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Abstract

Achieving cost-effective energy performance while meeting sustainability goals is a chal-
lenge in retrofitting decisions within the construction industry. To enhance the decision-
making process, this study introduces an IFC-based approach that integrates cost estima-
tion and energy analysis directly within BIM. This approach supports more structured
and data-informed retrofit planning by structuring cost and energy data within a semi-
automated IFC-based workflow. The methodology follows a structured approach that in-
cludes three phases. The first focuses on developing a BIM model that captures the phys-
ical and semantic attributes of an existing building. This is followed by parametric energy
simulations to evaluate retrofit scenarios, with cost data integrated and energy analysis
reports linked to IFC elements. The final phase involves a post-retrofit cost assessment to
identify the optimal scenario based on total cost, with potential for extension to other per-
formance indicators. The framework was applied in a residential case study to evaluate
the model’s functionality. The results show that IFC-based integration improves transpar-
ency, interoperability, and reliability in cost-energy assessments. By structuring data as
linked IFC entities, the approach enhances BIM's role as a decision-support tool for sus-
tainable and economically efficient retrofitting.

Keywords: BIM; IFC schema; cost integration; energy retrofitting; semantic data modeling

1. Introduction

As energy costs continue to rise and sustainability goals become more pressing,
building energy retrofitting has emerged as a key strategy for reducing operational energy
consumption and improving cost efficiency. Within the Architecture, Engineering, Con-
struction, and Facility Management (AEC/FM) industry, identifying optimal retrofit strat-
egies requires a structured method that integrates energy simulation outputs with de-
tailed cost data, enabling the comparative evaluation of alternative solutions [1,2]. While
Building Information Modeling (BIM) has significantly enhanced data management and
project coordination across construction workflows, its application in cost estimation for
energy retrofitting remains limited. Current BIM models primarily function as geometric
representations, often lacking structured integration of cost and energy-related data. Con-
sequently, transparency and consistency in cost assessments for building energy retrofits
are limited, which undermines the reliability of decision-making [3].
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The Industry Foundation Class (IFC) schema is a standardized data model that ena-
bles interoperable exchange of building information across software platforms. It pro-
vides a consistent framework for structuring geometric, semantic, and cost-related data
within BIM environments [4,5]. However, its application in integrating energy analysis
data with cost estimation for retrofitting projects remains limited. Existing cost estimation
approaches do not systematically link material, installation, and operational energy costs
within BIM, making it challenging to assess total cost trade-offs across retrofit scenarios
[6-8]. Moreover, the absence of standardized workflows within IFC limits interdiscipli-
nary data integration and scenario-based comparison [3,9,10]. Addressing these limita-
tions requires an IFC-based methodology capable of structuring cost and energy data for
more informed retrofit planning.

This research aims to develop an IFC-integrated cost estimation framework that sup-
ports energy and material cost evaluation of energy and materials costs across multiple
retrofit scenarios. The framework enhances the reliability of cost estimation and provides
stakeholders with a structured approach to minimizing total cost in retrofit selection. The
key contributions of this study include:

e  Cost Estimation Framework, a structured approach for integrating material, installa-
tion, and operational energy costs within IFC, enabling comparative evaluation of
retrofit scenarios.

e JFC-Based Cost and Energy Data Integration, a methodology that enhances the struc-
tured representation and interoperability of cost estimation and energy analysis
within the IFC framework.

e  Optimized Retrofit Scenario Selection, a structured decision-support framework for
identifying the most cost-effective retrofitting strategy based on total cost considera-
tions.

This research follows a three-phase methodology: (i) BIM Model Development—de-
veloping a structured IFC-based representation of an existing building with its geometric,
material, and construction properties; (ii) Energy-Cost Data Integration — performing par-
ametric energy simulations to evaluate retrofit scenarios while linking cost estimation
data and energy analysis reports to IFC elements; (iii) Optimal Retrofit Scenario Identifi-
cation—using a structured total cost (i.e., installation material and operational energy)
assessment to select the most cost-effective and energy-efficient retrofitting solution.

The novelty of this research lies in the integration of energy and cost data within the
BIM-IFC framework, enabling a comprehensive cost estimation and evaluation of retrofit
scenarios. The outcome of this study provides industry professionals and policymakers
with a structured decision-making tool to maximize energy savings while ensuring cost-
effectiveness. Consequently, besides visualizing the physical properties of a building, BIM
becomes a multidimensional framework that supports structured decision-making by in-
tegrating sustainability, energy performance, and economic analysis.

This paper is structured as follows: Section 2 presents the background and literature
review on BIM-based cost estimation and IFC schema integration. Section 3 details the
research methodology, including the BIM model development, energy simulation, and
cost integration process. Section 4 describes the case study and implementation. Section 5
discusses the results and methodological implications. Finally, Section 6 provides the con-
clusions and outlines future research directions.

2. Background

Recent advancements in digital construction have enabled BIM to transform tradi-
tional cost estimation into a more integrated, data-driven process. In this context, BIM has
transformed cost estimation by integrating cost data with geometric and parametric
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information, enhancing precision in project planning and execution [11,12]. Despite recent
progress, BIM-based cost estimation remains primarily focused on quantifying material
and installation costs. The integration of operational energy costs into BIM workflows is
still underdeveloped and inconsistent, thereby limiting its applicability in comprehensive
retrofit decision-making [13,14].

A reliable cost assessment for building energy retrofitting strategies should account for
both initial investments and operational energy costs, considering their long-term cost impact
to support informed decisions in cost-effective retrofit strategies [15]. Beyond individual cost
components, the selection of retrofit strategies also requires the consideration of broader eco-
nomic implications. Also, given that different retrofit strategies, from partial/standard to deep
retrofitting, can considerably impact a building’s market value, evaluating a range of alterna-
tives is essential to support informed and value-oriented decision-making [16].

Recent developments have attempted to address these limitations, yet key structural
issues remain. The IFC schema provides a standardized framework for structuring cost
data within BIM models, improving interoperability between project stakeholders. How-
ever, its application in linking energy analysis reports with cost estimation for energy ret-
rofitting projects is still limited [4,17,18].

In current IFC-based models, cost data and energy reports are often stored as basic
descriptive properties instead of structured entities, which reduces their effectiveness in
supporting efficient data access and scenario-based analysis. As a result, stakeholders face
challenges when comparing multiple retrofit strategies. Moreover, there are no consistent
methods to embed operational energy costs alongside material and installation costs in
IFC models, limiting their role in comprehensive cost estimation workflows [9].

A more structured IFC-based approach is needed to improve consistency and clarity
in cost evaluation for energy retrofits. Integrating cost estimation within BIM using the
IFC Cost Schedule framework improves cost planning and transparency in retrofitting
projects [14]. By embedding cost and energy-related data directly into BIM elements,
stakeholders can conduct quantitative assessments of different retrofit scenarios [19,20].
Recent research has shown that BIM-driven cost structuring enhances cost forecasting,
better aligning cost estimation assessments with energy-related investment decisions [21].

BIM has the potential to enable the systematic comparison of retrofit scenarios when
it is supported by parametric energy simulations. These simulations help estimate the en-
ergy demand of each retrofit scenario, forming the basis for evaluating the cost of opera-
tional energy [22,23]. For example, studies on envelope retrofitting show that BIM-linked
cost and energy assessments help optimize insulation strategies by combining energy data
with structured cost data [21].

Furthermore, recent research highlights the benefits of integrating construction and
operation phases within a BIM-based framework to reduce life cycle costs, demonstrating
how early stage decisions can impact long-term cost performance in commercial building
retrofits [24]. In support of this perspective, Life Cycle Cost (LCC) analysis has emerged
as a complementary method to BIM-based cost estimation. LCC facilitates early stage de-
cision-making by combining material, installation, and operational energy costs into a
unified cost assessment over the building’s life cycle. While LCC is typically performed
as a separate process, its integration into structured BIM workflows, particularly through
IFC-based models, can enhance the evaluation of long-term cost-effectiveness, using met-
rics, such as payback periods, for retrofit interventions [22,25].

Recent developments in BIM workflows have increasingly emphasized structured
and automated approaches to cost estimation. Standardized IFC models are used to define
cost items and link them directly to building components, enabling more consistent and
scalable evaluations [9]. This structured integration supports scenario-based comparison
of retrofit strategies, aligning technical performance with long-term cost efficiency [10].
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Despite advancements in BIM-based cost estimation, current workflows still face crit-
ical limitations in integrating cost and energy data due to fragmentation, lack of standard-
ization, and limited semantic support for automation. Cost estimations, energy reports,
and material specifications are often stored in separate environments, making consistent
and scalable evaluations difficult [26,27]. In particular, differences in pricing structures,
currency formats, and update mechanisms continue to constrain BIM interoperability [28].

Related work by [29] proposed a BIM-based method to improve IFC interoperability
for energy audits using custom property sets, but it did not address cost-energy integration
or support scenario-based evaluation. Additionally, a recent study by [29] highlighted per-
sistent interoperability issues in IFC-to-BEM workflows, especially for integrating energy
simulation outputs. Furthermore, the authors of [30] highlighted the IFC format’s lack of
support for time-series data, the challenges associated with geometric data extraction, and
the absence of standardized toolchains for converting IFC files into usable formats.

Beyond interoperability and semantic limitations, practical challenges continue to af-
fect the consistency of BIM-based cost estimation. Market dynamics, including fluctua-
tions in material and labor prices, also influence the reliability of cost assessments. Since
most BIM models do not support dynamic cost updates, estimation consistency is often
affected. While partial automation through scripting is helping address this issue, many
workflows still rely on manual data entry, introducing inefficiencies. Linking building ob-
jects directly to cost elements remains a challenge in improving BIM-based cost assess-
ments [31-33]. While BIM has supported more advanced cost estimation methodologies
in recent years, its integration of energy data for evaluating retrofit costs is still limited.
However, IFC provides the potential to represent cost- and energy-related data in a uni-
fied model, but its application in retrofit analysis is still developing.

To address these limitations, the integration of parametric energy data into cost-
linked IFC workflows remains unexplored. In this study, both energy simulation outputs
and cost data are embedded directly into IFC models, enabling semi-automated and in-
teroperable evaluation of multiple retrofit scenarios. Addressing existing gaps in data
standardization, cost updating processes, and object—cost associations is important to im-
prove the consistency and applicability of BIM for retrofit cost assessment.

3. Research Methodology

This research follows a structured methodology to integrate cost estimation with sus-
tainability-focused strategies within a BIM environment, using the IFC data schema as
shown in Figure 1. The aim is to develop a BIM-based framework that generates cost esti-
mations across multiple retrofit scenarios, providing a structured approach for evaluating
energy and cost trade-offs to support the selection of the optimal retrofitting solution.

Phase 1: Development of the BIM model
(Pre-Retrofit)
as-built geometry & material properties

1
Output : BIM baseline model

|
¥

/ /- N
Problem Statement | [ ! Phase2: Energy Modeling and Cost Integration
Research ! / : 8y §.and 8r Outcome
Lack of structured | Methodology ! H H
cost-energy . I e T i Stepl- Parametric Energy retrofitting scenarios modelling | Identification of the optimal
integration in | IFCBased i Step 2- Cost factors integration : Energy/Cost effective scenario
BIM-based retrofit | Framework for | a. Structured Cost Dataset Development based on the user-defined

H i
decision-making ) !\ energy retrofiting | \ : b. Semi-automated Cost-Element Linkage ! performance indicators
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Phase 3: Energy and Cost Evaluation
(Post-Retrofit)
Single objective assessment
Identification of optimal scenario
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Figure 1. Overview of the research methodology.

(i)

(ii)

The methodology comprises three phases, as outlined below:

Phase 1—Development of the BIM model: The first phase focuses on developing a
detailed BIM model of the existing building to accurately capture its physical charac-
teristics. The model was created in Autodesk Revit, reflecting the building’s as-built
condition, including its geometric dimensions, material properties, and construction
details. This model was then exported as an IFC file (i.e.,, IFC4_ADD2_TC1-4.0.2.1),
which served as the foundational dataset for subsequent analysis and cost calculations.
Phase 2—Energy Modeling and Cost Integration: The second phase involves two
key steps: parametric energy retrofitting scenario modeling and the integration of
cost factors. Together, these steps aim to comprehensively evaluate thermal perfor-
mance and economic implications of various retrofit scenarios.

Step 1—Parametric Energy Retrofitting Scenarios Modeling: This step focuses on the
systematic development of multiple retrofit scenarios using parametric simulations
in EnergyPlus. The process began with the selection of insulation materials, each
characterized by distinct thermal conductivity values while maintaining a uniform
material thickness across all scenarios. This standardization ensures the reliability of
comparative analysis.

The simulation framework enables a detailed assessment of energy performance, fo-
cusing on key metrics, such as annual heating and cooling energy demands. By uti-
lizing parametric simulations, a broad range of retrofitting options can be explored.
The modeling process leverages advanced simulation tools to predict the thermal be-
havior of the building under varying material configurations. This approach facili-
tates the identification of scenarios with the greatest energy-saving potential, forming
a foundation for subsequent economic analysis.

To structure and manage the building envelope components, this research applies
the IfcBuildingSystem entity, which allows the grouping of building elements that
perform related functions—such as insulation layers and fagade components—
within the IFC schema. By defining the building envelope as a structured system,
individual components, such as insulation layers, facade elements, and HVAC sys-
tems, can be systematically categorized. The costs associated with each building com-
ponent are structured using IfcCostltem entities and linked to their respective ther-
mal properties through an IfcDocumentInformation relationship, enabling a more
accurate evaluation of energy-saving potential. This linkage not only improves the
clarity and management of retrofit options but also ensures that data are structured
in an interoperable and queryable format, enabling a consistent and scalable cost es-
timation methodology.

Step 2—Cost Factors Integration: This step integrates cost data considerations into
the BIM model by associating each evaluated retrofit scenario and its geometric rep-
resentation with corresponding cost items. The total cost includes material, installa-
tion, and operational energy costs for the retrofit scenarios. Maintenance costs are
currently excluded due to their relatively negligible impact on the outputs of the pro-
posed methodology; however, they could be integrated into future developments by
leveraging the scalable structure of the IFC standard. To ensure interoperability and
efficient management of construction data, the research uses the IFC schema not only
as a standardized data format but as a structured information model that improves
access to both cost and energy-related data. Unlike traditional BIM models that often
store cost and sustainability data as static, non-queryable attributes, this research en-
sures that such information is represented as structured data objects within the IFC
schema, enabling efficient search, access, and analysis [34]. By structuring cost and
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energy information as structured data objects, stakeholders can efficiently retrieve,
analyze, and compare different retrofit scenarios. This dynamic IFC integration en-
hances decision-making transparency, allowing users to explore cost-energy trade-
offs without relying on external tools or manual data extraction. To implement this
integration in practice, the methodology follows two structured processes:

e  Structured Cost Dataset Development, A structured cost dataset was developed
to represent the 12 retrofit scenarios, where each building object is associated
with 12 distinct cost items, each corresponding to a scenario. These cost items
are defined using the IfcCostltem entity and are quantitatively derived from the
object’s geometry. The cost items are grouped into separate cost sheets (one per
scenario), representing alternative cost configurations for each retrofitting op-
tion. These cost data, sourced from the Regione Lombardia price list, are orga-
nized according to a domain-specific ontology previously developed by the re-
search group [34], enabling standardized integration within the IFC schema. The
ontology classifies cost items by element type, function, and material properties,
enabling consistent BIM integration. Its standardized structure supports reusa-
bility across different regional databases and retrofit projects. This structure en-
sures consistent, interoperable, and queryable cost information within the BIM
environment, facilitating comparison across all retrofit scenarios.

e  Semi-automated Cost-Element Linkage, To support interoperability and con-
sistency, Python 3.13.4 scripting combined with the IfcOpenShell library is used
to partially automate the linkage between IFC elements and cost items [28]. This
process extracts structured data from each geometric object—such as classifica-
tion, dimensions, and material type—and uses it to filter relevant IfcCostltem
entries from the dataset. While the script reduces the number of possible
matches, the final selection of the appropriate cost item is completed manually
by the user. This semi-automated workflow enhances the efficiency and reliabil-
ity of the cost—assignment process while ensuring that cost data remain linked
to the thermal and physical attributes of building components. Although prede-
fined cost values were used in this study, the framework is designed to support
dynamic price updates. By extending the existing Python and IfcOpenShell-
based workflow, updated prices from structured sources can be programmati-
cally imported and mapped to corresponding IfcCostItem entities. This enhance-
ment would improve the model’s responsiveness to market fluctuations while
maintaining interoperability within the IFC structure.

(iii) Phase 3—Identification of Optimal Retrofitting Scenario Through Energy-Cost In-
tegration: This phase, as part of the post-retrofit analysis, focuses on the comparison of
multiple energy retrofitting scenarios by integrating energy performance and associ-
ated costs into a unified evaluation framework. Using the total cost as the sole evalua-
tion metric, this phase enables the identification of the optimal retrofitting scenario that
balances energy efficiency and economic feasibility.

The cost data integrated with the energy analysis report, embedded into the BIM
model during Phase 2, enables the evaluation of trade-offs among material, installation,
and operational energy costs. By focusing on the total cost of each scenario, the framework
provides a clear and quantitative basis for decision-making. This IFC-based evaluation
framework highlights the long-term cost-effectiveness of energy-efficient solutions by en-
abling stakeholders to compare different energy retrofit scenarios. Structuring cost and
energy assessments within IFC enhances transparency and facilitates a detailed evalua-
tion of trade-offs between energy savings and total cost.
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The outcome of this phase is the identification of the optimal retrofit strategy, deter-
mined through the single-objective assessment of total cost. By embedding energy and
economic data within the Industry Foundation Class (IFC) framework, the methodology
enhances BIM’s application in sustainable construction practices. It offers practical guid-
ance for industry professionals and policymakers, advancing energy and cost manage-
ment in retrofitting projects while supporting sustainability goals. Figure 2 shows the IFC-
based workflow for integrating energy and cost data within the retrofit evaluation pro-
cess. The diagram highlights the relationships between the pre-retrofit building model,
energy analysis, and structured cost estimation, demonstrating how cost items and sce-
narios are linked through the IFC schema.

5 = a1l .
Project O m ﬁ ;ﬂf’ ﬂ’ Energy Analysis

Pre retrofit - — — — — — —

= v v
Building Envelc
o )Q | = N =
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Figure 2. IFC-based workflow for structuring cost and energy data in retrofit analysis.

4. Case Study

The research methodology is applied to a three-story residential building located in
Italy, used as a case study to structure cost and energy data within an IFC-based frame-
work for retrofit decision-making. The study evaluates different insulation retrofitting sce-
narios, focusing on structured cost assessment rather than optimizing energy consump-
tion. The goal is to provide a transparent decision-support system that allows stakehold-
ers to compare retrofit options based on total cost considerations.

To facilitate this evaluation, the BIM model of the building is enriched beyond its con-
ventional geometric representation by embedding cost and linking the energy analysis re-
port within a standardized IFC schema. This approach ensures that the model serves as a
searchable and structured information framework rather than just a static digital represen-
tation. Cost and energy consumption data are systematically linked to building compo-
nents, enabling comparative analysis of retrofit scenarios. Twelve parametric insulation ret-
rofit scenarios were developed by applying a consistent insulation thickness but varying the
thermal conductivity values (A ranging from 0.026 to 0.084 W/mK). It should be noted that
these form a sample set and can be replaced or extended with other retrofitting scenarios in
future applications. These variations represent commercially available insulation materials
and support a comparative evaluation of their cost and energy performance characteristics.

The case study utilizes the IfcBuildingSystem to organize the building envelope, en-
suring that insulation interventions are clearly classified and their cost implications are
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systematically integrated. Initially, cost data (i.e., material, installation costs) are defined
using IfcCostltem entities, associated with IfcBuildingSystem to organize functional com-
ponents, and grouped into separate IfcCostSchedules corresponding to each retrofit sce-
nario. This structured flow improves interoperability and accessibility for cost estimation
evaluations. By structuring data within an IFC-based model throughout a semi-auto-
mated process, this approach reduces data fragmentation and enhances the clarity of cost—
energy relationships, demonstrating the advantages of an integrated BIM framework for
retrofit planning and decision-making. Due to current limitations in embedding dynamic
energy data within standard IFC models, operational energy consumption is simulated
externally in EnergyPlus, and corresponding energy costs are subsequently derived and
added to the model.

Figure 3 presents the BIM representation of the case study building (left) and the
corresponding insulation layer applied for the retrofit analysis (right).

Figure 3. BIM model of the case study building (left) and the insulation layer applied for retrofit
analysis (right).

5. Results and Discussion

The proposed IFC-based methodology produces a structured dataset that integrates
energy simulation outputs and cost data across different retrofit scenarios. Each scenario
applies an insulation layer with a different thermal conductivity, generating varied cost
configurations that can be systematically compared with the pre-retrofit baseline.

The total cost for each scenario was calculated as the sum of Construction and Material
Expenditure (CME) and operational energy costs. Operational energy costs were calculated
by applying an annual electricity price of 0.109 EUR/kWh, based on the Gestore dei Mercati
Energetici (GME) national energy pricing index [35]. The resulting values, obtained exter-
nally from the simulation outputs, were incorporated into the IFC model as external refer-
ences, whereas the CME values are derived from the Regione Lombardia price list. Since the
methodology focuses on the digital structuring of retrofit cost information rather than on
optimizing energy performance, accordingly, the variation in annual energy consumption
across scenarios remains moderate. The evaluated KPI of total cost is employed as a demon-
strative output of the proposed IFC-based structuring methodology, illustrating the integra-
tion of economic and energy-related data within a BIM environment. However, in future
development, additional KPIs, such as payback period, net present cost, and lifecycle cost,
can be incorporated into the outputs to enable deeper and more comprehensive scenario
comparisons. Table 1 presents a representative overview of the cost breakdown for each
scenario, including the construction cost of the insulation system (CME), the annual energy
cost derived from the simulated energy consumption, and the resulting total cost.
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Table 1. Cost breakdown of insulation retrofit scenarios, including material and installation costs

(CME), operational energy costs, and total cost.

CODE ) Annual
Retrofitting LOM241. 12:)1:11;?1111]13;;1(‘)%1}7 I?:Il ?:E;:::le CME Energy Flé::tl
Scenarios OC.EEA. Costs
a02.C1515.

[KWh] [EUR] [EUR] [EUR] [EUR]
Scenario 1  D0001.0050 3872.2 2592  22,24357 42207 22,665.64
Scenario2  D0001.0015 3922.6 32.64 28,009.7 42757  28,437.27
Scenario3  D0001.0055 3947.5 22.88  19,631.89  430.28 20,062.17
Scenario4  Od004.0005 3996.2 11.63 9978.77 43558 10,414.35
Scenario5 0Od004.0510 4020.1 17.79 15,270 438.19  15,708.19
Scenario 6 Od004.0250 4090.1 29.28  25,126.65  445.82  25,572.47
Scenario 7 0Od004.0315 4135.4 2446  20,988.63  450.76  21,439.39
Scenario 8 0Od008.0270 4179.7 1346  11,552.56  455.59  12,008.15
Scenario9  0Od004.0305 4201.5 6.36 5454.08 457.96 5912.04
Scenario 10 D0001.0280 4223.0 9.58 8221.81 460.30 8682.11
Scenario 11  D0001.0295 42442 4.81 4124.44 462.62 4587.06
Scenario 12 Od008.0250 4952.2 16.4 14,076.08  539.79  14,615.9

The table demonstrates how the structured cost data enables stakeholders to interpret
and compare retrofit alternatives directly within the IFC-integrated BIM model. Scenario
11, for instance, reflects the lowest total cost (EUR 4587.06), indicating a balance between
material expenditure and energy performance. In contrast, Scenario 2 and Scenario 6 have
significantly higher total costs, mainly due to increased material unit prices. This kind of
output dataset enables stakeholders to evaluate cost trade-offs across scenarios, taking
into account both initial investment and energy consumption impacts.

The key methodological advantages of this framework are summarized as follows:

e  Comparative evaluation for retrofit decisions: Enables systematic comparison of
retrofit scenarios by integrating variable cost-efficiency strategies within a structured
IFC-based framework;

e  Reliable and scalable cost assessment: Enhances consistency and adaptability in cost
estimation by structuring retrofit data within the IFC schema, enabling scalable
updates and responsiveness to changing material and energy prices;

e Foundation for digital retrofit workflows: Establishes a semi-automated and BIM-
based workflow that supports future extension toward fully digital, performance-
driven retrofit planning.

While the current framework does not include automated optimization algorithms,
it supports informed selection of retrofit strategies by enabling consistent, KPI-based
comparison across scenarios. As more detailed or real-time energy consumption data
becomes available, the proposed framework can support additional performance metrics
without requiring structural modifications.

Despite its contributions, the proposed methodology presents some limitations. First,
the current scope is limited to insulation-based retrofitting and does not yet include more
complex interventions or deep retrofits, such as HVAC upgrades or renewable energy
integration. This limitation is partly due to existing constraints in representing dynamic
energy data within the standard IFC schema. The framework also relies on predefined
material and installation prices, which may limit responsiveness to real-time market
fluctuations. Furthermore, the system does not yet support dynamic cost updates or
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automated scenario selection, which could further improve its decision-support
capabilities.

To support future advancements in digital retrofit planning, the current framework
can be extended along several methodological dimensions. Potential developments
include the integration of dynamic pricing mechanisms, automated scenario optimization
using Al-based approaches, and the incorporation of additional performance indicators
such as life cycle cost or payback period. These enhancements would facilitate the
evolution of the framework into a fully digital, performance-driven decision-support
system, broadening its applicability to a wider range of building systems and retrofit
strategies.

6. Conclusions

In parallel to the construction industry’s digital transformation, building energy
retrofitting requires data-integrated approaches that align sustainability targets with cost-
effective planning. This study responds to that need by introducing a structured IFC-
based methodology that systematically integrates cost estimation and energy simulation
within a BIM environment, aiming to establish a digitalized framework for the
comparative evaluation of retrofit strategies. Unlike traditional retrofit approaches that
treat cost and energy modeling as separate tasks, this framework uniquely integrates them
into an IFC structure, enabling seamless data reuse and scalable application across diverse
building contexts. This integration enables transparent, comparative assessments across
retrofit options by utilizing structured cost and energy consumption data within a model.
The proposed approach is implemented through three phases: (i) generating a detailed
BIM model and exporting it to the IFC format; (ii) modeling twelve parametric insulation
retrofit scenarios using EnergyPlus, with cost data linked to IFC entities through a semi-
automated workflow; and (iii) identifying the most cost-effective solution based on total
cost as a key performance indicator.

The results from the case study demonstrate the potential of this approach to enhance
consistency and decision-making in retrofit planning. By linking geometric, thermal, and
financial attributes within the IFC schema, the methodology transforms BIM from a static
design model into a data-rich environment for informed evaluation. The framework
facilitated a direct comparison of twelve retrofit scenarios, leading to the selection of the
most cost-effective solution based on total cost.

While the current scope is limited to envelope insulation and externally computed
operational energy costs, the framework establishes a replicable foundation for broader
application. Notably, the methodology is designed to be extensible. Future enhancements
could incorporate dynamic pricing, algorithmic scenario optimization, and broader
performance metrics, such as payback period, life cycle cost, or environmental impact.
These developments would strengthen its applicability to deeper retrofitting measures,
including HVAC upgrades or renewable energy integration. Additionally, future
developments could address multi-currency handling and diverse pricing structures to
enhance interoperability across different regions and cost databases.

This research not only delivers a practical methodology but also contributes to the
broader digital transformation of the AEC/FM sector, framing BIM as a foundation for
data-driven, performance-based retrofit planning. The structured integration of energy,
cost, and geometric data lays the foundation for future alignment with digital twin and
smart building initiatives. Future extensions may explore advanced data structuring
methods to further enhance semantic querying, interoperability, and scalability across
retrofit domains. This aligns with broader industry initiatives focused on improving
building stock efficiency and supports policy frameworks advocating data-driven
renovation strategies. In doing so, it lays the groundwork for a new generation of
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performance-oriented, digitally enabled retrofit solutions. Moreover, further validation
across different building types, use cases, and geographic contexts would be a valuable
next step for assessing the broader applicability of the proposed framework. Validation
on a real-life retrofitting project would further support its practical applicability.

Author Contributions: Conceptualization, M.G., ].C., CM. and A.P.; Data curation, M.G. and ].C,;
Formal analysis, M.G,, ].C., CM. and A.P.; Funding acquisition, C.M. and A.P.; Investigation, C.M.
and A.P.; Methodology, M.G,, ].C. and C.M.; Project administration, C.M. and A.P.; Resources, C.M.
and A.P.; Software, M.G. and J.C.; Supervision, C.M. and A.P.; Validation, M.G. and ].C.; Visualization,
M.G. and ].C,; Writing—original draft, M.G. and M.G.; Writing—review & editing, M.G., ].C., CM.

and A.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the European Union under the DIHCUBE project under
Grant Agreement No. 101083724.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data and relevant materials supporting the findings of this study
are available on GitHub at the following repository: https://github.com/Cassa97/BIM-
SustainabilityProject (accessed on 5 July 2025).

Acknowledgments: The authors wish to thank the European Commission for supporting the
DIHCUBE project and Regione Lombardia for their contribution to this research.

Conlflicts of Interest: The authors declare no conflicts of interest, and the funders had no role in any

part of the research or publication process.

References

1. Jia, J; Zhang, Z. Integration of Industry Foundation Classes and Ontology: Data, Applications, Modes, Challenges, and
Opportunities. Buildings 2024, 14, 911.

2. Elghaish, F.; Abrishami, S.; Hosseini, M.R.; Abu-Samra, S. Revolutionising cost structure for integrated project delivery: A BIM-
based solution. Eng. Constr. Archit. Manag. 2020, 28, 1214-1240. https://doi.org/10.1108/ECAM-04-2019-0222.

3.  Seghier, T.E.; Khosakitchalert, C.; Liu, Z.; Ohueri, C.C.; Lim, Y.W.; Bin Zainazlan, A.F. From BIM to computational BIM: A
systematic review of visual programming application in building research. Ain Shams Eng. ]. 2024, 16, 106168.
https://doi.org/10.1016/j.asej.2024.103173.

4. Alves, ].L.; Palha, R.P.; Almeida Filho, A.T. de Towards an integrative framework for BIM and artificial intelligence capabilities
in smart architecture, engineering, construction, and operations projects. Autom. Constr. 2025, 174, 106168.
https://doi.org/10.1016/j.autcon.2025.106168.

5. Mirarchi, C.; Gholamzadehmir, M.; Daniotti, B.; Pavan, A. Semantic Enrichment of BIM : The Role of Machine Learning-Based
Image Recognition. Buildings 2024, 14, 1122.

6. Biancardo, S.A.; Gesualdi, M.; Savastano, D.; Intignano, M.; Henke, I.; Pagliara, F. An innovative framework for integrating
Cost-Benefit Analysis (CBA) within Building Information Modeling (BIM). Socioecon. Plann. Sci. 2023, 85, 101495.
https://doi.org/10.1016/j.seps.2022.101495.

7. Chowdhury, M.; Hosseini, M.R.; Edwards, D.J.; Martek, I.; Shuchi, S. Comprehensive analysis of BIM adoption: From narrow
focus to holistic understanding. Autom. Constr. 2024, 160, 105301. https://doi.org/10.1016/j.autcon.2024.105301.

8.  Pan, X,; Mateen Khan, A.; Eldin, S.M.; Aslam, F.; Kashif Ur Rehman, S.; Jameel, M. BIM adoption in sustainability, energy
modelling and implementing using ISO 19650: A review. Ain Shams Eng. ]. 2024, 15, 102252.
https://doi.org/10.1016/j.asej.2023.102252.

9.  Parsamehr, M,; Perera, U.S.; Dodanwala, T.C.; Perera, P.; Ruparathna, R. A Review of Construction Management Challenges and

BIM-Based Solutions: Perspectives from the Schedule, Cost, Quality, and Safety Management; Springer International Publishing:
Berlin/Heidelberg, Germany, 2023; Volume 8, ISBN 0123456789.



Appl. Sci. 2025, 15, 7814 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Nguyen, T.D.; Adhikari, S. The Role of BIM in Integrating Digital Twin in Building Construction: A Literature Review.
Sustainability 2023, 15, 10462. https://doi.org/10.3390/su151310462.

Borrmann, A.; Konig, M.; Koch, C.; Beetz, . Building Information Modeling Technology Foundations and Industry Practice; Springer:
Cham, Switzerland, 2015; ISBN 9781315797076.

Eastman, C.; Liston, K.; Sacks, R.; Liston, K. BIM Handbook: A Guide to Building Information Modeling for Owners, Designers,
Engineers, Contractors, and Facility Managers; John Wiley & Sons: Hoboken, NJ, USA, 2018; ISBN 9780470185285.

Zima, K. Agnieszka Lesniak Limitations of Cost Estimation Using Building Information Modeling in Poland. J. Civ. Eng. Archit.
2013, 7, 545-554. https://doi.org/10.17265/1934-7359/2013.05.004.

Muta, L.F.; Melo, A.P.; Lamberts, R. Enhancing Energy Performance Assessment and Labeling in Buildings: A Review of
BIM-Based Approaches. Build. Eng. 2025, 103, 112089.

Farouk, A.M.; Rahman, R.A. Integrated applications of building information modeling in project cost management: A
systematic review. J. Eng. Des. Technol. 2023, 23, 287-305. https://doi.org/10.1108/JEDT-10-2022-0538.

Gholamzadehmir, M.; Pandolfi, A.M.; Del Pero, C.; Leonforte, F.; Sdino, L. Increasing the Market Value of Buildings Through
Energy Retrofitting: A Comparison of Actual Retrofit Costs and Perceived Values. Buildings 2025, 15, 376.
https://doi.org/10.3390/buildings15030376.

Fazeli, A.; Dashti, M.S,; Jalaei, F.; Khanzadi, M. An integrated BIM-based approach for cost estimation in construction projects.
Eng. Constr. Archit. Manag. 2021, 28, 2828-2854. https://doi.org/10.1108/ECAM-01-2020-0027.

Heydari, M.H.; Heravi, G. A BIM-based framework for optimization and assessment of buildings” cost and carbon emissions. J.
Build. Eng. 2023, 79, 107762. https://doi.org/10.1016/j.jobe.2023.107762.

M.E.Sepasgozar, S.; Costin, A.M.; Reyhaneh, K.; Sara, S.; Ezatollah, A, Li, J. BIM and Digital Tools for State-of-the-Art
Construction Cost Management. Buildings 2021, 12, 396. https://doi.org/10.1142/9789814447935_0007.

Elbeltagi, E.; Hosny, O.; Dawood, M.; Elhakeem, A. BIM-Based Cost Construction Estimation / Monitoring For Building. Emad
Elbeltagi Int. |. Eng. Res. Appl. 2014, 4, 56-66.

Pucko, Z.; Maucec, D.; éuman, N. Energy and Cost Analysis of Building Envelope Components Using BIM: A Systematic
Approach. Energies 2020, 13, 2643.

Rad, M.A H.; Jalaei, F.; Golpour, A.; Varzande, S.S.H.; Guest, G. BIM-based approach to conduct Life Cycle Cost Analysis of
resilient buildings at the conceptual stage. Autom. Constr. 2021, 123, 103480. https://doi.org/10.1016/j.autcon.2020.103480.
Arbulu, M.; Oregi, X.; Etxepare, L. Parametric simulation tool for the enviro-economic evaluation of energy renovation
strategies in residential buildings with life cycle thinking: PARARENOVATE-LCT. Energy Build. 2024, 312, 114182.
https://doi.org/10.1016/j.enbuild.2024.114182.

Moradabadi, B.; Noorzai, E.; Abbasi, S. BIM-based optimization approach to reduce life cycle costs by focusing on the
integration of construction and operation phases in office-commercial buildings. |. Build. Eng. 2024, 98, 111126.
https://doi.org/10.1016/j.jobe.2024.111126.

Amini Toosi, H.; Lavagna, M.; Leonforte, F.; Del Pero, C.; Aste, N. Life Cycle Sustainability Assessment in Building Energy
Retrofitting; A Review. Sustain. Cities Soc. 2020, 60, 102248. https://doi.org/10.1016/j.scs.2020.102248.

Cassandro, J.; Mirarchi, C.; Pavan, A. Ifc-Based Cost Estimation: Application To a Structural Model. Proc. Eur. Conf. Comput.
Constr. 2024, 2024, 868-875. https://doi.org/10.35490/EC3.2024.255.

Pishdad, P.; Onungwa, I.O. Analysis of 5D Bim for Cost Estimation, Cost Control, and Payments. J. Inf. Technol. Constr. 2024, 29,
525-548. https://doi.org/10.36680/j.itcon.2024.024.

Cassandro, J.; Mirarchi, C.; Zanchetta, C.; Pavan, A. Enhancing Accuracy in Cost Estimation: Structured Cost Data Integration
and Model Validation. J. Inf. Technol. Constr. 2024, 29, 1293-1325. https://doi.org/10.36680/j.itcon.2024.058.

Marco, M. Francesca, Caffari Nicolandrea, Calabrese Giulia, C. A BIM-Based Approach to Energy Analysis of Existing Buildings in
the Italian Context; Mahdjoubi, L., Brebbia, C.A., Ed.; Springer: Cham, Switzerland, 2023; Volume Part F813, ISBN 9783031295140.
Du, S.; Hou, L.; Zhang, G.; Tan, Y.; Mao, P. BIM and IFC Data Readiness for Al Integration in the Construction Industry: A
Review Approach. Buildings 2024, 14, 3305. https://doi.org/10.3390/buildings14103305.

Tavakolan, M.; Nikoukar, S. A BIM and simulation-based finance scheduling method for the steel structure construction project.
KSCE ]. Civ. Eng. 2025, 29, 100124. https://doi.org/10.1016/j.kscej.2024.100124.

Zhang, Y.; Mo, H. Intelligent Building Construction Cost Optimization and Prediction by Integrating BIM and Elman Neural
Network. Heliyon 2024, 10, e37525. https://doi.org/10.1016/j.heliyon.2024.e37525.

Cassandro, J.; Mirarchi, C.; Gholamzadehmir, M.; Pavan, A. Advancements and prospects in building information modeling
(BIM) for construction: A review. Eng. Constr. Archit. Manag. 2024, ahead-of-print. https://doi.org/10.1108/ECAM-04-2024-0435.



Appl. Sci. 2025, 15, 7814 13 of 13

34.

35.

Cassandro, J.; Donatiello, M.G.; Mirarchi, C.; Zanchetta, C.; Pavan, A. Reliability of Ifc Classes in Ontology Definition and Cost
Estimation of Public Procurement. In Proceedings of the 2023 European Conference on Computing in Construction and the 40th
International CIB W78 Conference. Heraklion, Crete, Greece, 10-12 July 2023. https://doi.org/10.35490/EC3.2023.230.

Gestore dei Mercati Energetici (GME), “Prezzo Unico Nazionale (PUN)-Annuale. 2024. Available online:
https://www.mercatoelettrico.org/it-it/ (accessed on 19 February 2025).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.



