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Abstract. Insulation materials represent the first and most important improvement measure when
refurbishing residential buildings. Materials, however, differ on a wide set of criteria (e.g.
functional, environmental, economic). It remains difficult to find trade-offs between these
criteria in collective decision-making processes about the choice of renovation materials.
Together with energy collectives and construction engineers, homeowners hence seek to find
solutions that balance engineering evaluation methods and consumer preferences. This problem
is addressed by the platform ROTUNDORO, which introduces a prototype online platform for
engineers to simulate the effects of different material choices considering multiple criteria.
ROTUNDORO relies on Building Information Modelling (BIM) and Linked Building Data
(LBD) to link material performances to building components, which are then assessed and
visualised in design performance scenarios. To verify these design scenarios, their potential
market adoption is visualised inside the platform to show the probability of acceptance by the
homeowners. The calculation of this probability of acceptance is based on consumer research,
backed by the results of a Stated Choice Experiment (SCE) conducted amongst 500 Dutch
homeowners, to investigate preferred choices between insulation material packages. Our findings
reveal a high willingness of the studied population to invest in energy refurbishment. Reducing
CO, emissions and noise levels as well as improving comfort is just as important as financial

savings.3 4°

1. Introduction

The European Union aims to facilitate a ‘Renovation Wave’ for buildings across Europe (EU Green
Deal). The residential building sector in the Netherlands is targeted by this transition and asks
homeowners to refurbish their homes to achieve national ambitions [1]. Refurbishing homes is however
a complex process. It includes multiple decision-makers with different motives and multi-criteria
objectives. While economic feasibility demands fast payback time to create attractive investments for
the building owners, the climate goals demand policymakers and construction engineers to implement
environmental design guidelines to reach long-term climate targets [2][3]. Insulation materials represent

3 This paper is based on the master thesis by J. Kaltenegger written at the Eindhoven University of Technology.
https://pure.tue.nl/ws/files/191447768/Kaltenegger 1337602 combi CME USRE Vries d Arentze.pdf
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the first and most important improvement when retrofitting homes. Especially building envelope
insulation represents the thermal layer that defines the indoor thermal behaviour by responding to the
outdoor climate. Choosing insulation materials includes a wide set of requirements that considers the
whole life cycle of a building and contributes to a large extent to both operational and embodied impacts
[4]. To date, the challenge is to identify trade-offs between insulation characteristics, particularly in a
participatory design and decision-making process [5][6].

1.1. Design tools and construction engineering motives

Construction engineers and technical consultants use multiple methods and software to assess building
and refurbishment scenarios. There is a range of simulation tools that offer holistic sustainability
assessments, including energy consumption, Life Cycle Assessment (LCA) and Life Cycle Costing
(LCC). Non-graphical tools (e.g., GPRGebouw®) have the advantage of using certified LCA data from
the Dutch National Environmental (NMD) Database’ but often lack visual representation of design
scenarios in the form of charts or even 3D models. The Building Information Modelling (BIM) method
in combination with advanced simulation tools enables the graphical representation of results (via tools
such as OneClickLCA, Tally, customized Visual Scripting and various other 3D energy simulation
solutions). However, these solutions seldom include certified information about local building materials.
Hence, more integration of such data is needed. Several studies point out the inconsistency and poor
accuracy of data merging between element geometry and external data sets. There is furthermore a risk
of data loss when working with cross-platform data [7][8].

International standards therefore recommend using Common Data Environments (CDE) for
managing, exchanging and organizing building information (ISO 19650). CDEs are “‘the agreed source
of information for any given project or asset, for collecting, managing and disseminating each
information container through a managed process” (1SO 19650-1, page 3.3.15). Yet, they currently
rarely include externally hosted data (e.g. material databases), other than sometimes using local copies
of files which risks files being out-of-date. Innovative technologies such as semantic web technologies
in the architecture, engineering and construction (AEC) industry introduce the Linked Building Data
(LBD) method. It uses the single source of truth (SSOT) approach for information and connects data
points from multiple domains with each other [9]. The quality of the data is kept live and up-to-date and
the data structure is shared using schematic documentation and standard classification schemata.
Ontologies, such as the Industry Foundation Classes (IFC), help to connect data of any sort, for instance,
digital building components such as insulation layers with related material characteristics (cost, carbon
impact and thermal resistance). Such structured live data is expected to allow better decision-making,
also for the analysis of refurbishment scenarios.

1.2. Decision making and homeowners motives

The homeowners’ preferences and consequentially the willingness to pay for the engineering solutions
are often left out in refurbishment software and design support tools. Behavioural economics and
environmental psychology [10][11] distinguish a number of motives for end-users (such as
homeowners) including financial, environmental, comfort-related, that underly decisions to invest in
energy efficiency measures. Pro-environmental actions can be encouraged by appealing to these motives
and understanding to what extent people are ready to trade-off some attributes of renovations for the
other. Trade-off scenarios can be studied by preference modelling. Multi-Criteria Analysis (MCA) and
Analytical Hierarchy Process (AHP) methods propose decision support systems that include
homeowners’ criteria weighting at the very beginning of the process [12]. However, guiding the
decisions solely according to the homeowner’s motives risks an exclusion of a holistic sustainable
assessment. Multiple quantitative studies examine end users' preferences in choice situations that include
trade-offs on energy, carbon, cost and comfort criteria. Revealed or Stated Choice Models (SCM)
suggest that while the financial component often dominates the choices, energy, carbon and comfort
attributes become increasingly important. Ways to encourage pro-environmental behaviour show

® https://www.gprsoftware.nl/gpr-gebouw/
" https://milieudatabase.nl/an-introduction-to-the-nmd/
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success in information sharing [13]. A strong focus on inclusion and informing end-users is also shown
in decision support tools. Applications developed in practice however tend to focus on qualitative rather
than quantitative consumer engagement.

1.3. Research Gap and Objective

The harmonization of the construction engineering and behavioural methodologies within one decision-
support platform is scarce in practice. When engineering performance results are not clearly
communicated as a basis for evaluating consumer preferences, a risk of not meeting the expectations of
the homeowners arises, resulting in possible disappointment with the solution. To this end, a platform is
missing that includes construction engineering design assessment methods and a consumer preferences
model that accounts for the acceptance of the solutions for the end users. Our aim in this research is
therefore to design a web-based decision support platform for sustainable refurbishment projects that
brings together engineering evaluation methods and consumers’ preferences assessment. The resulting
ROTUNDORO [Latin: circular] platform is designed to semantically enrich building models with
insulation material information, to find optimized decisions based on an equilibrium in engineering
evaluation methods and consumer preferences. The prototype platform is developed to support
homeowners’ investments in building envelope insulation, but can be extended for other user groups
and other renovations.

2. Methods

Building ROTUNDORO requires three main steps. Firstly, the web-based assessment platform itself
needs to be built (Section 2.1.). Secondly, a use case is defined, and refurbishment scenarios are
analysed. Material performance assessments are executed using the LCA method, cost and comfort
assessment (Section 2.2.). Finally, the consumer research is built upon the results of the use case and
applies the SCM to explore the market potential of the refurbishment solutions (Section 2.3.).

2.1. Web-based assessment platform

The targeted platform is ideally web-based and aims to follow the LBD principles documented in the
introduction. In particular, the LBDServer is used as it engages engineering BIM practice with semantic
web technology (developed by Ghent University, Version January 2020). The LBDServer provides a
decentralized communication platform that enables engineers to upload digital IFC models, transform
them into Resource Description Framework (RDF) graphs and expand them with other relevant data.
Users can then query the RDF data using the integrated query language SPARQL [8]. The contribution
of the current research is to design a user interface (UI) and external database (DB) to expand the query
functionality (see architecture in Figure 1). Digital building parameters in the RDF graph are linked to
interdisciplinary data (e.g. external material properties) in multiple web-based data sources. The
collected data can then be processed in the ROTUNDORO platform through an algorithm that computes
simulation results, depending on user queries.

From the LBDServer, mainly the Application Programming Interface (API) and graphDB are re-
used, using the Model View Controller (MVC) pattern (central in Figure 2). The backend builds upon
NodelJS, MongoDB and graphDB to host diverse data. The newly designed frontend and DBs are defined
with functional user and system requirements and visualised via Unified Modelling Language (UML).
JavaScript is used to develop an interactive and responsive Ul in the React framework. The database
structure is established using MySQL Workbench. Entity-relationship Diagrams (ERD) are used to
create logical data connectivity between the digital building model and material, LCA and costing DBs.
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Figure 1. ROTUNDORO system architecture

2.2. Use case and comparative material analysis

The Dutch Terrace house (Rijtjeshuis) constructed in 1965°s to 1975’s represents 9% of the Dutch
residential building stock. The as-is performance shows poor insulation for walls and roofs, low thermal
comfort, and high energy costs [14]. The goal is to refurbish the building envelope insulation while
considering a holistic sustainable design process. Two insulation packages P1 and P2 (including wall
and roof insulation) are analysed with several material scenarios M1, M2 and M3, see Table 1.

Table 1. Refurbishment package and use case studied System boundaries

Functional Package 1 (P1) Package 2 (P2)
Equivalent
What? Minimum building envelope thermal Medium building envelope thermal
improvement. (M1.EPS/M2.Glass wool) improvement. (M1.Glass wool/M2.Rock
wool/M3.Wood fibre)
How much? Wall and roof ins. cavity injection. Wall and roof ins. second layer inside.
- Wall insulation thickness 6 to 8 cm - Wall insulation thickness 14 to 16 cm
- Roof insulation thickness 8 to 16 cm - Roof insulation thickness 22 to 26 cm
How well?  Energy Label C-B. Energy Label B-A.
- WallRc 1.7 - WallRc 4.0
- RoofRc2.5 - Roof Rc 6.5
How long? 10 years 10 years

Firstly, a comparative material analysis has been conducted that investigated fossil, mineral and bio-
based materials regarding their environmental, economic and comfort-related performance. LCA data
has been derived from the Dutch NMD (version 2.3), material cost as well as comfort and health-related
data from Dutch insulation manufacturers. To create trade-off scenarios, comparable materials were
selected and applied to the use case: EPS, glass wool, rock wool and wood fibre. Secondly, a use case
building was modelled in the BIM software Autodesk Revit (in native and IFC format). The operational
energy, carbon and cost performance for the as-is (base model), P1 and P2 were analysed. The heat load
demands per scenario were conducted in VABI (following the NTA8800) and used to calculate Primary
Energy, operational Carbon and Energy Label [15]. The BIM model of the use case building was
executed in Level of Detail (LOD) 300. The Dutch national construction nomination (NL-Sfb) was used
to define the building element layer. For each improvement scenario the material information was linked
to the digital building model, and embodied carbon and investment cost impact calculation was
performed, see equation (1) and (2) [4][7].

2

¢ 2)=3x = 2 (D
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where: = Carbon emissions emitted per building element (kgCO2eq); = Global Warming
Potential (Embodied Carbon impact value) per  ?of a building material; = Building element total
quantity in 2. Taking the sum ¥ ( ) allows to use multiple materials within one Building
Element (BE).

©=3( & ( )+ @)

where: = Total investment costed per building element (€); = Material Cost in € per 2ofa
building material; = Building element total quantity in  ?; = The construction cost per
package and chosen specific measure. Taking the sum Y ( ) allows to use multiple materials

within one Building Element (BE).

2.3. Consumer preferences and trade-offs

The hard data comparison between materials enables insight in differences in their environmental and
economic performance. This section focuses on the consumers’ willingness to invest in these
performances as defined in the renovation packages earlier.

2.3.1. Conceptual framework

We study preferences of homeowners for different insulation materials, by analysing to what extent
homeowners make trade-offs between various attributes of insulation when refurbishing their homes.
The model is based on a random utility framework [16], the data are gathered with a SCE. In this method,
a participant is requested to repeatedly choose between two hypothetical insulation packages. These are
constructed as combinations of multiple attributes (e.g. investment cost, energy savings, comfort
improvement, etc.), whereby each attribute can take in several levels. By offering the respondents a large
number of different choice situations, the relative importance of each attribute can be derived
statistically. The standard multinomial logit (MNL) model is used to analyze the choices. Equation (3)
defines the utility of a package as a sum of utilities from a fixed number of attributes performing in
different levels. Equation (4) defines the probability to choose specific package j when the choice set
includes J different packages as well as no refurbishment. This probability can also be interpreted as the
share of the studied population that chooses for package j, for this reason we will call it later ‘the market
potential of a package’.

= + =3 Dk 3

where: is the Utility for an alternative package for person m; 1is the Structural (deterministic)
Utility when choosing alternative package ;  is the Error component for person m choosing
alternative , it is assumed to follow the standard Gumbel distribution. Further, is the level of the
attribute of alternative package ; is the utility weight for

= 4)

where:  is the probability that the analysed alternative is preferred over all other alternatives as well

as no refurbishment; is the exponent of the structural utility of the observed alternative ; 1S
the exponent of the structural utility of no refurbishment

2.3.2. Choice experiment

The experiment that aims at revealing the participants’ preferences for different insulation packages is
administered via an online platform and offers participants five choice tasks, each including three
alternatives: two refurbishment packages, and the option not to refurbish. Table 2 reports the attribute-
level table used in the SCE. The level definitions per attribute are the corner values resulting from the
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use case performance. The choice tasks presented were constructed from the universe of all possible
attribute-level combinations, using the fractional factorial design [16].

Table 2. Experiment Design, Attribute and Levels

Attribute

LO

L1

In which way will
insulation be installed?

What does it cost?

How much can be saved on

the energy bill?

How much CO2 can be

saved yearly?

How well does insulation
reduce street noise?

Does insulation improve

comfort?

Injected into the existing wall
and roof, from the outside

One-time 2500 euro

Annually 300 euro (this makes
1800 euro after 6 years and 3600
euro after 12 years)

400 kg (equivalent to the effect of
planting 20 trees)

Fair (25% less)

NO, there is only energy use
reduction

Extra inside wall and inside roof (15 cm
thick) with insulation plate behind it

One-time 3500 euro

Annually 500 euro (this makes

3000 euro after 6 years and 6000 euro
after 12 years)

800 kg (equivalent to the effect of
planting 40 trees)

Good (50% less)

YES, the draught in the house
disappears.

3. Results

The system design of the platform (Figure 2) enables engineers to upload their as-is building model,
create refurbishment packages and assess energy performances, LCA and cost analysis in multiple
interfaces. The semantic data is communicated via the platform per user request. The final part of the
platform, the market potential, shows the performance of the packages in terms of consumer preferences.

Life Cycle .
My Project Ref. Parckage Energy Assessment Costlng Markgt
design Performance . Calculation Potential
Calculation
[ t t 4

H —— AsisBm

Y

Interface

ROTUNDORO

f

Semantic Data

Improved Design
scenarios

v ¥ ¥ ¥
Building product Policies NMD Costing Consumer
data manufacturer preference

Figure 2 System Design ROTUNDORO

3.1. Web platform ROTUNDORO®

Results of the web application implementation show that semantic enrichment of BIM has the potential
to interlink interdisciplinary data and design evaluation methods. The LBD method provides a
framework to create design scenarios and to updated their performance in real-time. Design comparisons
can be established more easily and dynamically visualised to the clients based on the 3D digital building
model. BIM-based design evaluation can be executed by linking multiple data sources with BIM models.
It requires accurate modelling skills including simple geometrical components with basic parametric
information. Furthermore, databases proved to be difficult to access from the web, as no direct access

8 ROTUNDORO introduction video: https://www.youtube.com/watch?v=0utQq3 Y DrDI&t=8s
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key or public API was available. Databases were built in MySQL and combined with the BIM model in
the ROTUNDORO platform. The calculation algorithm for the refurbishment package and energy
simulation is successfully implemented in the frontend of ROTUNDORO (React.js) and aligned to the
use case.

3.2. Use Case Result

The ROTUNDORO platform was tested using our use case building and sample refurbishment material
packages. Results show that both tested packages reduce gas consumption. The expected gas saving for
Package 1 (P1) is 17% and for package 2 (P2) is 27%. Lower gas consumption implies a reduction of
CO; emission. The operational CO» saving is at 10% and 15%, respectively. The energy bill is reduced
by 200€/yr and 300€/yr, that equals a cost saving potential of 17% and 27%. Package P1 and P2 differ
in the installation methods. EPS and Glass wool are injectable while Rock wool and Wood fibre can
only be placed as second layer inside. Bio-based and mineral-based materials perform best in embodied
impact and health criteria, however, are more expensive. Fossil fuel-based materials, such as EPS, have
the highest life expectancy and are relatively cheap. Each design package (P1.M1, P1.M2 and P2.M1,
P2.M2, P2.M3) yields slightly different performances. The market potential derives from these
performance. This way, the user of the tool is stimulated to make holistic comparisons.

3.3. Consumer Preferences and Market Potential

In terms of the market potential, or in other words, the willingness of end users to choose for a specific
refurbishment package, the experiment was successfully performed in the summer 2021 and run in
collaboration with three Dutch energy collectives 040energie, Best Duurzaam, HIER opgewekt. Nearly
500 participants contributed and shared their preferences. Findings revealed that the studied population
shows a high willingness to invest in energy refurbishment. The CO; reduction, noise reduction and
comfort improvement show equally large and statistically significant weights. From the estimated
coefficients, possible trade-offs between attribute definitions can be derived. A homeowner would
choose the reference package (where all attributes have L=0, see Table 2) because the option not to
refurbish has a significant negative effect. Also, a homeowner dislikes a second wall inside, shown with
a negative effect. Only when the environmental and comfort improvements increase to the higher levels
(CO,, noise, and comfort), then the second wall inside is accepted by homeowners. These insights were
applied in the ROTUNDORO platform to the use case, and suggest that injectable insulation materials
with higher energy reduction level have the highest attractiveness for homeowners, closely followed by
low carbon and noise reducing materials.

4. Conclusion

This study introduces a prototype for web-based platform for enabling collective decision-making
processes in the context of the European renovation wave. The potential in harmonizing engineering
methods and consumer research has been verified by the users. Besides energy savings, in our study,
homeowners find carbon reduction and comfort improvement equally important. The use of LCA for
operational and embodied impact assessment along the design process can be encouraged by free-to-use
LCA data and user-friendly assessment tools. A conscious material selection is enabled that potentially
leads to higher levels of adoption and diffusion of renewable and low impact building materials. A free-
to-use (or at least accessible) data policy in compliance with classification schemes is required. Future
research should include upscaling of such refurbishment solutions to a neighbourhood level, clustering
target groups by building typology and impairment, refurbishment goal and socio-demographic
characteristics.
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