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Abstract: Since the buildings and construction sector is one of the main areas responsible for energy
consumption and emissions, focusing on their refurbishment and promoting actions in this direction
will be helpful to achieve an EU Agenda objective of making Europe climate-neutral by 2050. One
step towards the renovation action is the exploitation of digital tools into a BIM framework. The scope
of the research contained in this paper is to improve the management of information throughout
the different stages of the renovation process, allowing an interoperable exchange of data among
the involved stakeholders; the development of an innovative BIM-based toolkit is the answer to the
research question. The research and results obtained related with the development of an interoperable
BIM-based toolkit for efficient renovation in buildings in the framework of the European research
project BIM4EEB. Specifically, the developed BIM management system allows the exchange of the data
among the different tools, using open interoperable formats (as IFC) and linked data, in a Common
Data Environment, to be used by the different stakeholders. Additionally, the developed tools allow
the stakeholders to manage different stages of the renovation process, facilitating efficiencies in terms
of time reduction and improving the resulting quality. The validity of each tool with respect to
existing practices is demonstrated here, and the strengths and weaknesses of the proposed tools
are described in the workflow detailing issues such as interoperability, collaboration, integration of
different solutions, and time consuming existing survey processes.

Keywords: renovation; BIM; BIM tools; interoperability; digitalization; ICT; linked data

1. Introduction

Data on energy consumption and emissions highlight that the AEC sector (Architec-
ture, Engineering, and Construction) is one of the major responsible areas—40% of the
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EU’s energy consumption and 36% of greenhouse gas emissions from energy [1]. If we
consider that only 1% of buildings are undergoing renovations interventions to become
more energy-efficient, it is fundamental to adopt strategies in this direction. The most
relevant obstacles to overcome for the sustainability goals in the housing building sector
are: the quality of renovations, the timing of such processes, the impact on tenants, and
the consequent inconvenient cost-benefit trade-offs. In addition, issues in accessing infor-
mation arise especially when information is mostly in a paper-based format and when
stakeholders are numerous.

Hence, the renovation can be considered as a big challenge for the building sector. The
digitalization could help towards the improvement of building efficiency, sustainability,
and decarbonization. Enhancing data and information share, as well as communication
among several parties, enables the application of testing and surveying methods [2].

Digital tools can seamlessly connect different stakeholders such as architects, engi-
neers, services, and contractors during the building lifecycle from the design to opera-
tion phase.

BIM (Building Information Model) allows for the storing and sharing of information
with the relevant people helping to avoid uncertainties and errors, and the contributing to
building process optimization.

The more efficient use of resources and a more effective communication and collab-
oration within the design team could lead not only to an improved building process but
also to an improved renovation process. Despite the claimed benefits, BIM implementation
is still hindered by issues of various origin: socio-historical [3], technological [4], and
organizational [5] reasons. Moreover, a critical success factor for BIM is interoperability,
i.e., the ability to reuse information among different software tools and platform. This
issue emerges as difficult access to building data, lack of support between authored file
formats, the absence of integration between software solutions, or underestimation of life-
cycle issues [6]. Achieving interoperability is the goal of BuildingSMART, the organization
responsible for the development of IFC (Industry Foundation Classes), the vendor neutral
data exchange format, described as the industry standard in ISO 16739.

Generally, in the AEC sector, the information sharing occurs and lays in the CDE
concept (Common Data Environment), namely a repository such as a project extranet
or electronic document management system or as later updated as a single source of
information for any given project, used to collect, manage, and disseminate all relevant
approved project documents for multi-disciplinary teams in a managed process [7].

One of the technologies that researchers have been using to face the issues of knowl-
edge representation and interoperability is Semantic Web. The development of solutions
following Semantic Web principles is mainly motivated by improving the information ex-
change between tools of different AEC disciplines, effectively connecting different domains
of construction lifecycle and exploiting the inference capabilities of Linked Data [8].

Within this context, the research developed by BIM4EEB (BIM4EEB: BIM based fast
toolkit for Efficient rEnovation of residential Buildings), a European Horizon2020 project,
has produced as an outcome a series of BIM-based tools for enhancing the renovation
building process: an interoperable toolkit that supports the weaknesses of the traditional
renovation of buildings. This paper attempts to answer a clear and defined research ques-
tion: Can BIM become a useful methodology where digital tools improve the renovation
processes of buildings to decrease energy consumption to achieve the objectives of the EU
agenda? In addition, if so, how and what are the difficulties in this process? In this paper,
processes and products aiming at this objective are outlined. Issues met to obtain different
interoperable BIM-based solutions, connected through an IFC-based BIM Management
system, are presented.

After the adopted methodology, a specific chapter is dedicated to the presentation
of the results as for the BIM based toolkit, with a specific focus on the developed BIM
Management system and on some specific new tools.
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Finally, the ongoing and future developments as for testing and the demonstration on
specific case studies and conclusions are highlighted.

This paper is composed as follows: The introduction includes a description of the
background of the renovation of residential buildings and the main obstacles; Section 2
introduces the methodology of the research and the preliminary stages of development of
a BIM-based toolkit; Section 3 presents the toolkit development, starting from its principal
component, the BIMMS (BIM Management System), and covering all the developed tools;
Section 4 presents the real environment demonstration for the testing and validation
procedure; and, finally, Section 5 includes a final overview and the future developments.

1.1. Background

The construction sector has increasingly adopted the use of BIM to increase productiv-
ity and quality in building and infrastructure projects, to reduce financial losses during
construction. On the other hand, the renovation of the built environment is a topic that
must also be addressed, given that existing buildings are the principal accountable for
emissions and energy consumption. In the following part of this paragraph, the most
relevant issues related to the renovation interventions and the interoperability question
connected to the use of BIM are presented.

1.2. Common Barriers in Renovation

Among the principal objectives of the research is to assist in the pathway that existing
buildings will consume less energy and release less CO2 towards the goal of climate
neutrality, and to improve the comfort of inhabitants who are in unhealthy homes. This
results in an increase in the practice of renovating and re-using buildings [9,10]. However,
a consistent number of issues need to be faced. These can be classified in the following
main groups [11,12]:

• Technical barriers
• Financial barriers
• Legislative and Regulatory barriers
• Social barriers

Technical barriers regard: the complexity and variety of buildings and a relative
lack of consistent and standardized solutions or integrated solutions and a lack of skilled
workers to carry out the work; the lack of awareness about what to do and in which
order for improving building conditions and about the advantages of different renovation
scenarios; while referring to operation and maintenance, collected data during design
stages is generally not used nor updated after the construction stage, and, if available, it is
in a paper-based format and then difficult to be accessed.

Financial barriers include a general difficulty in accessing finance due to insufficient
available funding, long pay-back times of renovation interventions, and high upfront costs.

Obstacles are also related to legislative and regulatory aspects, considering local
laws and regulations to be specifically applied in renovation processes and a lack of a
legislative framework such as government programmes/actions that does not encourage
deep renovation.

Social aspects must be considered too. Lack of awareness of the benefits of retrofitting
or a lack of interest in energy efficiency as well as a lack of communication and mutual
understanding among the involved professional disciplines in a project are included in
this category.

Hence, renovation is one of the biggest challenges for the building sector. One step to
overcome these obstacles towards the improvement of buildings efficiency is the exploita-
tion of digitalization [13].

1.3. Interoperability

Interoperability is seen as a key success factor for the implementation of such tech-
nologies, both from the point of view of different actors and disciplines and from the point
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of view of the ICT (Information and Communication Technologies) tools. In the last decade,
the Semantic Web application in the AEC industry has been the main goal of relevant
research efforts because of the promise to ease communication issues and help the use of
web-based and BIM-based systems [14].

The most relevant effort to facilitate information exchange among different platforms
and disciplines is the Industry Foundation Classes (IFC). It is composed of a set of standards
identifying a data schema (IFC), data exchange specifications as Model View Definitions
(MVDs), neutral communication protocols such as the BIM Collaboration Format (BCF), a
standard library of BIM object definitions (bSDD), and, finally, a data exchange protocol
for stakeholder of construction processes. The current version of ISO 16739:2018 standard
refers to the IFC4 ADD2 TC1 schema.

One of the perspectives of using Semantic Web technologies is to link different dis-
ciplines for lifecycle management of buildings, e.g., using technologies such as AR (Aug-
mented Reality) for the creation of BIM models, BACS (Building Automation and Controls
Systems), on-site activity tracking, and other tools that need a good level of interoperabil-
ity to accelerate construction processes [15]. The project of ifcOWL [16], the OWL (Web
Ontology Language) representation of the IFC schema, is proposed as the building domain
ontology as a translation of the EXPRESS IFC schema.

The main drawback of the deployment of Semantic Web technologies for AEC (Archi-
tecture, Engineering, and Construction) in resolving interoperability issues is that, although
linked data can technically provide efficient solutions for such problems, both agreement
on standard formats between construction professionals and consistent manual adjustment
for ontologies’ development and alignment are needed to reach full interoperability [8].

Relevant examples of the application of these technologies in H2020 projects are
HESMOS [16], which developed a modelling framework based on open standards for the
efficient energy design for new buildings; SWIMing [17], a project developing a BIM cloud
using Linked Open Data; STREAMER [18], aiming at reducing the energy use and carbon
footprint by offering optimized Semantic-driven design methods and interoperable tools
for BIM and GIS (Geographic Information Systems).

2. Methodology

This paragraph shows the followed procedure for the realization of BIM-based tools
aimed at overcoming issues related to renovation and to interoperability coming from BIM
use. The working schema for the realization of the BIM toolkit is illustrated in Figure 1:

1. In a broad panorama such as that of renovation, there are many and different stake-
holders who communicate and collaborate. Therefore, initially it is necessary to
define every activity required in each stage of a renovation process, to outline the in-
volved stakeholders in the different stages, and to define the most proper information
exchange process in what authors called the renovation process map [19].

2. Consequently, stakeholders’ needs and requirements to be satisfied during renovation
interventions are individualized. These could be divided into major groups: designers,
construction companies, service companies, building owners, and inhabitants.

3. At this point, the analysis allows for ensuring the best adaptation of the methodolog-
ical and technological features of the BIM-based toolkit to the specific needs. For
example, a fast-mapping tool has been developed to answer to the need of speeding
up the survey process and improving quality; a digital logbook instead wants to
avoid lack of information or an incomplete knowledge about building information
that are typical renovation barriers.

4. The necessity for a connection among the different tools and the necessity to meet
the need for interoperability lead towards the development of a BIM Management
system to coordinate all of them.

5. Finally, case studies will be used to verify and test the validity of the developed
BIM-based toolkit.
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3. Results: The BIM4EEB Interoperable BIM-Based Integrated Toolkit for
Buildings’ Renovation

Unlike industrial products, buildings are results of custom design processes over
specific environmental, economic, and use conditions. The first part of this research
consists in gathering existing information and standards about construction stages and
stakeholders, and their activities during such stages.

The definition of standard workflows has always been in the interest of researchers,
professionals, and local authorities.

The existing standard EN 16310:2013 [20] has been analyzed with the goal of defining
activities and processes in which an optimization could be applied, e.g., by applying a
BIM-based tool improving information management.

The main actors of renovation processes, divided into the macro-categories of design-
ers, construction companies, service companies, owners, and inhabitants, have been asked
about their requirements and activities through dedicated surveys. These results show
that building operation professionals suffer the most in the lack of available information
about buildings and those designers highlighting the need for collaborative design tools
in order to face all the economic, comfort, operational, and environmental challenges
of renovation [21,22]. From the occupants’ and owners’ points of view, an increase in
communication with construction companies and service operators is needed, considering
the case scenarios highlighted in the analysis [23].

The result of the research is translated into a BIM-based toolkit involving different
stakeholders of the construction sector with the aim to increase the adoption of BIM in
the renovation businesses based on an interoperable flow of information. The toolkit
developed within the BIM4EEB project is composed of different tools as different answers
to different necessities of the renovation process; they are connected to a BIM management
system (BIMMS) (Figure 2).

The BIM Management System platform and different tools developed serve the busi-
ness functionalities. The six BIM-based tools developed are the following:

1. BIM Management System
2. A tool to support decision-making and energy refurbishment assessment
3. A BIM assisted Energy refurbishment assessment tool
4. A human machine interface tool
5. A fast-tracking tool for renovation operations
6. A tool for reducing the survey time

The so-called Digital Logbook has been provided too and was included into the BIM
Management System. It is not a mere BIM tool, but the idea is to digitalize and collect all
the data and information related to the building and contained in a logbook within a CDE
represented by the BIM Management System.
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In the following paragraphs, firstly a description of the BIM Management System
and its principal functionalities are outlined, and then the BIM-based tools developed
are described.

3.1. The Digital Logbook

In the renovation process, different types of information and data are exchanged
between stakeholders contributing to limits such as lack of communication or improper
exchange of information. To overcome these barriers, a digital logbook has been developed.
It can be conceived as building-related information such as energy analysis, maintenance,
and operation, and it can be used as a bilateral tool that allows connecting users and third
parties, fulfilling service companies’ needs and requirements [24,25].

The logbook has been developed in a digital format; hence its name, it is stored
within the BIM Management System, and it could be accessed directly from it. The
particularity and effectiveness of this instrument is dictated by the fact that it is accessible
to all participants of the renovation process, according to different degrees of authorization
owners, inhabitants, designers, facility managers, public authorities, etc. who can access,
analyze, and add information and data related to the specific building.

On the other side in this way, it is possible to have a continuous monitoring of the
information and consequently of the building itself, avoiding inconsistencies between
building operation and building design. In addition, inhabitants will be able to see closely
that which is the design purpose and building performance enhancing comfort, quality,
and productivity.
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3.2. An Open CDE Based on Linked Data

This section describes how different IFC-based tools for different stakeholders among
a building renovation lifecycle can contribute to the realization of a BIM Management
System (BIMMS) to reply to improvements of the renovation research.

In Figure 2, a general overview of the tools composing the toolkit and their relation
is presented. The flow of information from different sources is represented by the arrows
going from left to right, as sources are considered the techniques, the databases, or the pro-
cesses that provide input to the tools. The output from each tool is then uploaded or made
available to the BIMMS through SPARQL (recursive acronym for SPARQL Protocol and
RDF Query Language) queries. File formats are specified for every information exchange.

The BIMMS platform is acting as the data management layer of the BIM4EEB platform
that links, converts, and stores data from heterogeneous data sources in the building
environment. On top of the BIMMS platform, the tools are developed as independent
applications with their respective front-ends (User Interfaces), interchanging data with the
BIMMS platform but also with third-party data sources and applications.

The research compels the formulation of a CDE that acts as a deposit for all the
information and data collected throughout the entire building lifecycle, acting as a single
source of truth (SSOT). The main functions of the BIMMS and its CDE are storing, sharing,
and visualizing BIM models but also managing documents and energy performance data.
All the data is then shared and can be accessed with pre-established rules, and it can be
traceable thanks to the historical records and revisions. As defined in the Semantic Web
technology, all the contents of the CDE will be considered resources using the Resource
Description Framework (RDF). Figure 3, inspired by the work of Curry et al. [26], shows
the proposed approach for the use of RDF resources integrating different data sources. The
proposed solution for the CDE allows the conversion of EXPRESS-based IFC files and other
metadata in RDF, enabling semantic interoperability through the use of a framework of
ontologies [27]. An IFC editor integrated in the CDE is proposed in the BIMMS to make
the process circular, as shown in Figure 3.
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Users can create, view, and download the resources and data stored in the CDE. To
define a resource, users can use a wizard tool that allows them to upload a file, add a
description, and map with other existing resources. The resource can also be integrated
with Linked Data by selecting the domain, properties, and value of one or more available
ontologies in the BIMMS.
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The resource management contains a specific section that lists all the BIM Models
in the project with links to download the original format and in the RDF ifcOWL [28]
or BOT (Building Topology Ontology) [27] ontologies. The RDS files are created by the
BIMMS conversion functionalities and are available to exploit the IFC data in the Linked
Data context.

Another functionality of the BIMMS, related to the Exchange Layer, is the SPARQL
Endpoint, which can receive and process SPARQL Protocol requests [29]. Once the re-
sources are uploaded in the CDE, enabled users can search and filter the information
according to specific data connected to the resource itself. Through the SPARQL lan-
guage [30], the endpoint enables users and applications to query a knowledge base. A
well-formed query can retrieve data across different domains and repositories, allowing
relationships to be made beyond the information available in the BIMMS.

The Ontology viewer allows the transformation into a graphical form of the ontology
data stored into the BIMMS thanks to a web graphic visualization. This way, it will be
easier to see how data are linked together. This tool is useful to explore the richness of
semantic nets and to create graph layouts of resources.

As for the last tool, the Interoperability and Exchange Layer service is used to access
data by external tools, and it works as an interface between applications and the CDE.
REST principles [31] are used to integrate tools and services in the Interoperability and
Exchange Layer Services exposing a set of APIs (Application Programming Interfaces) on
the BIMMS Web Portal under the Endpoints, which are available upon registration on the
BIMMS [32].

There are two different databases which implement the CDE: a relation DBMS (Database
Management System), SQL-based as MySQL, and a hybrid ODBMS (Object Database Man-
agement System) that supports RDFs to triple store as Openlink Virtuoso. Working as
middleware with a hybrid database engine, the chosen triple store platform supports
the semantic web of data and extends, through live linking, the existing data on the rela-
tional DBMS, and, hence, the entity relationships will extend beyond SQL tables to RDF
graphs allowing reasoning and inferences rules performed by Virtuoso Platform also on
MySQL data.

The MySQL DBMS is used as data storage that manages all the 3D BIM Models,
documents, drawings, and data streaming. Furthermore, MySQL manages the website’s
backend with tables and views to manage interface, users, and roles management. The
Virtuoso Platform is used as a storage for linked data resources that are directly uploaded
as RDS, triples creation and modification, geo-linked data store and resource graphs and
ontologies. The platform is configured to enable SPARQL queries through the Virtuoso
SPARQL Endpoint available in the BIMMS Web Portal.

As for the 3D BIM Models, they are stored and shared in the CDE through the IFC
file format. When an IFC Model is uploaded in the CDE, a process will start to parse the
file and store all the items in the MySQL database. Once the model is processed, it can be
viewed by the 3D Viewer and by the Virtuoso Linked Data View definition. The IFC items
as Linked Data are then converted into the two most common ontologies that support IFC
files: ifcOWL and Building Topology Ontology (BOT). The conversion is made through the
open source IFCtoLBD converter [33].

The Virtuoso platform, thanks to the data access drivers, will access tables and views
in the MySQL and will map entities, properties, and values that are linked in the data
graph. Drivers connect both databases acting as a middleware that collects all the data on
external databases without the additional costs of developing a specific data convertor for
every need. This solution, on long-term use of the BIMMS, greatly improves the efficiency
with an expected improved performance on big models’ management since the file is not
parsed on the fly, and it is not necessary to load the whole data before getting the results
of complex queries. Moreover, MySQL can be used both as a file storage and to manage
versioning, permissions, and user management. These charts and views are translated in
RDF thanks to the capabilities of the R2RML module of the Virtuoso Server, a mapping
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language schema from relational data to RDF. Eventually, the BIMMS exposes the Virtuoso
SPARQL Endpoint as an internal Endpoint under the SPARQL functionalities in the BIMMS
web portal.

3.3. Tool for Reducing the Survey Time

Nowadays, many surveying and positioning devices lack interfaces and interoperabil-
ity for collecting the data measured or lack shareable positioning systems. The research
question comes from a necessity to reduce survey time implementing information coming
from the mapping of buildings; a solution investigated is to create an IFC model rich of
information such as hidden installations and materials in the wall directly with survey
instruments helping saving time in the renovation process. The approach followed has been
to be able to use devices and solutions starting from tools and software already available
on the market, but which, in new couplings, can meet the needs of speed, accuracy, and
survey of hidden parts.

This tool created consists of two parts: a sensor-stick and an AR device. The Sensor
stick is developed for scanning the installations in the building and is completed by
Hololens in the hardware part, which allows a virtual immersion. The workflow of the tool
is described in the Figure 4 and starts from a point cloud generation previously acquired
by a laser scanner. The installation inside the walls can be easily detached by sweeping the
wall to cover most of the area using a HoloLens2 headset and manage the menus virtually
at the same time.
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To sum up, laser scanner data and sensors stick data are transformed in IFC Files to
dialogue with the AR-tool; results of visualizing 3D-models in mixed reality were made
by transferring data from scanning into an AR-tool and visualized in a HoloLens device;
geometry and hidden installations were found by the sensor stick combined with the
AR-tool; the generated IFC files have been transferred to the BIM management system.

3.4. A Tool for Connecting BIM Models and BACS

AUTERAS, which stands for AUTomated Engineering of Room Automation Systems,
is a tool designed to manage room automation systems. It allows the creation of schemas
and supports the selection of devices considering the constraints related to connections in
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the system. One of the major functionalities of AUTERAS is the capability of the creation of
VDI 3813-2 compliant room control schematics, i.e., the tool allows the creation of a schema
representing the devices, their roles, and their interaction in a technological-neutral and
vendor-neutral specification.

Users are guided through the creation of room schematics thanks to a knowledge-
based requirement tool that can support the choice of functions according to the context of
the system. The schema is then generated and can still be modified manually by the user.
At this stage, AUTERAS optimizes the schematics into room automation system designs.
Considering the previous step, the model now includes the mapping of function blocks into
real devices’ functions and connections. A device database collects information about real
devices’ parameters in a machine-readable way. Data are stored in RDF format. The tool
has a client interface which carries out calculations to external servers and communicates
with BIMMS through the REST (Representational State Transfer) API [34].

3.5. A Tool to Support Decision-Making and Energy Refurbishment Assessment

The ability to measure savings made in terms of energy, money, and other factors
such as CO2 can be invaluable in proving to people and businesses the benefits of energy
efficient renovation of their buildings. BIM tools can ease the process of demonstrating
positive effects of renovation operations, and, linking with other datasets, can make the
design stages more efficient.

The proposed toolset contains several distinct intuitive applications that will allow the
user to: (a) find recommended positions for HVAC, lighting, and other devices; (b) analyze
data from sensors, energy bills, and other sources (weather, for example); (c) manage the data
that they have on the above and create new data sets that they can share with other tools.
The structure of the tool, named BIMcpd, divides into three interconnected components, i.e.,
“c”—Constraint Checking; “p”—Performance evaluation; “d”—Data Management.

These tools were designed to ensure minimum complications for the user while maxi-
mizing the outputs of each tool. The constraint checking tool (i.e., “c” part) is designed
to include as many references to building regulations as possible, and calculations were
made using recommended guidelines. The performance analysis tools (i.e., “p” part)
were split into two separate modules: (a) data viewer—for viewing data uploaded in the
data management module and apply outlier detection methods to the data; (b) Measure-
ment and Verification (M&V)—for creating a baseline model of the building prior to the
implementation of Energy Conservation Measures (ECM’s) or building renovation, and
comparison post-work and the creating of a reporting period model to calculate energy
and other savings, in addition to applying non-routine adjustments to the reporting period.
The data management tool (i.e., “d” part of the BIMcpd toolset) is designed to reduce the
time consumed in data entry; it allows users to map data uploaded to our database schema
and make the data immediately useable in the performance analysis tools.

The focus of the Constraint Checking Tool was the extraction of information from an
IFC file (e.g., demo-site BIM model) and comparing it with data stored in the tool database,
which will allow the values from the model to be checked to ensure they are compliant
with existing building codes, such as fire or lighting regulations. The main output of that
would be an on-screen (exportable) report which will highlight where the BIM model does
not comply with the regulations and why it failed, for example: fire doors not compliant
with those specific countries’ building code.

The Performance Evaluation Tool is following with the Measurement and Verification
(M&V) process and principles [35], while allowing data uploaded by the user to be mod-
elled. A baseline model can be created (prior to the renovation work being carried out),
and a reporting period model can be created (after the renovation work is carried out).

In the Data Management Tool, data model type is chosen by a user, with Simple
Linear Regression (SLR), Change Point Regression (CPR), and SLR/CPR with Filtering.
Data can also be viewed independently (i.e., not modelled with other data) and displayed
in a variety of formats. In addition, data can be manipulated, such as data filtering and
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outlier identification. Non-routine adjustments [36] can also be applied to the reporting
period model, allowing users to indicate a change in circumstances between the baseline
and report modelling periods (such as change in occupancy of the building). All data
uploaded in this Data Management Tool are accessible in the Performance Evaluation
Tool mentioned above. The data is saved to a MySQL relational database consisting of an
extensive list of potential data types, which will allow a large variety of data to be saved,
thus future proofing the tool. Data tags are provided to be applied to all data uploaded
into the database; for now, this is consisting as the list of ∑229 data tags [37]

The BIMcpd toolset consists of a responsive web-based software application con-
structed on the Bootstrap 3 Framework and includes a secure user registration/login
system. The tools developed in the BIMcpd set will include PHP, JavaScript, jQuery,
Python, MySQL, and JSON.

3.6. A BIM Assisted Energy Refurbishment Assessment Tool

Dealing with renovation, there is a need for the performance-based building design
during the early phases of the design, when important decisions are made according
to costs and performance to guarantee owners’ and users’ satisfaction and the quality
of design. Concerning the energy performance aspect, generally a dynamic simulation
coupled with the BIM and detailed information about technical building systems are
used. A BIM-assisted scenario simulator has been integrated to support energy-related
decision-making in a retrofitting process when the enriched BIM models are available.

The developed tool, namely BIMeaser, is an early-stage design tool aiming at validat-
ing design scenarios [38]. Due to the connection with commercial simulation tools, energy
requirements and indoor environmental conditions can be easily evaluated and optimized
describing different scenarios. The workflow of this tool starts from the BIM Management
System which provides the building model for the energy simulation (Figure 5). Then, this
model can be imported in the BIMeaser web application, hosted on the web server Apache
Tomcat, and validated according to sets of energetic, comfort, and economic indicators.
Models can be enriched through the integration of data from national renovation measure
databases. The results of the analysis are stored in triple stores so that they return to the
BIM Management System.
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The tool allows a precise build-up of the models and scenarios thanks to the integration
with the BIM Management System. On the other hand, the accuracy of the tool is related to
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the quality and precision of the BIM models submitted. If a model lacks information, or if
such information is distant from reality, the results would be incoherent with the results of
the design process. Moreover, the required time for the simulations may vary according to
the quality issues of the models.

3.7. Human Machine Interface Tool

Renovation operations, unlike traditional new construction processes, take place in
existing buildings, which are usually occupied. This creates a need for a tool for communi-
cation between tenants, building owners, and the other stakeholders of renovation.

BIM4Occupants, the proposed solution, is designed to tackle the issues of communi-
cation between building occupants and renovation stakeholders as it offers a web-based
platform for these two parties. As the other tools in BIM4EEB toolkit, the information
sharing layer is based on Linked Data technologies using, among the others, the Digital
Construction ontology suite (DICO) [39], developed for BIM4EEB.

The main focus of the tool is the role of occupants as primary actors of the construc-
tion process: As users interact through the platform, designers can capture needs and
requirements of building users in order to plan activities, exchange safety alerts, and report
alteration to the schedule or other issues. Two different versions of the application are avail-
able: one for building occupants and one for building owners. These two versions reflect
the role-based framework of the BIM4EEB toolkit, ensuring both high-quality information
and privacy for the operators.

3.8. A Fast-Tracking Tool for Renovation Operations

Communication and collaboration problems in renovation operations also involve
designers and constructors, as existing buildings are characterized by more risks, different
logistical requirements, and, possibly, more conflicts. Static planning of works made by
different actors of a construction site can easily generate clashes if not well coordinated,
revealing themselves inefficient.

The proposed software solution is a web-based tool for the fast track of renovation
activities in housing buildings. The tool is designed to support communication of sched-
ules and activities on a georeferenced basis, allowing stakeholders to understand better
when and where activities are planned. The workflow is designed according to the Lean
Construction principles [40].

In its application, this tool uses BIM models to define work locations. Since the BIM
models are recalled from platforms of the toolkit, it is possible to coordinate the tools and
inform occupants or other users about activities and safety issues. Thanks to the tools,
contractors are able to schedule activities on site in specific places, thanks to the work
locations, which are specific to individual tasks. In this way, it is possible to track timings
and issues of any task by location, resulting in a precise control of the work progress and
eventual deviations.

BIMPlanner is the name given to the result and has a browser-based interface with
data stored in a graph database in RDF format according to DICO [41] and ifcOWL ontolo-
gies [42].

4. Discussion

The introduction of vendor-neutral software solutions to traditional renovation pro-
cesses of residential buildings represents a challenge as new technologies such as Linked
Data have limited application in the real environment. Typically, construction companies
struggle to adopt new technologies, hindering the innovative potential of such tools. For
these reasons, it is important to monitor the real use of developed tools in real environment,
in order to highlight strengths and weaknesses of innovative software solutions.
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4.1. Demonstration Sites

The BIM Management System and the developed tools will be validated in three
demonstration sites—Italy, Poland, and Finland—representing common building types in
their areas. In addition to being placed in different climate areas, they have different build-
ing construction technologies, and they are in a socio-economic and culturally different
context, as well as they have different objectives within the project. In Italy, the demon-
stration site is in Monza, a town in northern Italy. The residential building, belonging to
the public housing managed by the partner ALER VCMB (ALER Varese-Como-Monza e
Brianza-Busto Arsizio), has 9 floors with a total of 65 apartments, and it has been built in
1978. Polish demonstration site placed in Chorzow, a town in the southern Poland, covers
5 floors with 12 apartments and 3 areas, on the ground floor, for commercial purpose, and
it was built in 1902. Finally, in Tampere (Finland), the third pilot site is located. It is a
residential building built in 1998 and owned by YH kodit characterized by two buildings
with 5 floors and 52 apartments.

In the Figure 6 below, the three demonstration sites are represented.
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To test and validate the developed toolkit, tools will be applied to each demonstration
site as indicated in the Table 1.

Table 1. Tools application on demonstration sites.

Demo Site BIM Management
System (BIMMS)

Fast Mapping of
Buildings Toolkit BIMeaser BIM4Occupants AUTERAS BIMcpd BIMPlanner

Italian x x x x x x x
Polish x x - x x x -
Finish x x x - - - x

4.2. Testing and Validation

For the testing and validation purpose, various sensors were installed in specific
apartments and rooms depending on residents’ availability, diversification due to their
exposition, and the technical condition of individual apartments, to monitor:

• Thermal and visual comfort such as temperature, relative humidity, occupancy, lumi-
nance;

• Indoor air quality, i.e., CO2;
• Electric power consumption, i.e., electricity meter;
• Gas consumption, i.e., gas meter.

It was established to install hardware in demonstration sites and a relative hardware
topology to address the requirements mentioned. Furthermore, to collect sensors data, a
system gateway, chosen due to its capability of integrating several sensors and devices
systems, was introduced, and, thanks to the connection to its API, the related information
will be gathered within the BIM Management System.

After the installation of sensors and gateway, the level of achievement of a specific
objective by a tool will be examined with respective KPIs (Key Performance Indicators).
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Among the categories in which KPIs are divided, there are: Renovation Process KPIs,
Energy Performance KPIs, Human Comfort KPIs, Economic Performance KPIs, Social
Related KPIs, Environmental and Safety KPIs evaluating objectives and stakeholders’
requirements fulfillment.

5. Conclusions

The paper presents the results related with the development of an interoperable
BIM-based toolkit for efficient renovation in buildings.

Building renovation and its connected issues have been presented, and different BIM-
based tools have been proposed as solutions to these. The research has been conducted
within the context of an ongoing Horizon2020 project, namely BIM4EEB, with the aim to
enhance the building process and especially renovation interventions.

Nowadays, there is a strong need to renovate buildings, making them more efficient
and more comfortable places where people can live, while also progressing towards the
EU objective of decarbonization. BIM-oriented digital tools are seen as the most effective
solution for the typical communication and information exchange issues of construction.

The research project gives a contribution to overcome renovation barriers proposing:
a tool to speed up the building survey, a tool designed to support the decision-making
process enabling the assessment of several energy refurbishment design options; an ap-
plication for owners and inhabitants to understand their comfort related preferences and
non-preferences in building conditions; a tool to improve the HVAC-design, operation
and, efficiency management, a tool for fast tracking the renovation activities; an open
and interoperable platform to collect data from the other tools and share information
between stakeholders.

The developed BIM-based toolkit innovation is related with the adoption of an open
interoperable framework which allows the improved exchange of data among the tools
and among the stakeholders involved in the different stages of the renovation process.

Information exchange between the tools is based on a set of ontologies developed for
renovation and aligned with the most used in AEC, designed for enabling semantic inter-
operability.

In the future months, the BIM-toolkit will be applied to real and relevant renovation
scenarios to validate the proposed methodology. The application of the toolkit in the
Demo Cases is useful not only to test the functionalities of the tools, but also to show their
applicability and receive a feedback from interested stakeholders.

The developed toolkit can be used in the future for managing renovation works on
the relevant number of buildings, built in the last century, that need to improve their
performances and quality. The specific interoperability features of the developed toolkit
will give a contribution to improve the exchange of data among the different stakeholders
involved in the specific stages of the renovation process.
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