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Highlights

What are the main findings?

• GeoBIM enables multiscale energy assessment by integrating BIM-GIS into building
environmental and geotechnical data.

• Evidence from international case studies shows that GeoBIM geothermal systems can
reduce energy consumption by more than 40% in specific contexts.

What are the implications of the main findings?

• Adding GeoBIM into planning workflows can accelerate the adoption of geothermal
systems and improve the accuracy of energy simulations, supporting feasibility.

• Addressing limitations such as data interoperability, standardization, and professional
training is essential to enable large-scale deployment of GeoBIM.

Abstract

The global drive toward energy transition and carbon neutrality requires integrated and
data-driven approaches for managing buildings and smart cities. Existing urban energy
assessment frameworks remain fragmented and often lack multiscale interoperability be-
tween building-level models and territorial datasets. At the same time, shallow geothermal
energy is emerging as an efficient and renewable solution for sustainable heating and cool-
ing. To address these gaps, this study examines the potential of GeoBIM, the integration
of Building Information Modeling (BIM) and Geographic Information Systems (GIS), as
a unified framework for multiscale energy analysis and for supporting shallow geother-
mal applications. A systematic literature review was conducted based on the PRISMA
framework, combining a systematic literature review using the Scopus database with the
critical examination of representative case studies. The results show that GeoBIM-based
modeling improves data quality, enhances thermal performance assessments, and supports
the implementation of shallow geothermal systems, including energy piles and district-
scale ground-coupled networks. Reported applications demonstrate energy consumption
reductions exceeding 40% in certain urban contexts. Several research gaps and challenges
were identified, particularly data interoperability issues, lack of standardization, compu-
tational complexity, and the need for specialized training. Overall, the review indicates
that GeoBIM offers a promising pathway for optimizing resources, supporting informed
decision-making, and advancing resilient and sustainable smart buildings and cities.
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1. Introduction
Across the world, increasing pressure to achieve carbon neutrality and reduce energy

consumption in buildings has intensified the demand for innovative and integrated ap-
proaches to the planning and management of smart and sustainable cities [1,2]. Since the
1990s, the concept of the sustainable city has emerged in response to excessive resource
use and growing social and environmental imbalances, establishing a paradigm focused
on environmental protection, social well-being and economic development [3]. In the
current context of rapid urbanization and stricter sustainability requirements, the efficient
management of buildings and urban infrastructures has become a global priority and a
key driver for the development of resilient smart cities [4–6]. Urban systems face complex
challenges that range from land-use planning to the development and maintenance of in-
frastructure networks, transportation systems, and environmental quality [7,8]. Achieving
sustainable urban development, therefore, requires the adoption of innovative solutions
that combine resilient infrastructure, low-impact mobility, smart energy networks, and
efficient management of natural resources, energy, and waste [9].

Among emerging strategies, geothermal energy has been increasingly recognized
by the Council of the European Union [1] as a local, renewable and secure resource with
the potential to reduce dependence on fossil fuels and contribute to affordable energy
prices. Shallow geothermal energy offers an environmentally efficient alternative for urban
contexts due to its stability, high thermal inertia and applicability in heating, cooling and
domestic hot-water production using heat pump systems [10].

In parallel, the integration of Building Information Modeling (BIM) and Geographic
Information Systems (GIS), widely known as GeoBIM, has gained prominence as a promis-
ing approach for enhancing energy efficiency across multiple spatial scales, from individual
buildings to city districts [9]. GeoBIM provides a strategic and innovative framework
capable of transforming how cities are planned, constructed, and managed by enabling
decision-making supported by up-to-date, multidimensional and interoperable data [11].
BIM enables detailed modeling, storage and exchange of building components and their
properties, including material, geometric and energy characteristics. This capacity sup-
ports predictive analyses and performance assessments through digital prototypes with
high information richness [12]. GIS, on the other hand, provides the spatial and contex-
tual dimension required to analyze urban phenomena. It supports users with geospatial
data, temporal analysis, land-use mapping, environmental modeling, and scenario rep-
resentation based on data acquired through remote sensing and satellite imagery [13,14].
These capabilities expand the potential for assessing urban energy performance, including
building and district-level energy efficiency [15].

Despite clear potential, significant limitations persist in the application of BIM and
GIS to contemporary urban challenges [16]. Planning and urban management remain
fragmented, often due to the lack of integrated and interoperable data environments. Plan-
ning focuses on designing future solutions, while management responds to immediate
operational needs; without digital tools such as BIM and GIS, urban growth risks exacer-
bating infrastructure deficits, environmental degradation and social vulnerabilities [9]. In
this context, incorporating sustainability strategies such as the use of shallow geothermal
energy becomes increasingly relevant to improve energy efficiency and reinforce urban
resilience [17]. These considerations lead to the central research question explored in this ar-
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ticle: how can GeoBIM models support energy efficiency and the use of shallow geothermal
systems in smart buildings and cities?

The objective of this study is to present a critical review of the potential of GeoBIM
models to enhance energy efficiency in buildings and smart cities. The article examines cur-
rent methodologies and integration tools, highlights the benefits of the GeoBIM approach,
and discusses current challenges and limitations. It also analyzes international case studies
that illustrate real-world applications of GeoBIM integration for energy efficiency and shal-
low geothermal deployment and outlines future perspectives for consolidating GeoBIM
as a strategic instrument in the energy transition and in the development of resilient and
sustainable built environments.

2. Theoretical Background
2.1. Shallow Geothermal Energy

Shallow geothermal energy has been used since antiquity, with archeological evidence
in Portugal indicating Roman exploitation of thermal waters for therapeutic purposes [18].
Historically associated with balneotherapy, geothermal energy became technologically
relevant in the 1970s, when the development of ground-coupled heat exchangers enabled
its application in Heating, Ventilation, and Air Conditioning (HVAC) systems [19]. This
transition marked the evolution from empirical usage of geothermal heat to engineered,
high-efficiency energy solutions embedded in the built environment [20,21]. ground-source
heat pumps (GSHPs) extract heat from the subsurface using closed- or open-loop systems.
Open-loop systems abstract and reinject groundwater, while closed-loop systems transfer
heat through vertical boreholes, horizontal trenches, or thermoactivated structural elements
such as energy piles and diaphragm walls [18,22]. Vertical loops, typically drilled between
80 and 200 m depth, are the prevailing solution in engineering applications due to their
compact footprint and thermal stability [19]. GSHPs exploit the quasi-constant temperature
of the shallow subsurface. During winter, the ground serves as a heat source, enabling
space heating and domestic hot-water production; in summer, it functions as a heat sink,
receiving thermal loads from buildings and supporting efficient cooling [18]. These systems
may range from small units (0.5 to 2 MWth) to larger installations exceeding 50 MWth used
in urban heating and cooling networks [20].

Empirical evidence demonstrates that geothermal HVAC systems can reduce energy
consumption by 25 to 75 percent compared to conventional systems [23], contributing signif-
icantly to decarbonization in northern and central European climates. Shallow geothermal
energy is now applied in diverse sectors, including building climatization, greenhouse
heating, industrial processes, spa facilities, and district energy networks [18]. Geother-
mal resources are commonly described in terms of their enthalpy, a criterion that helps
differentiate their technical applicability (Figure 1). High-enthalpy systems, generally ex-
ceeding 150 ◦C, occur predominantly in volcanic regions and support electricity production.
Medium-enthalpy resources, with temperatures between 100 and 150 ◦C, are mainly used
for industrial processes and high-temperature heating. Low-enthalpy systems, ranging
from 30 to 100 ◦C, provide heat for building climatization, greenhouse agriculture and
bathing facilities. Below 30 ◦C lie very-low-enthalpy resources, which constitute the domain
of shallow geothermal energy and form the basis for most ground-coupled applications [19].
At shallow depths, subsurface temperature remains relatively constant, typically between
10 ◦C and 15 ◦C, governed mainly by the geothermal gradient and minimally affected
by seasonal fluctuations [22,24,25]. This thermal inertia enables the ground to operate
alternately as a heat sink in summer and a heat source in winter, supporting passive and
active climatization strategies [24,26]. Shallow geothermal systems are characterized as
renewable, endogenous, reliable and highly efficient, with continuous availability and mini-
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mal surface footprint [10,27]. When coupled with GSHPs, these systems enable multivalent
energy applications and form a low-carbon alternative to fossil-fuel-based HVAC solutions.

  
(a) (b) 

Figure 1. Schematic diagram of the most used low-enthalpy shallow geothermal systems (a) and the
seasoning influence on the soil–environment energy transfer of geothermal technology (b).

2.2. Highlighted Challenges

Shallow geothermal energy exhibits several characteristics that make it particularly
relevant for sustainable urban development. As a renewable and locally available resource,
it reinforces energy security and reduces dependence on external energy supply chains [20].
The thermal stability of the subsurface enables heat pump systems to achieve high per-
formance coefficients in both heating and cooling, resulting in significant reductions in
energy consumption over the building lifecycle [28]. Most system components are installed
underground, which minimizes visual impact and land occupation while facilitating inte-
gration in dense urban environments. Approximately 60% of global geothermal energy
use is associated with shallow systems, underscoring their widespread relevance [29,30].
The use of thermoactivated geostructures further reduces drilling requirements and enables
the incorporation of geothermal exchange elements directly into the structural components
of buildings and infrastructures, thus lowering construction costs and simplifying system
deployment [28].

It also benefits from strong synergies with digital planning tools. When incorporated
into GeoBIM frameworks, these systems can be evaluated through multiscale simulations,
spatial data integration and scenario-based assessments, leading to more informed and
efficient design decisions. The possibility of hybridization with solar thermal or photo-
voltaic systems further enhances energy autonomy and accelerates the decarbonization of
urban energy systems [19]. Despite its advantages, shallow geothermal energy faces several
challenges that hinder widespread adoption. On the technical side, inconsistencies between
available geothermal potential and highly variable building energy demands may require
supplementary systems or larger exchange fields [18]. Heterogeneity in local geology adds
uncertainty to the design process, reinforcing the need for detailed subsurface characteriza-
tion [20,26]. In many cases, building energy loads and geothermal potential are analyzed
separately, limiting the accuracy of long-term performance assessments. The installation
of GSHP systems is also more complex than that of conventional HVAC technologies,
requiring specialized knowledge that is often scarce [19].

Economic constraints remain equally relevant. High upfront investment costs con-
tinue to represent one of the principal barriers for small- and medium-scale projects,
particularly in regions where financial incentives are limited [28]. The need for special-
ized drilling equipment, subsurface testing and design expertise contributes to higher
capital expenditures. Institutional and regulatory gaps further complicate adoption. In
numerous countries, shallow geothermal systems still operate under fragmented regulatory
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frameworks or general guidelines that do not adequately address licensing, environmental
protection or long-term monitoring. Insufficient standardization, combined with limited
enforcement, reduces investor confidence and hinders large-scale implementation. Social
acceptance also plays a role, as unfamiliarity with technology can lead to misconceptions
regarding safety, cost, and reliability, despite extensive evidence demonstrating strong
long-term performance. Addressing these multidimensional barriers will require a com-
bination of technical innovation, digital integration through tools like GeoBIM, stronger
policy frameworks, targeted financial support and capacity-building initiatives [28].

2.3. Regulatory Framework

The regulatory context for shallow geothermal energy is evolving rapidly, particularly
in Europe, where decarbonization targets have accelerated interest in renewable heating
and cooling technologies [21,26]. Recent policy instruments explicitly recognize geother-
mal energy as a strategic component of the continent’s energy transition. The European
Commission’s Heat Pump Action Plan calls for the installation of millions of new heat
pumps over the next decade, 10 million up to 2027 and 30 million to 2030, including
groundwater- and ground-coupled systems, which places geothermal technologies firmly
within long-term planning objectives [20]. Revisions to the Renewable Energy Directive
require Member States to ensure continuous annual increases in renewable energy use
for heating and cooling, a measure that elevates the role of geothermal resources within
district energy networks and building-level systems [20]. Complementary updates to the
Energy Efficiency Directive redefine what constitutes an “efficient heating and cooling
system,” effectively prioritizing the integration of renewable and residual heat sources such
as shallow geothermal energy.

The Net-Zero Industry Act designates geothermal energy as a strategic net-zero tech-
nology, granting it privileged access to funding mechanisms and innovation programs.
More recently, the Council of the European Union [1] issued its first formal conclusions
dedicated to the promotion of geothermal energy. These conclusions emphasize the need
for a coordinated European geothermal strategy, the integration of geothermal technolo-
gies in national energy planning, stronger transnational cooperation, improved access to
geoscientific data, and expanded professional training. This emerging regulatory land-
scape illustrates increasing institutional recognition of the potential of shallow geothermal
systems, while also underscoring the need for harmonized standards, improved licensing
procedures and the integration of geothermal technologies into digital urban planning tools
such as GeoBIM.

3. Methodology
This study adopts a structured narrative review methodology to critically examine the

application of GeoBIM for energy efficiency and shallow geothermal systems in buildings
and smart cities. The review, based on PRISMA protocol [31,32], focuses on identifying
methodological approaches, integration strategies, performance outcomes and existing
limitations reported in the literature. The literature search was conducted using major
scientific databases, including Scopus and Web of Science, which provide comprehensive
coverage of engineering, geospatial sciences, energy systems and smart-city research.
Search strings combining terms such as “GeoBIM”, “BIM–GIS integration”, “geothermal”,
“ground source heat pump”, “energy piles”, “digital building permits”, “digital twins”,
“geodesign”, “geothermal data” were used with Boolean operators.

Only peer-reviewed journal articles, conference papers, and review papers published
in English were considered to ensure scientific rigor and relevance. The screening process
followed two stages. First, titles and abstracts were reviewed to exclude studies not directly
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related to GeoBIM integration or energy-related applications. Second, full-text screening
retained only studies explicitly addressing BIM–GIS integration applied to building-scale
or urban-scale energy analysis, with particular emphasis on shallow geothermal systems.
Studies focusing solely on BIM or GIS without integration, or lacking an energy component,
were excluded.

The selected literature was analyzed using a comparative framework combining quan-
titative and qualitative dimensions. Quantitative indicators included reported energy
savings, system efficiencies, scale of application, and validation metrics when available.
Qualitative assessment focused on the level of GeoBIM integration, interoperability solu-
tions, data models and standards, modeling workflows, and maturity of implementation.
This dual approach supports a critical synthesis of current practices, highlights methodolog-
ical gaps, and identifies opportunities for advancing GeoBIM-enabled energy strategies.

A Scopus search for the keyword “GeoBIM*” returned 76 publications, demonstrating
a growing research interest at the intersection of BIM and GIS. The extracted dataset reflects
global distribution patterns, publication formats, disciplinary orientation, and temporal
dynamics of the field. The PRISMA diagram is shown in Figure 2. The output table (Table 1)
is further discussed later to more deeply address the case studies.

Figure 2. Schematic diagram of the PRISMA protocol used in this review.

4. Bibliometric Analysis
Advanced bibliometric mapping was conducted using VOSviewer version 1.6.17 soft-

ware to explore co-occurrence patterns and collaboration structures. The Scopus search
for the keyword “GeoBIM” returned 76 publications, demonstrating a growing research
interest in the intersection of BIM and GIS. The extracted dataset reflects global distribution
patterns, publication formats, disciplinary orientation, and temporal dynamics of the field.
The bibliometric analysis aimed to characterize the scientific landscape of GeoBIM, en-
ergy efficiency, and shallow geothermal applications, identifying thematic trends, research
clusters, and geographic patterns. The Scopus database was selected due to its broad
coverage of engineering, geosciences and energy research, as well as the availability of
structured metadata for bibliometric analysis. The search strategy combined terms related
to GeoBIM, shallow geothermal systems, and energy efficiency, applied to titles, abstracts,
and keywords. Publications in English and Portuguese were considered, including jour-
nal articles, reviews, conference papers and book chapters. The dataset was cleaned to
remove duplicates and incomplete records, and keyword variants were harmonized using
a thesaurus file. The final dataset supported descriptive indicators such as publication
trends, document types, citation patterns and the identification of the most productive
authors, institutions and countries. Subject area classifications were analyzed to define
the disciplinary profile, mainly spanning engineering, energy, environmental sciences,
geosciences and computer science, highlighting the interdisciplinary nature of GeoBIM.
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Authorship and geographic analyses showed a spatial concentration of research in
Europe, North America and Asia, reflecting policy support and technological development.
Co-authorship patterns indicate a growing but still consolidating research field, with publi-
cations distributed across engineering, energy and environmental journals. The research
output (Figure 3) is concentrated in a limited number of countries, with a clear European
predominance. The Netherlands and Sweden lead in publication volume, each with 19 doc-
uments, followed by the United Kingdom with 17. Moderate activity is observed in Italy,
Germany, Singapore, and China, while Canada, France, Poland, and Spain show smaller
but relevant contributions. A notable number of publications are classified as “Undefined”,
reflecting collaborative research without explicit country attribution or incomplete meta-
data. Overall, this geographic distribution indicates that GeoBIM research is primarily
driven by technologically advanced European regions with strong policy commitments
to digitalization and smart-city development. The temporal distribution shows a marked
increase in research activity after 2020. Publication peaks are observed in 2023 and 2024,
following steady growth in 2020 and 2021, whereas earlier years show limited output. This
trend aligns with global digitalization agendas, the emergence of digital twins and policy
initiatives promoting interoperability, open standards, and smart-city development, as well
as the broader adoption of BIM and geospatial digital infrastructures.

(a) (b) 
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Figure 3. Worldwide distribution (a) and yearly distribution (b) of the documents in the Scopus
database search.

Bibliometric evidence indicates that GeoBIM is a rapidly expanding and interdis-
ciplinary field, largely shaped by European research networks. The predominance of
conference papers suggests an exploratory phase, with active research on interoperability,
semantic mapping, 3D city modeling, building performance simulation and digital twins.
Despite growing diversity and maturity, relatively few studies fully integrate GeoBIM
with geothermal energy applications at a multiscale level, reinforcing the relevance of
systematic reviews to consolidate existing knowledge and identify methodological and
technical research gaps.
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5. GeoBIM for Geothermal Energy
Building Information Modeling (BIM), standardized through ISO 19650:2018 [33],

and Geographic Information Systems (GIS) have become complementary tools for digital
representation and management of the built environment. BIM, supported by the Industry
Foundation Classes (IFC), enables structured data exchange among construction profession-
als, while GIS relies on CityGML for semantic and geometric representation of cities and for
multiscale geospatial analyses [15,19,34–36]. The integration of both approaches facilitates
a continuous connection between the building scale and the territorial scale, supporting
the development of smart and sustainable cities.

Geothermal-field modeling is an essential component in the assessment of natural
geothermal resources or in the design of geothermal exploration systems. Different ap-
proaches, from simplified analytical models based on thermal gradients to fully coupled
numerical modeling involving heat transport and fluid flow, are used depending on the
scale and complexity of the geological system.

The geothermal field refers to the distribution of subsurface temperature as a function
of depth and the thermal properties of the terrain. The basic geothermal gradient is
empirically expressed by Equation (1):

T(z) = T0 + G.z, (1)

where T(z) is the temperature at z (depth), T0 is the average annual surface temperature,
and G is the local geothermal gradient measured in ◦C/km [37,38].

Although this linear model is useful for preliminary estimates, real geothermal sys-
tems often exhibit nonlinear variations in thermal properties and heat flow, requiring
more-sophisticated models based on heat transfer and fluid flow equations. Fundamental
analytical models are based on the heat diffusion equation [39], and are mainly used for
steady-state scenarios and for geothermal gradient estimates in regional or local studies.
With increasing computational capacity, advanced numerical models have been developed
that couple heat transfer and fluid flow in porous and fractured media. This is the case with
Finite Element and Finite Volume simulations, which are fundamental methods for simulat-
ing geothermal fields at regional and reservoir scales, including hydrothermal systems and
Enhanced Geothermal Systems [40]. In highly fractured reservoir situations, single-, double-
, and multiple-porosity models are used to describe heat and mass transport between the
rock matrix and fractures [31]. Other situations utilize modern computational modeling,
including optimizers and uncertainty quantification algorithms, to improve the prediction
of operational geothermal-field performance [41]. Recently, machine learning-based ap-
proaches, including physics-informed neural networks (PINNs), have emerged and are
being explored to model geothermal structures and predict thermal properties in regions
not directly observed. These approaches combine physical fundamentals with real-world
data and can improve modeling accuracy under conditions of high uncertainty [42].

However, the structural differences between IFC and CityGML create persistent in-
teroperability challenges. Research has focused on geometric reconstruction and semantic
mapping to ensure model consistency [19], yet full integration remains limited. Existing
tools such as ArcGIS Pro 3.6 enable the import of BIM into GIS environments, although
this transfer still results in geometric simplifications and partial loss of semantic detail,
reducing the models to predominantly visual or exploratory formats. To address these
constraints, advanced programming approaches have emerged, particularly Python-based
methods capable of redefining attributes, within the most recent version the Python 3.14.3;
establishing topological links between buildings, foundations and geological models; and
embedding physical parameters such as thermal conductivity or permeability [19]. These
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advances reinforce GeoBIM as a strategic instrument for urban planning and infrastruc-
ture management, improving data transparency, supporting regulatory processes, and
optimizing resource allocation.

The recent conclusions of the Council of the European Union [1] emphasize the need
for coordinated strategies to accelerate geothermal energy deployment across the building
lifecycle. Although BIM and GIS are not explicitly mentioned, the recommended actions
require interoperable digital platforms capable of ensuring data accessibility, document
traceability, and coordination among multiple institutions. GeoBIM aligns naturally with
these objectives by enabling thermal simulation of buildings, assessing the feasibility of
shallow geothermal systems, and integrating geospatial, geotechnical and energy datasets
within a unified digital environment. The Council’s emphasis on training, data availability
and innovation further reinforces the relevance of GeoBIM for supporting EU-wide energy
transition initiatives and for operationalizing large-scale geothermal deployment in a
transparent and evidence-based manner.

GeoBIM research has moved from conceptual interoperability studies toward
application-oriented work on geotechnics, urban-scale sensing, regulatory workflows
and AI-enabled decision support, but these strands remain fragmented and only partially
connected to shallow geothermal energy and energy-efficiency agendas. The literature
review below reinforces the relevance of GeoBIM as a multiscale digital framework, while
also exposing persistent gaps in standards, automation, validation and deployment in
real planning and permitting contexts [29,43,44]. Recent work extends GeoBIM from
building envelopes to subsurface and geotechnical information, which is crucial for any
geothermal-focused agenda. Kassou et al. [44] formalize GeoBIM workflows for infras-
tructure geotechnics, using parametric and generative design to integrate geotechnical
models with BIM–GIS representations of linear infrastructure. Their results show that
parametric objects tied to ground models can automate alternative alignments, excavation
volumes and stability checks, yet they stop short of explicitly linking these workflows
to thermal properties or geothermal simulations [44,45]. Furthermore, Fonsati et al. [46]
demonstrate a pipeline that takes scattered geotechnical investigations at an ex-industrial
site and translates them into GeoBIM-ready models, emphasizing data cleaning, strati-
graphic modeling and transfer into a 3D information environment usable by both engineers
and planners. Their approach underlines that heterogeneous legacy data and inconsistent
semantics are major bottlenecks and that standardized geotechnical object classes are still
missing from mainstream IFC/CityGML profiles. These contributions confirm that sub-
surface representation is technically feasible within GeoBIM but remains method-specific,
with no widely adopted ontology for geotechnical, hydrogeological or geothermal pa-
rameters, which directly limits robust shallow-geothermal-potential mapping in BIM–GIS
environments [45].

Regarding urban GeoBIM and reality capture for urban-scale works, the review high-
lights how sensing, remote data and model fusion can populate GeoBIM environments
with detailed geometry and semantics relevant to energy and infrastructure planning [47].
Shao et al. [43] have proposed an urban GeoBIM construction method that fuses semantic
LiDAR point clouds with as-designed BIM models via deep learning-based segmentation
and coarse-to-fine graph-based matching. Their results report LiDAR segmentation accura-
cies around 90% and positioning errors for matched BIM objects on the order of centimeters,
illustrating that high-fidelity, geo-referenced 3D city scenes can be generated efficiently for
street furniture and buildings [43]. Moreover, Skrzypczak et al. [48] assess scan-to-BIM
accuracy for building inventories, showing that point cloud-based reconstruction can reach
centimetric tolerances, but that accuracy degrades with complex roof forms, occlusions
and low-quality scans. The study stresses that many “as-built” models used in GeoBIM are
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still inconsistent with field reality, which can compromise energy simulations and clash
detection for underground systems. Together, these works indicate that urban GeoBIM
can be reliably populated using LiDAR and photogrammetry, but that error propagation
into energy or geothermal assessments is poorly quantified, and almost no study connects
scanning uncertainty with the reliability of long-term thermal performance predictions [43].

GeoBIM also applies to sustainability, permitting and digital twins, while several
studies explore GeoBIM as a decision support platform for sustainability and regulatory
tasks, extending beyond purely technical model integration. For example, Bernegger
et al. [49] present a method that combines BIM and GIS to evaluate sustainability scenarios
for new construction in Switzerland, using GeoBIM to simulate indicators such as land
take, energy demand and mobility emissions under different design options. A companion
work (Sustain GEOBIM) generalizes this approach to urban-development scenarios, con-
firming that spatially explicit indicators can be calculated directly from integrated BIM–GIS
models. Meanwhile, Della Scala et al. [11] reviewed GeoBIM applications for building
permit issuance and argue that GeoBIM can encode zoning rules, volumetric envelopes
and energy constraints, enabling automated checks and transparent communication with
authorities. Their state-of-the-art synthesis shows that most current implementations re-
main pilot-scale, with limited integration of environmental or geothermal constraints into
permitting workflows [15]. In addition, Manganelli and Bernegger et al. [49,50] show how
GeoBIM can embed sustainability indicators into authorization and scenario processes,
directly anticipating the digital permitting and energy assessment roles discussed in the
manuscript. Manganelli’s “meta-design” of a GeoBIM platform argues that sustainability
criteria and indicators used in authorization processes can be systematically encoded into a
GeoBIM environment, enabling consistent, transparent evaluation of urban transformation
projects. The proposed platform links zoning, land-use, environmental constraints and
project attributes, highlighting that indicator design and data structuring are as impor-
tant as geometric modeling for fair and effective sustainability assessment. Their work
demonstrates that scenario-based GeoBIM can support strategic planning and stakeholder
dialogue, but also notes challenges around data acquisition, interoperability and insti-
tutional uptake. Thus, these contributions converge with the present review’s finding
that GeoBIM is well-positioned to support regulatory automation and sustainable urban
development, but that energy- and geothermal-specific criteria rarely appear in concrete
permit-checking rules or municipal digital twins, limiting the operational impact for the
energy transition.

Due to advanced technology adoption, software ecosystems and AI integration, even
more recently, the literature also examines GeoBIM adoption factors, software integration
and the role of AI, highlighting sociotechnical barriers that align with the challenges
identified in the manuscript. Misbari et al. [51] investigate the feasibility of GeoBIM in the
Pahang construction industry, showing that awareness and knowledge of GeoBIM among
local companies are low, and that perceived benefits (coordination, clash detection, cost
control) are offset by concerns about training, investment and unclear standards. The study
suggests that national roadmaps and capacity-building efforts are crucial precursors to
effective GeoBIM deployment, particularly in developing contexts [51,52]. Nonetheless,
Hakim & El Yamani [53] discuss emerging software solutions for GeoBIM integration
within digital twins, focusing on prototype tools that couple BIM, GIS and real-time sensor
data for lifecycle asset management. Their contribution highlights the importance of open
APIs, microservices and cloud platforms, but also reveals that workflows for incorporating
geothermal sensors or subsurface monitoring into such digital twins have not yet been
systematically explored.
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Khan et al. [54] have reviewed the integration of BIM and artificial intelligence in
construction projects, synthesizing challenges such as data fragmentation, lack of standard-
ized datasets, model interpretability and organizational resistance. While not specific to
GeoBIM, the review points to opportunities for AI-supported energy optimization, anomaly
detection in HVAC systems and predictive maintenance, all of which could be extended
to geothermal-field performance and dynamic control in GeoBIM frameworks. Ventura’s
review [55] of European digital building permits (DBP) and Raj et al.’s BIM-based organiza-
tional framework for public agencies converges on the idea that regulatory digitalization
is a precondition for exploiting GeoBIM in practice. Ventura maps European DBP initia-
tives and Horizon Europe projects (DigiChecks, ACCORD, CHEK), showing that DBP is
increasingly framed as a sociotechnical system combining process redesign, human skills,
and advanced tools such as BIM, GeoBIM and model checking to support Green Deal and
Renovation Wave goals. DBP pilots move gradually from “digital paper” to automated
rule checking, multi-criteria sustainability evaluation, and integration with building log-
books and data spaces, but implementations remain uneven across countries and cities.
Additionally, Raj et al. [56] propose a BIM-based organizational framework for Italian
public agencies, specifying roles, responsibilities, information requirements, and common
data environment structures that enable BIM to support design review, procurement, and
lifecycle management. Their case study highlights that successful adoption hinges on clear
BIM mandates, standardized information exchanges—aligned with ISO 19650 [33]—and
internal capacity-building, which collectively prepare agencies to handle future DBP and
GeoBIM workflows. Svensson’s works [57,58] and more recent geotechnical data platforms
demonstrate how GeoBIM can extend into subsurface modeling and uncertainty-governed
design, which are critical for geothermal deployment. GeoBIM contributions for optimal
geotechnical design establish a concept that connects data storage, geotechnical modelling,
design, visualization and an uncertainty model into a single workflow. The GeoBIM
database generalizes heterogeneous geodata to enable combined modelling of soil and
rock properties, with pilots in large Swedish infrastructure projects showing improved
communication, faster updates and more-optimized designs when 3D ground models are
directly linked to design tools [58].

Focusing on energy resources for geothermal deployment, energy-focused studies
outside the strictly GeoBIM-focused literature clarify resource contexts and potential syn-
ergies with multiscale modeling [15]. Zhang et al. [59] provide a national overview of
geothermal resource distribution and development prospects in China, noting abundant
low- and medium-enthalpy resources and calling for integrated planning tools to match
resources with urban demand centers. Their emphasis on spatial planning and multiscale
assessment frameworks echoes the core rationale for GeoBIM, yet GeoBIM itself is not
explicitly addressed, indicating an opportunity for cross-fertilization between geothermal
planning and BIM–GIS research. For other scenarios, the European policy stresses that
shallow geothermal is strategic for decarbonizing heating and cooling, but also highlights
regulatory fragmentation, lack of geoscientific data access and insufficient professional
training. These issues directly align with the present article’s argument that GeoBIM can
help bridge data and governance gaps by combining building-level models, territorial
datasets and subsurface information in a shared digital environment [15]. Overall, the
external energy literature supports the manuscript’s contention that shallow geothermal
systems are underused despite strong technical potential, and that integrated digital frame-
works such as GeoBIM are needed to align building design, subsurface characterization
and policy targets at multiple scales [43].
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Moretti et al. [60] use GeoBIM to integrate BIM-based building information with GIS-
based context and inspection data, creating a unified environment for condition assessment
of existing assets. Their approach enables spatially explicit representation of degrada-
tion, performance, and maintenance needs, supporting prioritization and long-term asset
strategies. For geothermal systems, this suggests that GeoBIM could host long-term mon-
itoring of geothermal performance, link it to building usage and climate data, and feed
back into design and policy, but concrete demonstrations of such geothermal-focused
asset management workflows are still missing [60,61]. Recent works [62–64] provide con-
ceptual and historical foundations for GeoBIM, clarifying integration patterns, strengths
and persistent weaknesses that affect all application domains. Hajji and Jarar Oulidi [62]
conceptualize GeoBIM as the convergence of BIM and 3D GIS under a multiscale paradigm,
distinguishing data-, application-, and model-level integration and reviewing issues of
level of detail, semantic mismatches, and geometry representation. In addition, Glinka [63]
performs a cross-sectional SWOT analysis of BIM–GIS integration, identifying strengths
(rich semantics, improved coordination, enhanced analysis), weaknesses (lack of standards,
semantic inconsistencies, high implementation costs), opportunities (smart cities, digital
twins, automated permitting) and threats (vendor lock-in, fragmented policies, skills gaps).
This structured view matches the challenges identified in energy and geothermal appli-
cations, especially interoperability and organizational capacity gaps. These foundational
works support the review’s claim that semantic harmonization and robust interoperability
frameworks remain central research challenges for GeoBIM in energy, geothermal and
regulatory applications.

5.1. Case Studies

The practical implementation of GeoBIM has expanded significantly, illustrating its ca-
pacity to support both shallow geothermal systems and large-scale urban energy planning.
Applications range from airports to university campuses, spas, agricultural facilities, and
tourism developments. A notable example is Terminal E of Zurich Airport, where 306 of
the 440 foundation piles were converted into energy piles, supplying 70 percent of cooling
needs and 65 percent of heating demand for the terminal [65]. This case demonstrates the
feasibility of embedding geothermal systems directly into the structural components of
large and complex buildings.

Cureton and Hartley’s book [61] situates GeoBIM within broader discourses on geode-
sign and urban digital twins, reinforcing its role as part of a larger ecosystem of spatial
decision support tools. They outline how geodesign links data, simulation, and stakeholder
participation in iterative design cycles, using GIS, 3D modeling and immersive environ-
ments to test alternative urban futures. Urban digital twins are presented as continuously
updated, data-rich models that integrate BIM, GIS and sensor streams, with GeoBIM form-
ing a key layer for detailed built-environment representation and scenario testing. The
authors have compiled over 100 projects and several detailed case studies, demonstrating
applications that range from climate adaptation and mobility planning to energy and infras-
tructure, often relying on GeoBIM-like integrations to connect building-scale design with
district-scale analysis. This framing reinforces the argument that GeoBIM for geothermal
energy should be seen not only as a technical pipeline but as part of a geodesign digital
twin ecosystem where geothermal options can be evaluated alongside other interventions
in participatory, future-oriented workflows.

In Nanjing, the Langshi International community installed heat-exchange tubing in
1200 piles, achieving more than 40 percent energy savings in a residential complex of
about 100,000 m2 [66,67]. Further research by Lu et al. [19] on the Zhu Gongshan Building
confirmed the reliability of GeoBIM-driven energy simulations, with a deviation of only
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2 percent between calculated and monitored heating needs. The study integrated climatic,
geometric and construction data through Python scripts and assessed geothermal potential
using GIS-based temperature field modeling. The results demonstrated adequate geother-
mal performance, although auxiliary heating was needed during the coldest months. These
findings reveal the strength of an integrated BIM–GIS workflow for dynamic energy assess-
ments, while also exposing limitations such as simplified soil assumptions and constant
thermal exchange rates, which may not represent heterogeneous geological conditions.
Broader applicability requires more robust soil characterization, refined dynamic modelling
and long-term validation through real monitoring data.

In Portugal, the Ombria Resort represents the largest shallow geothermal installation
in the country and the first fifth-generation district heating and cooling network. With mul-
tiple buildings connected through geothermal boreholes complemented by solar thermal
collectors, the project illustrates the economic and technical viability of hybrid systems for
large tourism developments [10]. The University of Aveiro’s robotics research building
integrates a geothermal heat pump connected to 33 boreholes, delivering substantial reduc-
tions in primary energy consumption when compared with conventional systems [23]. This
example highlights the contribution of geothermal heating and cooling to indoor thermal
comfort and long-term operational savings. Other Portuguese cases, such as Caldas de
São Paulo and the São Pedro do Sul geothermal agricultural greenhouses, demonstrate
the potential of geothermal resources for thermal uses beyond the building sector. They
also reveal vulnerabilities linked to extreme weather events, legal constraints, and infras-
tructure aging, reinforcing the need for real-time digital monitoring and GeoBIM-based
risk-management strategies [26,68].

The reviewed studies reveal substantial diversity in how GeoBIM is implemented,
both in terms of technical integration and energy-related outcomes. At the building scale,
GeoBIM applications primarily focus on detailed thermal performance analysis and system
sizing, leveraging BIM-based geometric and material data combined with GIS-derived
climatic and geological information. Studies such as those by Shao et al. (2024) [43]
report quantitative reductions in energy demand exceeding 40% when shallow geothermal
systems are optimized using integrated BIM–GIS workflows. These results are generally
validated through comparison with monitored operational data, with reported deviations
below 5%, indicating high predictive reliability. At the district and urban scales, GeoBIM is
used to assess spatial variability in geothermal potential, energy demand distribution and
infrastructure interaction. While fewer studies provide direct quantitative energy savings at
this scale, qualitative evidence shows improved planning efficiency, better system matching,
and enhanced decision support for district heating and cooling networks. The integration
depth varies significantly, ranging from simple BIM visualization within GIS platforms
to advanced semantic and topological integration using customized data schemas and
programming tools.

Table 1 summarizes other relevant case studies within the GeoBIM integration for
geothermal and geotechnical applications according to their GeoBIM integration level.
Low-integrated solutions are characterized by low computational demand and are mainly
oriented towards visualization purposes, but they suffer from limited analytical depth
and low accuracy. Medium-level integration enables more advanced analyses, including
building- and district-scale performance assessment, although interoperability remains
partial and information loss may still occur during data translation. While highly integrated
solutions support multiscale optimization and integrated urban energy analysis, they entail
high computational demand and face challenges related to implementation complexity,
cost, and the need for specialized expertise.
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From a qualitative perspective, studies with higher interoperability levels, typically
achieved through mapping or custom semantic models, demonstrate superior analytical
capacity and scalability. However, these approaches also exhibit higher computational
complexity and implementation costs. Conversely, studies relying on simplified data
exchange achieve faster implementation but often sacrifice analytical precision and long-
term applicability. Across the literature, validation practices remain inconsistent. While
some studies incorporate real operational data or long-term monitoring, others rely solely
on simulations, limiting the robustness of conclusions. This gap highlights the need
for standardized validation frameworks and performance indicators in GeoBIM-based
energy studies.

Table 1. Literature review and case studies.

Reference Application
Type System Type GeoBIM Integration * Objectives

Liu et al. (2021)
[69] Building GSHP Data exchange

(medium)
Thermal performance

optimization
de Laat & van Berlo

(2010) [64] Building CityGML Data Exchange (high) GIS-BIM integration

Moretti et al. (2021)
[60] Building Energy metrics Condition assessment

(low to medium)
Indices and prioritization

metrics
Shao et al. (2024)

[43] Building Energy piles Semantic integration
(high)

System sizing and
optimization

Skrzypczak et al.
(2022)
[48]

Building Scanning Laser integration for
as-built (medium)

Centimetric deviations for
simple geometries

Raj et al. (2025)
[56] Building Digital platform Data optimization

(low) Process indicators

Svensson et al. (2023)
[58] Urban Geotechnics Design optimization

(medium) Geotechnical design

Fonsati et al. (2023)
[46] Urban Geotechnics Design optimization

(medium) Geotechnical design

Kassou et al. (2025)
[44] Urban Geotechnics Design optimization

(medium)
Design variants and

volumetric indicators
Barros et al. (2025)

[9] Urban Heating and cooling Scenario modeling
(medium to high) Spatial energy planning

Ventura (2025)
[55] District Digital permits Data exchange (low) Energy regulation

Della Scala et al. (2023)
[11] District Digital permits

Pilot-scale
implementations
(medium to high)

Energy constraints,
volumetric limits and

zoning compliance
Wang et al. (2019)

[15] District Energy mapping Visual integration
(low to medium)

Energy efficiency
assessment

Bernegger et al. (2022)
[49] District Energy mapping Scenario indicators Land take, energy demand

and emissions

Manganelli (2023)
[50] District Sustainability

Authorization
platform

(medium to high)

Sustainability scores and
compliance checks

Figueira et al. (2025)
[10] District Shallow geothermal

systems
Scenario simulation

(medium)
Feasibility and performance

assessment
* Level of integration defined as follows: for low-integration approaches, data exchange is predominantly
manual or based on static file transfers, typically relying on proprietary formats; medium-integration approaches
introduce semi-automated data exchange mechanisms; high-integration approaches are based on fully semantic
and bidirectional data exchange.
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The level of GeoBIM integration refers to the degree of interoperability between BIM
and GIS within the analyzed studies proposed by the authors. The classification was
derived from the type of data exchange workflow, the level of automation, and the semantic
interoperability between datasets:

• Low integration: BIM and GIS environments operate largely independently. Data
exchange is performed manually or through static file transfers (e.g., CAD, shapefiles,
or proprietary formats), typically requiring manual preprocessing and resulting in
limited interoperability and no semantic linkage between models.

• Medium integration: Partial interoperability is achieved through semi-automated
workflows and standardized data formats (e.g., IFC, CityGML, or geodatabases).
Data exchange may involve scripted transformations or middleware tools, enabling
improved spatial alignment and attribute mapping, although bidirectional synchro-
nization between BIM and GIS environments remains limited.

• High integration: Full semantic and bidirectional interoperability is implemented
between BIM and GIS. Data exchange relies on standardized schemas and semantic
mapping mechanisms (e.g., IFC–CityGML integration), allowing automated work-
flows, consistent object semantics, and dynamic data synchronization across platforms.
These approaches support integrated analyses such as coupled building–subsurface
simulations and urban energy modeling.

The literature demonstrates that GeoBIM is applied across multiple spatial scales,
with higher integration levels typically associated with building-scale geothermal applica-
tions, while urban-scale studies often prioritize spatial assessment over detailed system
simulation. Quantitative evidence is strongest at the building scale, where monitored
data is more readily available. Urban-scale studies often rely on scenario-based estimates,
highlighting the need for standardized validation protocols. While high-integration Geo-
BIM frameworks enable advanced energy and geothermal analyses, their complexity and
computational demands remain significant barriers to widespread adoption. Nonetheless,
GeoBIM demonstrates clear advantages in improving energy analysis accuracy, support-
ing shallow geothermal system design and enabling multiscale assessment. Quantitative
comparisons indicate that energy savings are achievable in optimized building-scale appli-
cations, particularly when energy piles and ground-coupled systems are incorporated early
in the design process. Qualitatively, studies with deeper semantic integration show superior
analytical capabilities but face greater implementation challenges. The comparison also
reveals a methodological gap between building-scale and urban-scale applications, where
quantitative validation is often limited. This imbalance underscores the need for harmo-
nized evaluation metrics, improved interoperability standards and long-term monitoring
data to strengthen the evidence base. Advantages and limitations, along with emerging
gaps and future directions, are provided in the further subsections.

5.2. Integration for Geothermal Modeling

Interoperability remains a key challenge in GeoBIM workflows, particularly when
integrating subsurface energy systems such as shallow geothermal infrastructure [68].
The BIM domain commonly relies on the IFC standard to represent detailed building com-
ponents and engineering systems, whereas the geospatial domain frequently uses CityGML
to model urban environments and their spatial context [70]. Although both standards
support three-dimensional representations, they differ significantly in their data structures,
semantic definitions, and intended scales of application. These differences can complicate
the exchange and integration of information between BIM and GIS environments, particu-
larly when attempting to represent both building systems and geological or underground
elements within a unified modeling framework.

https://doi.org/10.3390/smartcities9030054

https://doi.org/10.3390/smartcities9030054


Smart Cities 2026, 9, 54 16 of 24

One of the main technical challenges concerns the harmonization of levels of detail
(LODs) between the two standards [71]. In BIM models, levels of detail typically describe
the geometric precision and information content of building components during different
project phases, while in CityGML the LOD concept refers primarily to the spatial resolution
of urban models, ranging from simplified building blocks to highly detailed representations.
Aligning these different LOD definitions is necessary to ensure consistent representation
of building geometry and associated infrastructure when transferring data between IFC
and CityGML environments. Without such harmonization, discrepancies in model reso-
lution may lead to inconsistencies in spatial analysis, energy modeling, or infrastructure
planning [62].

Another important issue is the semantic alignment of subsurface objects, particularly
when representing geothermal infrastructure such as borehole heat exchangers, under-
ground pipes, and geological layers [72]. While BIM standards can represent mechanical
systems and structural components with high semantic richness, subsurface geological
features are often not explicitly defined within traditional schemas [46]. Recent research,
therefore, focuses on extending existing schemas or developing mapping approaches that
allow geothermal assets and underground thermal properties to be consistently represented
across both standards [46]. Addressing these interoperability challenges is essential for
enabling integrated GeoBIM workflows that support geothermal feasibility assessments,
subsurface resource management, and energy-efficient urban planning.

GeoBIM can play an important role in supporting the deployment of shallow geother-
mal systems across different stages of the building and urban development lifecycle [6,73].
During the building design stage, BIM-based models could allow the integration of geother-
mal components such as borehole heat exchangers, ground-source heat pumps, and build-
ing energy systems within a unified digital environment. By linking these models with
geospatial datasets describing geological formations, groundwater conditions, and thermal
properties of the subsurface, designers can evaluate the feasibility of geothermal systems
early in the planning process [69]. This integration supports more accurate system sizing,
optimization of borehole placement, and the assessment of interactions between building
energy demand and ground thermal behavior.

At broader spatial scales, GeoBIM also supports urban planning and operational
decision support [60]. In the operational phase, GeoBIM environments may further sup-
port monitoring and management of geothermal installations by integrating sensor data,
energy performance indicators, and subsurface temperature evolution within digital twin
platforms. Such integrated approaches provide decision-makers with improved tools
for evaluating long-term system performance, managing thermal interference between
installations, and supporting the sustainable expansion of geothermal energy in urban
environments [11].

A distinction can be made between geothermal-focused studies and GeoBIM-oriented
research, as these two strands of the literature generally address different objectives and
methodological approaches. Geothermal-focused papers typically concentrate on the tech-
nical performance and design of geothermal energy systems, such as ground-source heat
pumps, borehole heat exchangers, or underground thermal storage [74,75]. These studies
often emphasize aspects such as thermal response tests, ground thermal conductivity,
borehole configuration, and system efficiency, using numerical simulations or field mea-
surements to evaluate the performance of geothermal installations. While spatial data
may be considered in these studies, the primary focus is generally on thermal behav-
ior and energy system optimization, rather than on data integration or digital modeling
environments [76–78].
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In contrast, GeoBIM-related studies primarily investigate the integration to support
spatial data management, interoperability, and multiscale analysis in the built environ-
ment [57]. These studies focus on developing frameworks, data exchange mechanisms,
and semantic mappings that enable the integration of building models with urban and
geospatial datasets. When applied to geothermal energy systems, GeoBIM research aims
to support decision-making by linking building energy demand, subsurface conditions,
and urban spatial context within a unified digital environment [62]. Consequently, while
geothermal-focused studies provide detailed insights into system performance and sub-
surface thermal processes, GeoBIM studies contribute by enabling integrated data work-
flows and spatial decision support tools that facilitate the planning and deployment of
geothermal technologies at building and urban scales. Figure 4 illustrates a conceptual
GeoBIM–geothermal workflow in which subsurface geological datasets, GIS-based spa-
tial information, and BIM building models are integrated to support geothermal system
simulation and decision-making.

 

Decision Support

GeoBIM Integration

GIS-BIM-Geothermics

Subsoil Data
Geological Layers

- Thermal Responses
- Ground Properties

- Groundwater 
Conditions

GIS Environment
- Geological Models

- Terrain/Urban Layers

- Underground Utilities

- Spatial Constraints

BIM Environment
- Energy Demand

- Heat Pump Systems

- Borehole Exchangers

- Building Geometry

Data/Model Coupling
- Design/Sizing

- Borehole Placement

- Geothermal Plans

- Energy Efficiency

Geothermal Simulation
- Ground Heat Tranfer
- Borehole Interference

- System Performance

- Long-Term Properties

Figure 4. Conceptual GeoBIM–geothermal workflow illustrating the integration of subsurface
datasets, GIS-based spatial information, and BIM building models to support geothermal system
simulation and decision-making.

Integrating shallow geothermal systems into GeoBIM environments requires the rep-
resentation of subsurface thermal properties alongside building and urban datasets [79,80].
A critical aspect of integrating shallow geothermal systems within GeoBIM environments
is the representation and management of subsurface thermal and geological informa-
tion alongside building and urban datasets [60]. Key datasets include results from ther-
mal response tests, ground thermal conductivity values, borehole depth and geometry,
groundwater conditions, and underground temperature profiles. These parameters are
typically obtained from field measurements, geological surveys, or regional geothermal
databases [81]. Within a GeoBIM framework, such information can be incorporated as
attribute data linked to spatial subsurface objects, such as borehole heat exchangers, foun-
dation elements, or geological layers. GIS platforms often manage the spatial distribution
of geological formations and temperature fields, while BIM models represent the building
structure and energy systems, enabling a combined representation of surface and subsur-
face infrastructure [82]. Meanwhile, GIS provides spatial context through geodatabases
and 3D city models, through semantic mapping between these schemas, subsurface objects,
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such as boreholes, geological layers, and thermal properties, can be linked to building
elements and urban spatial datasets. This approach supports the creation of integrated
digital environments where geothermal infrastructure is represented consistently across
multiple spatial scales [45,62,63].

Simulation tools may require input parameters such as ground thermal conductiv-
ity, borehole spacing, system load profiles, and long-term thermal interference between
boreholes [83]. Data exchange between GeoBIM environments and geothermal simulation
software is typically achieved through structured data export, middleware scripts, or in-
teroperable data formats. In such workflows, BIM models can provide building energy
demand profiles and system configurations, while GIS datasets supply geological and
spatial constraints affecting borehole placement and thermal performance. The integration
of these datasets enables coupled building–subsurface simulations, where building energy
demand and geothermal system performance are evaluated simultaneously, enhancing
decision-making in the planning and design of energy-efficient buildings and sustainable
urban energy systems [84].

5.3. Advantages and Limitations

GeoBIM expands the analytical capacity of urban energy systems by improving vi-
sualization and enabling integrated analyses of existing and future scenarios. It enhances
the quality and interoperability of data, strengthens collaborative processes and supports
resource optimization across multiple sectors [9,85]. By connecting territorial, environmen-
tal, and architectural information, GeoBIM provides a consistent framework for energy
planning, mobility, infrastructure management and environmental assessment. Digital
twins further amplify these benefits by enabling virtual testing prior to real implementation,
increasing safety, and reducing costs.

In complex energy infrastructure projects, such as ultra-high-voltage transmission
networks, GeoBIM facilitates three-dimensional representation, simulation workflows,
and structured data sharing, improving design quality, operational safety and decision-
making efficiency [9,86]. This consolidated evidence shows that GeoBIM is not solely a
technological innovation but also a strategic asset for infrastructure modernization, energy
transition, and the development of smart and resilient cities.

Despite its potential, GeoBIM still faces important challenges. Data interoperability
between platforms remains limited due to divergent modeling standards, heterogeneous
formats and inconsistent semantic structures [9,87]. Standardization is insufficient at
the international level, affecting data exchange and the reproducibility of studies [88].
Professional capacity is also limited, since advanced digital tools require multidisciplinary
knowledge and specialized training that many institutions have yet to adopt [87].

Institutional and technological barriers persist, including resistance to innovation,
high implementation costs and infrastructural constraints [54,88,89]. Another difficulty lies
in adapting these models to diverse socioeconomic contexts where resources, regulations
and technical maturity differ. In the case of shallow geothermal energy, these challenges
are intensified by outdated legal frameworks. In Portugal, regulations still follow criteria
established in the 1990s, disregarding current technological developments and the diver-
sity of geothermal applications. This situation contrasts with more-recent EU directives
promoting regulatory simplification and small-scale renewable energy deployment [90].
The effective dissemination of GeoBIM and shallow geothermal technologies requires reg-
ulatory modernization, standardized interoperability models, digital-skills development,
and targeted public policies aligned with international best practices.
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5.4. Emerging Gaps and Future Directions

It should be noted that the analyzed studies exhibit methodological heterogeneity.
While several publications present conceptual or methodological frameworks for GeoBIM
integration, often relying on qualitative assessments of data workflows and interoperability
mechanisms, other studies report applied implementations with quantitative indicators
such as energy savings, geothermal system performance, or simulation results. This
diversity reflects the emerging nature of GeoBIM research in the geothermal domain,
where both conceptual development and practical experimentation contribute to advancing
the field.

Synthesizing the above works with the case study evidence in the manuscript sug-
gests several specific gaps and priorities that can strengthen the critical dimension of the
review [43,91], namely:

• Multiscale coupling and lifecycle integration: Current GeoBIM studies rarely connect
detailed geothermal-field modeling (analytical, numerical or machine learning ap-
proaches) with building- and district-scale BIM–GIS representations; future research
should explore standardized workflows to embed thermal properties, load histories
and uncertainty into GeoBIM objects and simulations [44], in addition, DBP work
focuses on early design and permitting, while asset management GeoBIM remains
largely separate; few studies close the loop between design assumptions, operational
performance (including geothermal systems) and subsequent regulatory or planning
updates [55,61].

• Standardization and semantics: There is still no widely adopted semantic model for
geotechnical and geothermal attributes in IFC/CityGML; extending open standards
or defining domain ontologies for shallow geothermal systems, bore fields and energy
piles is essential to reproducible GeoBIM-based geothermal assessment [45], as well
as for many sustainability indicators used in authorization processes, hampering
repeatable, cross-jurisdictional workflows [61,64].

• Data quality and validation: Reality-capture and scan-to-BIM studies demonstrate
technical feasibility, but systematic evaluation of how geometric and semantic er-
rors affect energy and geothermal simulation outcomes remains missing; long-term
monitored case studies that link GeoBIM predictions to measured performance are
needed [15]. In addition, geotechnical platforms illustrate how uncertainty can be
explicitly modeled and communicated, but most GeoBIM applications in permitting,
sustainability assessment and asset management still treat model inputs as deter-
ministic; this is particularly problematic for geothermal potential assessment, where
subsurface variability is high [58,61].

• Regulatory integration: Although GeoBIM is increasingly proposed for permitting and
sustainability assessment, energy and geothermal criteria are seldom operationalized
within automated checks; further work should encode renewable energy and shallow
geothermal rules directly into GeoBIM-based digital permitting platforms, aligned
with evolving EU directives [15]. BIM-based organizational frameworks and SWOT
analyses emphasize that standards, skills and change management in public agencies
are lagging behind technical possibilities, limiting the uptake of GeoBIM for energy
and geothermal policy implementation [55,56,63].

• Sociotechnical and regional contexts: Adoption studies such as those from Malaysia
show that local capacity, roadmaps and institutional support strongly condition Geo-
BIM implementation; comparative research across regions with different regulatory
and market conditions would clarify how GeoBIM for geothermal energy can be
tailored to varying levels of digital and institutional maturity [15,51].
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• AI and digital twins for geodesign: AI-enabled GeoBIM and digital twins are still
at an early stage; integrating real-time geothermal monitoring, predictive control
and fault detection into GeoBIM-based twins for buildings and districts represents
a promising but largely unexplored frontier in geodesign. In addition, urban digital
twins show powerful methods for participatory, multi-criteria exploration of urban
futures, yet geothermal options and subsurface constraints are rarely integrated into
these dialogues, missing opportunities for socially robust geothermal planning [61].

Addressing these gaps would position GeoBIM not merely as a tool for integrating BIM
and GIS, but as a comprehensive, uncertainty-aware, and institutionally grounded frame-
work for planning, authorizing, monitoring, and adapting shallow geothermal systems
and broader energy efficiency strategies in smart cities.

6. Conclusions
This review confirms that GeoBIM represents a powerful and versatile framework

for supporting energy efficiency and shallow geothermal applications in buildings and
smart cities. By integrating detailed building-level information with territorial and sub-
surface datasets, GeoBIM enables multiscale energy analysis that improves data quality,
enhances simulation accuracy and supports informed decision-making. Reported applica-
tions demonstrate significant energy savings, particularly when GeoBIM is applied during
early design and planning stages. Despite these advantages, the review identifies several
limitations that currently restrict large-scale adoption.

Interoperability between BIM and GIS standards remains a major technical challenge,
compounded by insufficient standardization and high computational demands in advanced
integration workflows. In addition, the lack of consistent quantitative validation across
studies limits the comparability and generalization of results. Institutional barriers, includ-
ing outdated regulatory frameworks and limited professional training, further constrain
implementation, particularly for shallow geothermal systems.

Based on the findings of this review, several actions can support the practical imple-
mentation of GeoBIM for shallow geothermal systems. Urban energy planning frameworks
should explicitly incorporate subsurface energy resources, supported by integrated GeoBIM
datasets at the municipal level, while improved interoperability between BIM and geospa-
tial standards is necessary to ensure consistent representation of subsurface infrastructure
and geothermal assets. Furthermore, interdisciplinary professional training and the de-
velopment of urban subsurface digital twins could enhance data integration, knowledge
exchange, and decision support for the wider deployment of geothermal energy systems.

Future research should prioritize the development of standardized interoperabil-
ity frameworks that enable seamless data exchange while preserving semantic richness.
Greater emphasis should be placed on empirical validation through monitored case studies
across diverse climatic and geological contexts. The integration of GeoBIM with digital
twins, artificial intelligence and real-time sensing technologies also represents a promising
direction, enabling adaptive control, predictive maintenance and dynamic optimization of
urban energy systems. Overall, GeoBIM should be regarded not merely as a technical inte-
gration of BIM and GIS, but as a strategic enabler for sustainable, resilient and data-driven
energy strategies in smart cities.
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