of detail in the representation
of buildings. They rely more extensively on physics-based simulation [12,93,94], incor-
porating geometric data, construction characteristics, system configurations, and, when
possible, more refined assumptions about occupancy and operation. This level of detail
enables more accurate estimates of energy demand and system performance, making these
models particularly suitable for technical decision-making. In design-oriented applications,
calibration and validation play a prominent role. Because the objective is to evaluate
specific interventions, such as envelope improvements, system upgrades, or the integration
of renewable technologies, the reliability of results at the neighbourhood or district scale
becomes critical, and a certain level of accuracy at the building level may be expected too.
This often requires high-resolution data and more complex modelling workflows, which
can increase both the effort required to develop the model and the associated computa-
tional cost. The outputs of design-oriented models are correspondingly more detailed.
They typically include building-level energy demand, peak loads, system performance
indicators, and quantitative assessments of specific interventions. This level of granularity
is essential for engineers, designers, and consultants, who require precise information to
support design decisions.

However, this increased level of detail comes at the cost of scalability. Models devel-
oped for design purposes are often difficult to extend to larger spatial scales, and their
results may be highly context-dependent. As a result, they are less suited to supporting
urban energy planning or policy evaluation, particularly when data availability is limited.

3.3. Comparison and Complementarities

Although policy-oriented and design-oriented approaches differ significantly in their
objectives, scale, and level of detail, they should not be considered as separate or com-
peting categories. Rather, they represent complementary perspectives within the broader
UBEM framework.

Policy-oriented models provide a macroscopic view of urban energy systems, sup-
porting scenario analysis and long-term planning. Design-oriented models, on the other
hand, offer a more detailed and physically grounded understanding of building/district
performance, enabling the evaluation and optimisation of specific solutions. Both per-
spectives are necessary to fully address the complexity of urban energy systems. A key
issue emerging from the literature is the limited interaction between these two domains.
Policy-oriented models often rely on simplified assumptions that are not systematically
validated through detailed simulations, while design-oriented models are rarely scaled
up to inform broader planning strategies. This separation creates a gap between strategic
decision-making and technical implementation.

Bridging this gap represents one of the main challenges for future UBEM research. The
development of multi-scale modelling frameworks capable of linking system-level scenarios
to detailed building simulations would allow for greater consistency between planning and
design. Such integration would also support a more coherent use of data, enabling models
to operate across different levels of resolution while maintaining a consistent representation
of the underlying system.

The proposed classification, developed on a different reading of the existing literature
on UBEM, highlights the importance of explicitly linking modelling approaches to their
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intended application. Many of the limitations identified in the current literature can be
traced to a lack of clear alignment among model structure, data requirements, and decision-
making context. Recognising the distinction between policy-oriented and design-oriented
models makes it possible to better define expectations regarding model performance, data
needs, and reliability. In this sense, the concept of “fit for purpose” becomes central: a
model should not be evaluated solely based on its methodological sophistication, but on
its ability to provide meaningful and reliable outputs for a given application. At the same
time, this classification provides a useful framework for addressing the broader issue of
fragmentation in UBEM. By organising models according to their objectives rather than
only their methods, it becomes easier to interpret the diversity of approaches, identify gaps,
and support convergence across research efforts. Ultimately, the challenge is not to reduce
this diversity, but to structure it in a way that enhances comparability, transparency, and
practical usability.

To clarify the practical implications of the proposed classification, Table 2 summarises
the main differences between policy-oriented and design-oriented UBEM approaches. The
comparison does not aim to define rigid categories, but to make explicit how the intended
use of a model influences its spatial scale, data requirements, level of detail, validation
expectations, outputs, and target users. This distinction is particularly important because
the same modelling methodology may be appropriate for one objective and less appropriate
for another, depending on the level of reliability required by the decision-making context.
Table 2 highlights that the distinction between policy-oriented and design-oriented UBEM
is not merely about scale but about the relationship between modelling assumptions and
decision-making needs. Policy-oriented models may be reliable even when they count on
simplified representations, provided that they support robust comparisons across scenarios
at aggregated scales. Conversely, design-oriented models generally require higher spatial
and temporal resolution, since their outputs are expected to inform specific technical
choices. This reinforces the need to evaluate UBEM models according to their intended use
rather than according to methodological complexity alone.

Table 2. Main differences between policy-oriented and design-oriented UBEM approaches.

Dimension Policy-Oriented UBEM Design-Oriented UBEM

Main objective Support strategic planning, policy
evaluation, and long-term scenario analysis.

Support technical decision-making, design
optimisation, retrofit assessment, and local
energy strategies.

Typical scale Municipality, metropolitan area. District, neighbourhood, building cluster, or
selected groups of buildings.

Model resolution Aggregated or simplified building-stock
representation.

More detailed building-level or district-level
representation.

Data requirements Broad, scalable, and harmonised datasets;
tolerance for partial or aggregated data.

High-resolution geometric, construction,
system, occupancy, and operational data.

Typical methods

Statistical stock models, archetypes,
simplified physics-based models,
reduced-order models, GIS-based
workflows, scenario models.

Detailed physics-based simulation,
optimisation workflows, parametric analysis,
renewable/system integration models.

Validation expectation Mainly aggregate validation at stock,
district, or annual/monthly scale.

More detailed validation at building or
district scale, often requiring hourly or
sub-hourly reliability.
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Table 2. Cont.

Dimension Policy-Oriented UBEM Design-Oriented UBEM

Typical outputs
Total energy demand, emissions, retrofit
potential, policy impacts, scenario
comparison, urban-scale indicators.

Building or district energy demand, peak
loads, system performance, retrofit savings,
comfort indicators, flexibility and local
renewable potential.

Main users
Policymakers, municipalities, urban
planners, public authorities, energy
agencies.

Engineers, designers, consultants, researchers,
energy planners, building/district managers.

Main limitation
Limited detail, high uncertainty in
assumptions, reduced suitability for
building-specific decisions.

Limited scalability, higher data and
computational requirements,
context-dependent transferability.

Fit-for-purpose
criterion

Ability to support robust comparative
decisions at aggregated scale.

Ability to provide sufficiently accurate
outputs for technical decisions at the relevant
spatial and temporal resolution.

This shift from method-based to goal-oriented classification provides a more actionable
framework for interpreting UBEM applications and directly supports the definition of
reliability criteria discussed in the following section. The implications of this distinction
extend beyond model classification and provide the conceptual basis for interpreting the
foundational challenges discussed in the following section.

4. Towards a Coherent and Reliable UBEM Framework
The overview presented in the previous sections highlights a clear paradox: while

UBEM has expanded rapidly in methodologies, applications, and data sources, the devel-
opment of its foundational structures has not kept pace. The field has demonstrated a
remarkable capacity for innovation, incorporating advances in data science, urban analytics,
and digital technologies. However, this expansion has occurred in a fragmented manner,
with limited coordination across research efforts. As a result, UBEM is characterised by
substantial heterogeneity not only in modelling approaches, but also in data structures, ter-
minology, and evaluation criteria. While this reflects the field’s flexibility and adaptability,
it also limits comparability, transparency, and practical implementation, particularly in the
transferability of models and the consistency of decision-support applications.

A central argument of this work is that the current stage of UBEM development
requires a shift from methodological diversification toward structural consolidation. Rather
than further expanding modelling techniques, greater attention should be devoted to
strengthening the foundations that support their use. Based on the literature review, three
main gaps emerge as key barriers to coherence and reliability: the lack of structured and
shared data frameworks (Section 4.1), the absence of consistent terminology (Section 4.2),
and the lack of criteria for assessing model reliability and suitability (Section 4.3). These
issues are closely interconnected and reflect a broader need to move from isolated modelling
efforts toward a more interoperable, transparent, and purpose-driven UBEM ecosystem.

Although these three challenges concern the entire UBEM community, their practical
implications differ depending on the model’s intended application. In policy-oriented
UBEM, the main priorities are the availability of scalable, interoperable data, transparency
in modelling assumptions, and consistency in scenario comparisons at aggregated scales.
In contrast, design-oriented applications place greater emphasis on high-resolution data,
appropriate model validation, and the reliability of predictions supporting specific technical
interventions. Consequently, the concept of fit-for-purpose should not be interpreted as a
universal quality criterion but rather as a model’s ability to provide reliable information
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for its intended decision-making context. The proposed classification is therefore not
intended to introduce different modelling standards, but to provide a practical framework
for interpreting how common challenges should be addressed in line with the objectives of
each UBEM application.

4.1. Structured Data Collection and Cataloguing

One of the most critical limitations identified in the literature concerns the lack of
consistent data frameworks for building stock characterisation. UBEM is inherently data-
intensive, requiring information on building geometry, construction characteristics, systems,
and occupancy. However, these data are often incomplete, fragmented, and available at
different levels of resolution [50]. In practice, this leads to a proliferation of ad hoc solutions.
Many studies rely on locally defined archetypes, simplified assumptions, or partial datasets
that are difficult to compare or transfer across contexts [20]. Even when similar modelling
approaches are adopted, differences in data sources and processing methods can produce
significantly different results.

Addressing this issue requires structured, multi-scale data infrastructures capable of
integrating information from different sources and spatial scales, from individual buildings
to entire urban regions.

Several initiatives already point in this direction. Energy Performance Certificate
(EPC) databases provide large-scale information on building energy characteristics and
are increasingly used for building stock modelling. Similarly, open data platforms and
urban data repositories are emerging as important resources for UBEM applications, partic-
ularly in cities with advanced data governance strategies. More recently, the integration
of GIS, BIM, and remote sensing data has enabled more detailed and spatially explicit
representations of urban environments.

Despite these developments, a coherent and widely adopted data framework is still
lacking. The challenge is not only to collect more data, but also to organise it in a con-
sistent, accessible, and interoperable way across modelling approaches and application
domains. Without such a framework, the scalability of UBEM will remain limited and the
comparability of results will continue to be a major issue.

4.2. Shared Terminology and Conceptual Consistency

A second major barrier to coherence in UBEM is the absence of a shared and consistent
terminology. Across the literature, key concepts are often used with different meanings,
or different terms are used to describe similar concepts. This is particularly evident in
the case of building stock representation, where terms such as “archetype,” “prototype,”
“reference building,” and “template” are frequently used interchangeably, despite referring
to different modelling assumptions.

This lack of conceptual clarity is not a minor issue. It directly affects the interpretation
of results, the comparison of studies, and the communication between disciplines. In an
interdisciplinary field such as UBEM, where researchers come from building physics, urban
planning, data science, and engineering backgrounds, the absence of a common language
creates additional barriers to collaboration. Moreover, terminology is closely linked to
modelling choices. Different definitions of “archetype,” for example, imply different levels
of abstraction, different data requirements, and different assumptions about building
behaviour. Without a clear and shared understanding of these concepts, it becomes difficult
to assess whether two models are comparable or to interpret differences in their results.

The goal is not to impose a single definition for all concepts, but to move toward a
more transparent and consistent use of terminology, supported by explicit definitions and
clear documentation. Establishing a shared vocabulary would facilitate comparison across
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studies, improve communication between researchers and practitioners, and support the
development of more coherent modelling frameworks.

4.3. Defining Reliability: Toward Fit-for-Purpose Modelling

A third and more fundamental gap concerns the absence of criteria to assess the relia-
bility of UBEM models. While the literature extensively discusses modelling approaches,
data sources, and validation techniques, it rarely provides clear guidance on when a model
can be considered adequate for a given application. This issue is particularly critical given
the diversity of UBEM applications. A model designed for long-term policy analysis does
not require the same level of detail or accuracy as a model used for retrofit optimisation.
Yet, in the absence of explicit evaluation criteria, models are often assessed using generic
metrics or implicit assumptions, without a clear link to their intended use. This suggests
the need to shift from a generic notion of “accuracy” toward a more nuanced concept of
“fit-for-purpose” modelling. In this perspective, the quality of a model is not defined solely
by its level of detail or predictive performance, but by its ability to provide reliable and
relevant outputs for a specific decision-making context.

A first step in this direction can be found in a recent study by Ferrando et al. [90]
that evaluates model performance across multiple spatial and temporal scales simulta-
neously. For instance, this work [90] shows that the impact of modelling assumptions
varies significantly with the level of aggregation. The same model can provide consistent
results at the annual neighbourhood scale, while showing large deviations at the hourly
or single-building level. This highlights that model validity is inherently scale-dependent.
To capture this variability, the study adopts a matrix-based evaluation approach, in which
model performance is assessed across a range of spatial scales (e.g., single building, groups
of buildings, entire district) and temporal resolutions (e.g., hourly, daily, monthly, yearly).
In this framework, reliability is not expressed as a single value, but as a distribution of
performance indicators across different aggregation levels. The use of metrics such as
CVRMSE, as defined in the ASHRAE framework [95], for verifying single-building energy
models, visualised through heatmaps, enables clear identification of where and when the
model performs adequately. This type of representation can be interpreted as a reliability
matrix, where: one dimension represents the spatial scale, the other represents the tem-
poral resolution, and the values indicate a deviation from a reference case or calibration
target. Such an approach provides a more nuanced understanding of model performance,
revealing that the same model may be “fit” for certain applications (e.g., annual policy
analysis) but not for others (e.g., hourly load matching or energy community design).

Building on this concept, a general reliability framework for UBEM could be structured
as a multi-dimensional matrix including:

- Spatial scale and time resolution,
- Level of detail in building representation,
- Data availability and quality,
- Calibration and validation procedures,
- Computational requirements,
- Intended use (policy vs. design).

Rather than enforcing uniform standards, this matrix-based approach would allow
models to be positioned within a defined space of applicability, making their assump-
tions and limitations explicit. This would facilitate comparison across studies, improve
transparency, and support more informed decision-making. Importantly, this perspective
suggests that standardisation should not aim to homogenise modelling approaches, but to
structure how models are evaluated and interpreted. In this sense, reliability matrices or
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similar tools could act as a bridge between methodological diversity and practical usability,
enabling the field to move toward greater coherence without limiting innovation.

5. Conclusions and Future Outlooks
UBEM has evolved rapidly over the past decade, establishing itself as a key frame-

work for linking building-scale analysis with urban-scale decision-making. As highlighted
throughout this perspective, the field has expanded across disciplines, data sources, and ap-
plication domains, enabling a wide range of modelling approaches and urban applications.
At the same time, this rapid growth has produced a fragmented landscape characterised by
heterogeneous assumptions, inconsistent terminology, and limited comparability among
models. These issues continue to constrain the broader operational and policy uptake
of UBEM.

This perspective argues that the next phase of UBEM development should focus less
on methodological proliferation and more on consolidating its foundational structures.
In this perspective, three elements emerge as particularly important: data, language,
and reliability.

First, the development of structured, interoperable data infrastructures is essential
to improving model robustness, transferability, and scalability. Second, clearer and more
consistent terminology would enhance transparency and comparability across studies and
disciplines. Third, the growing use of UBEM in decision-making contexts requires more
explicit evaluation frameworks to assess whether models are fit for purpose across different
spatial, temporal, and application conditions.

These elements should not be interpreted as constraints on innovation, but as enabling
conditions for a more coherent and mature research field. The objective is not to rigidly
standardise UBEM, but to establish common foundations that allow different modelling
approaches to coexist, interact, and be evaluated consistently.

Ultimately, the future impact of UBEM will depend not only on advances in modelling
techniques but also on the field’s ability to improve transparency, interoperability, and
reliability. Strengthening these foundations is essential to transforming UBEM from a
predominantly academic modelling exercise into a robust, widely applicable decision-
support framework for the urban energy transition.
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