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Abstract: The manufacturing and construction
industries face new sustainability regulations to reduce
the environmental impact of products. Customers are
also becoming increasingly interested in the
sustainability evaluation of products. Thus, the use of
environmental product declarations (EPDs) has steadily
risen in companies as the preferred life cycle assessment
(LCA) tool. These new demands for information
transparency challenge companies that use configurators
to support the further development of product
specification activities to include such information.
Given that the sustainability assessment of products is so
new, guidance on how to integrate LCAs in general and
EPDs in particular in configurators remains lacking.
This study adds to this knowledge using an action
research methodology. Specifically, this study uses
literature to develop a framework for supporting the
development of product configurators that include
environmental assessment information for different life
cycle stages. This proposed approach is tested through
collaboration with a building construction company. The
findings show that the proposed framework can support
the development of a configurator that generates product
design alternatives with information on their
environmental impact.
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1. INTRODUCTION

Product sustainability is an extensively discussed
topic that is gaining even greater attention in research
and for both customers and companies. Customers are
calling for greater transparency and additional
information on the sustainability of the products that they
are willing to purchase. Moreover, new laws and
recommendations are being enforced to induce
companies to achieve better environmental, social, and
governance (ESG) outcomes. To meet these new
requirements, companies need new sustainability
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assessment tools that can encourage customers to select
more sustainable solutions.

Manufacturing and construction industries generally
use life cycle assessment (LCA), one of the most adopted
methodologies for quantifying environmental product
performance, to create environmental labels and
declarations [1]. Environmental product declarations
(EPDs) are verified, objective and transparent reports
developed for communicating a product’s environmental
impact at each stage of its life cycle in accordance with
ISO 14025. One of the most significant advantages of
EPDs is the comparability of its results across different
companies. This is made possible by product category
rules (PCRs) that determine the category-specific
requirements for performing an LCA [2].

Although the issuance of EPDs has risen in various
industries, the building construction industry pioneered
them. This seems rightfully so, because, according to the
United Nations (UN) Environment program, the building
and construction sector is one of the most polluting
sectors, accounting for 38% of all operational energy-
related CO, emissions [3]. Therefore, governments are
continuously implementing new laws and regulations,
such as a statutory maximum average COz-eq emission
per m? per year across the life cycle of new building
construction [4].

One potentially relevant technology in this regard is
configurators, which have been highly beneficial in
supporting the customization of products. Specifically,
companies have been using configurators since the late
1970s to enhance specification processes such as design
and engineering, production, and sales. The use of
configurators has led to substantial benefits such as
shorter lead times, improved specification quality, fewer
errors, resource reduction, and improved product design
[5]-[8]. However, research on configurators as
sustainability assessment tools is limited, and in
particular, research that argued for the feasibility of
configurators for sustainability assessment is non-
existent.

To address this literature gap, this paper presents the
framework we designed for developing and



implementing configurators that assess and report LCAs.
This paper also discusses the test we conducted to
determine the usefulness of the proposed framework
through action research [9].

This paper is structured as follows. In Section 2, we
review the literature on which we based the framework.
In Section 3, we describe our methodology for designing
and testing the framework. In Section 4, we present our
findings from the case study that we conducted as part of
our action research methodology. In Section 4, we
discuss the findings. Finally, in Section 5, we conclude
this paper.

2. LITERATURE REVIEW

2.1. Life cycle assessments

Sustainability is often described as the confluence of
three distinct dimensions (environmental, social, and
economic), disregarding the fact that these dimensions
are not equal in significance. The environmental
dimension should be regarded as the central dimension,
as socioeconomic elements are directly dependent on it
[10]. The sustainability assessment of products,
particularly customized products, is an emerging topic
that is steadily gaining attention from academics and
industry practitioners. Studies [11], [12] have been
conducted on the assessment and quantification of the
sustainability aspects of the mass customization of
products using LCA methods.

However, digital tools for sustainability assessment,
particularly configurators, have been scarcely developed.
Within this context, attention has been focused on
offering sustainable options through the user interface,
which very few configurators currently have [13]. Based
on a case study, Bakas et al. discussed how sustainability
information could be integrated into the customer’s
decision-making process [14]. Likewise, Medini et al.
proposed a mathematical model for integrating
sustainability considerations into configurators that can
be presented on the configurators’ interface [15], [16].
Wang et al. proposed a graphical approach to mapping
simple customized products on an ontology model for
the same purpose [17]. However, these approaches are
outside the ISO standards for LCA methods.
Consequently, Wiezorek et al. proposed a new
configurator architecture for sustainability integration
guided by LCA ISO standards, which include a
complementary sustainability assessment interface fed by
additional life cycle databases [17].

This paper differs from past studies in its use of a
certified and standard ISO approach based on the
automation of EPDs. Moreover, this study adopts the
existing structure of configurators to integrate case-
specific sustainability information.

2.2 The Product Variant Master technique

The product variant master (PVM) technique is often
applied when developing configurators to capture and
discuss knowledge from domain experts [6]. There are
different definitions of the PVM notation, one of which
is by Haug [19]. Based on this definition, Fig. 1 shows
an example of this technique for a “toy car.” The figure

shows that the left side describes the aggregation (part-
of) structure, whereas the right side describes the
specialization (kind-of) structure. Under the parts,
attribute values and rules, as well as constraints, are
described.
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Fig. 1. Example of the PVM technique [19]

PVM can be used as a data collection and
communication tool that structures product knowledge to
enable discussions on the model. Such formalized
knowledge can later be integrated into the configurator.
This is illustrated in Fig. 2.

Product Variant Master (PVM) model
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Fig. 2. Transwl-ation of knowledge from the real world to
the configurator model. Adapted from [20].

3. AN LCA CONFIGURATION FRAMEWORK

Dealing with LCA knowledge can be a complex task,
and as mentioned previously, it is hardly known how
such knowledge can be automatically applied using a
configurator. To address this gap, we propose the use of
an information model to converge traditional product
knowledge and the new environmental parameters. More
specifically, we suggest the use of the PVM technique
that maps the knowledge from domain experts in an
ontology model.

As illustrated in Fig. 3, to consolidate environmental
information, some requirements must be met.
Specifically, it is essential to determine the objectives for
integrating environmental aspects into configurators.
This process requires defining the environmental
configurator  goals, choosing an environmental
assessment methodology, and defining the system
boundaries. We argue that there can be two main drivers
of the integration of environmental aspects into
configurators: (i) the increased product value perception
of customers and (ii) the automation of environmental
quantification. If the main objective is to guide the
customer towards more sustainable choices, an arbitrary
sustainability score methodology can be selected, as
Wang et al. proposed [17]. On the other hand, if the
objective is to provide reliable environmental

20



measurements, an LCA approach is necessary according
to the standard 1SO 14044 [21].

Finally, the quantification of environmental
measurements must be defined through the
environmental unit. Each EPD standard includes a list of
environmental units associated with a particular PCR.
Two factors strongly influence the choice of an
environmental unit: (i) legislative considerations and (ii)
information accessibility. With regard to legislative
considerations, new laws and recommendations are
progressively coming into play that enforce the
computation of environmental indicators and directly
define the required unit of the environmental impact
indicator.  Concerning  information  accessibility,
sustainability information on manufactured products,
which is often limited and disconnected, is expected to
expand and thus, give customers more choices on
account of the new environmental approach, as has
already happened in the building construction industry.

Establish aims and goals
Determine the purpose of the

environmental assessment

Define system boundaries
Specify environmental assessment
methodology

Set measurable targets
Define environmental
assessment unit

Fig. 3. Framework for integrating environmental
knowledge in configurators

LCA knowledge can be described in the PVM
technique according to three data types: (1) parts data,
(2) engineering data, and (3) customer data.

The first type of LCA knowledge, parts data, refers to
the sustainability information on components and
modules of the product. Such information is mainly
stored in the knowledge base. It is usually depicted as
other product attributes. An example of an
environmental part attribute is the global warming
potential (GWP) per kg of CO. eq emissions of a product
part. Another attribute is the characterization of
bioproducts (i.e., materials available on a renewable
basis) with their Boolean domain.

The second type of LCA knowledge, the engineering
view, describes product-associated processes concerning
the LCA methodology, which are mainly user inputs.
This concerns, for instance, the transport distance
attribute measured in kilometers, which characterizes the
material transportation process. Another example of a
process-description attribute is the construction season
(warm season or cold season).

The third type of LCA knowledge, the customer
view, concerns LCA quantifications for the customer.
LCA knowledge is quantified according to the pre-
established environmental unit for each life cycle stage.
Each life cycle stage impact is computed individually
according to the functions detailed in the EPD. An
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example is the computation of the total CO; eq emissions
during EPD stage A4 (Transportation from the gate to
the site).

Fig. 4 shows an example of a PVM, including the
aforementioned data.

o PVM

data type 3

C View

[1
® LCA asses
Stage B1: Use [float] kg g/ CO2eq
StageA4: Transportation from the gate to the site [float] kg of"CO re9

Constraini: Stage BI=f (x)
data type 2

Constraint: Stage A4=F(x}

Engineer View

[1
——® Process A: Material transport
Distance [int] &m
Construction Season [warm season, cool season]

Part View

{11
———————ePart A
GWP [inf] kg ¢/ COzeg
Bioproduct [boolean]

Fig. 4. PVM model with LCA data

4. RESEARCH METHOD

This paper aims to contribute to the literature on
configurators and LCA by developing a framework for
integrating LCA in configurators while understanding
the practical implications of configurators as
environmental assessment tools. An action research
approach was chosen since it allows for experimentation
in improving a condition within an existing organization
and the adoption of methods in practical contexts [22]
while contributing to science [23]. Besides, action
research is among the preferred methodologies in studies
of organizations [9], [24].

In this study, we collaborated with a building
construction company to meet our stated research
objectives.

4.1. Case context

Our case company is a medium-sized Nordic
company that is part of a large international construction
group with more than 20,000 employees and whose
revenue in 2021 exceeded 10 billion euros. The company
develops, manufactures, and markets materials for the
building construction industry. We chose it because of its
relevance to our research focus (a large building
construction company) and because it was open to
participating in this study.

4.2. Data collection and analysis

To enable us to construct the PVM, we collected the
product data (hereinafter, LCA data) through modeling
sessions with domain experts. Table 1 shows the
information on the main session participants. The
sessions were conducted regularly once a week
throughout the study duration. Each session lasted
approximately one hour and was held with individual
informants, except for coordination meetings. Open-
ended questions were formulated to require the
respondents to elaborate their explanations. Moreover,



the questions for each session were prepared based on
the previous encounter and its subsequent development.
The formulated questions can be categorized as product-
specific, that is, aiming to gather conventional product
data, and LCA-based, that is, pertaining to the
computation of EPDs. All the interviews were supported
by the exchange of documents and reports.

Table 1. Main modeling sessions

. No. of Interviewee job
Expertise Role . .
sessions  position
Product Project leader 28 Head of R&D
(case company)
EPDs and Environmental 24 Construction
LCA assessor environmental

methodology expert (external

consultant)

Development
project manager
(case company)

Product Domain expert 3

Fig. 5 presents an overview of the information
workflow across the persons involved in the project.

TSR
Environmental Assessor

/ External consultant

.
Product leader ~
Product domain expert manager
- - -

Model builder
Configuration expert

Project leader
Head R&D

Technical experts
Product domain expert
L uct a <P )4

J

Client

e S
‘ System users LU
- -

Fig. 5. Information workflow across stakeholders

Besides the modeling sessions, feedback on the
PVMs and the configurator was acquired through
monthly meetings with an external project committee
composed of the client’s marketing manager, regional
manager, building construction expert, product manager,
and the sales manager of the building construction
company. During these meetings, videos of the
configurator interface and additional informative slides
were shown. The final configurator version was tested in
April 2022 through a three-hour workshop with the
external project committee.

5. FINDINGS

5.1. Project background

The marketing strategy of the case company is to
position itself as having sustainable practices that include
customer support and support for new and imminent
environmental regulations. For this reason, the company
aims to make environmental decision tools available to
its customers and to automate its generation of
environmental assessment reports, which are both
complex and time-consuming processes. Therefore, the
primary goals of the study project are (i) to recommend
more sustainable product choices to the customers, (ii) to
provide alternative options and compare them with
standard choices, and (iii) to automatically quantify
specific case EPDs (i.e., not generic EPDs).

An LCA configurator project was launched in June
2020 to support the aforementioned strategy. For the first
phase, approximately seven person-months were
allocated from June 2020 to April 2022. The project was
developed part-time, allocating 3 hours per day. This
first phase included a subset of the company’s product
portfolio. The subsequent phases were planned for the
further development of the configurator and to cover the
company’s entire product portfolio.

5.2. Development of the configurator

Initially, it was decided that the system boundaries
regarding the LCA methodology would be set by the
corresponding construction EPD standard, EN 15804
[25]. According to such standard, the selected
environmental impact indicator unit was kg CO. eq.
Besides, the unit could be correlated to the available
information and the expected new laws and
requirements.

Then, a PVM model was created based on the
information provided by the product and environmental
experts. The data were acquired through a set of
interviews, and consequently, the PVM evolved under a
series of iterations. The model was built as described in
section 3. Fig. 6 shows an extract of the Customer View,
Engineer View, and Part View sections on the PVM
describing the product’s LCA. As seen in the model, the
information is presented according to the different life
cycle stages (A to D) and substages.

PVM
p Customer View
18]

[—————® LCA assesment (Standard choices)
Lifecycle assessment for the user's standard cor

Al1-A3_standard_m2_year [float] CO2eq/m2/year
A4_standard_m2_year [floal] CO2eq/m2/year
AS_standard m2_year [floal] CO2eq/m2/year
B1_standard_ m2_ year [float] CO2eq/n2/year
B2_standard_m2_year [float] CO2eq/m2/year
B3_standard_m2_year [float] CO2eq/m2/year
B4_standard_m2_year [float] CO2eq/m2/year
B5_standard_m2_year [float] CO2eq/m2/year
B6_standard_m2_year [float] CO2eqfm2/year
B7_standard_m2_year [float] CO2eqfm2/year
C1_standard_m2_year [float] COZeqn2/year
€2_standard_m2_year [float] CO2eq/n2/year
€3_standard_m2_year [float] COZeq/n2/year
C4_standard_m2_year [float] COZeq/n2/year
D_standard_m2_year [floal] CO2eq/m2year

QP = T b L T i 2T T U s s b

C1: Al-A3 stan

Engincer View

[————=® Processes
transportDistance_km [int] b

Part View

[

————— Material
Type [string]
productionGWP_A1-A3 [fleat] kg CO2-eq /m’
e ot

Fig. 6. Extract from each PVM’s views showing the
computation of the LCA as explained in section 3

The configurator was developed simultaneously with
the PVM model over the same period. Thus, each PVM
iteration enhanced the configurator outcome until the
final version was achieved in April 2022. The final
configurator contains seven relational table rules and 49
constraints. The sustainability features of the
configurator are summarized in Table 2.
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Table 2. Environmental features of the new configurator

Feature

Description

Decision
support

Comparison

LCA report

documentation

The configurator could provide more
sustainable choices to the user during the
configuration process (e.g., users can
select any building construction material,
but that with the highest performance and
lowest GWP value is recommended.

An automatic comparative report is
generated once the configuration has been
completed according to the user
requirements and the configurator
guidance. The report presents a numerical
and graphical presentation of different
alternatives in kg COz eq per m? per year
(e.g., users can contrast their choices with
one with a lower maintenance level; see
Fig. 8).

The LCA assessment is documented
through an automatically generated EPD.
This EPD document is developed for the
user’s configuration, and each alternative
provides the customer with an additional
evaluation material (see Fig. 9).

After a product is configured,
generated. Fig. 8 shows an environmental

comparative

reports can
imp

be
act

report generated by the configurator,

including numerical and graphical representations of the

alternatives.

Environmental impact report of standard choices and alternatives

Assessment of the environmental impact

Vald s
Rekommenderad

Alternativ 1:
Alternativ 2:
Alternativ 3:
Alternativ 4:
Alternativ 5:
Alternativ 6:
Alternativ 7:
Alternativ 8:
Alternativ 9:
Alternativ 10: ©
Alternativ 11: B =
Alternativ 12: b s

g CO2/m2 och &r
g CO2/m2 och &r

g CO2/m2 och &r
g CO2/m2 och &r
g CO2/m2 och &r
g CO2/m2 och &r
g CO2/m2 och ar
g CO2/m2 och &r
g CO2/m2 och ar
g CO2/m2 och &r
g CO2/m2 och &r
g CO2/m2 och ar
g CO2/m2 och ar
g CO2/m2 och &r

Graphical representation of the environmental impact

In the weekly modeling sessions with the three
persons involved in the project, time was allocated for
presenting and discussing the status of the PVM model
and the configurator. Fig. 7 shows an example of a
configurator user interface and how the standard product gy &Y

v ~ «© & 4
features and the LCA features come together and Ff-"‘ 2 & & e &
influence each other. g £ S

v S v ¢

<« prey

Fig. 8. Environmental impact comparative report
Bjsikisg The configurator can also generate EPD reports. An
example of these reports is shown in Fig. 9. The
document details the total environmental impact in the
predefined unit (CO, per m? per year) for each cycle

stage (from A to D).
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Fig. 7. Screenshot of the configurator Fig. 9. The automatically generated EPD report
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5.3. Evaluation of the adapted PVM technique

This study showed that the LCA-oriented PVM
technique provided the necessary information basis for
developing a configurator. Table 3 presents a
compilation of observations of the project participants on
the usefulness of the LCA-oriented PVM technique.

Table 3. Evaluation of the LCA-PVM framework

Inquiry Observation

Usefulness of the The PVM  model  successfully
PVM in reporting  accommodated all the required features
environmental for mapping the LCA attributes of a

attributes product.

Effort requiredto  According to the conversations with
use this new and the observations of the involved
approach domain experts, the modeling of the

LCA features in the PVM model did
not present significant challenges,
unlike the modeling of the regular
product features. However, it must be
noted that the development of an
information  model is  strongly
dependent on expertise and the
particular case.

Only a simple introduction to the PVM
technique was needed to enable the
domain experts to understand the
models developed.

Need for training
of domain experts

6. DISCUSSION AND CONCLUSIONS

The building construction sector has traditionally
centered its sustainability efforts on improving energy
consumption during building use. Currently, the attention
is on the materials’ climate impact. However, a new
strategy is needed to address environmental aspects from
a more holistic perspective that includes all life cycle
stages to avoid suboptimization when deciding on the
design of a building. The adoption of this strategy has
become urgent due to new environmental law that has set
a maximum amount of CO emissions in new buildings,
which is expected to become even more restrictive in the
coming years.

To address such challenges, we proposed the use of
configurators to automate the computation of the LCA.
Specifically, we developed a framework that uses the
PVM technique to organize sustainability knowledge,
including product features and additional sustainability
parameters. The proposed approach utilizes the quality-
based and certified system of EPDs to develop case-
specific reports (i.e., including computations and not
solely based on databases).

The proposed approach is novel due to its EPD data-
driven approach, which provides reliable and robust
information to avoid greenwashing. The most significant
benefits that were observed concern automated EPD
report generation, support for influencing customers to
choose more sustainable products, a higher customer-
perceived product value, and improved customer
communication.

While other researchers have developed configurators
that can assess the environmental impact of customizable
products, the methodologies that they used are not

standardized or certified, and hence, they are user-
subjective. It should also be noted that existing cases of
LCA computation are not comparable. Current literature
proposes some methodologies for automating LCAs
within configurators. However, such LCAs are generic
(i.e., their information is based on databases) and not
product-specific (i.e., based on certified calculations such
as specific-case EPDs). Thus, to the authors’ knowledge,
this paper is the first to present a framework for
implementing LCA properties in configurators.

As this study was limited to one product line, future
studies need to investigate the use of our proposed
framework for other types of products.
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