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bstract

As environmental consciousness grows among companies,
many are undertaking Life Cycle Assessments (LCAs) for
Environmental Product Declaration (EPD) reporting. These
reveal insights into their product’s environmental impacts

and offer a prime opportunity for sustainable product
development. However, limited knowledge on the topic of
sustainability within firms creates obstacles to fully capitalising
on this potential. This thesis aims to explore the integration

of LCA and EPD data and expertise into sustainable product
development, within the construction products industry.

A'literature study points out that LCA data is currently mostly
used to evaluate the environmental impacts of a finished
product, but that the greatest improvement potential can

be achieved when the environmental impact of a product is
studied during the early stages of product development. Due
to the complexity of typical LCA studies and the uncertainties
during early design, a combined approach is suggested.
LCA data from existing products can be used to inform

the focus point of a design tool, where LCAs with a limited
range of options or lifecycle phases can be used during the
development process of a product to evaluate the options
that are considered. The available literature fails to bridge
the knowledge gap that companies face in implementing
sustainable business development. Therefore, the thesis
focusses on providing a comprehensive practical guide.

Based on the situation at Aalberts Integrated Piping Systems,
a design tool was developed. This tool presents for every
step of the decision-making process of the material choice

how the environmental aspect can be considered, by suggesting several
quick-LCAs to assess the sustainability of the options in consideration. The
focus on the material decision derives from a study of the current product
development process at Aalberts IPS and the results from the LCAs that are
performed of the product portfolio for EPD reporting.

A framework was developed to allow companies other than Aalberts

IPS to develop a design tool tailored to their situation. It consists of a
decision-tree, suggesting what type of design tool could be used, and

a detailed step-by-step guide of what aspects of the situation need to

be studied and how the design tool can be adapted to the company’s
needs. The process of developing the design tool for Aalberts IPS is used
as a starting point for the development of the framework. Additionally, a
review is performed of how contexts within companies can vary within the
construction products industry, and what that means for what the design
tool would need to look like in that context.

The usability of the design tool has been evaluated by interviewing
stakeholders involved in the product development process at Aalberts

IPS. It was considered easy to use and a useful contribution to the product
development process. Where this first evaluation step provided great
insights, further testing is recommended to fully establish the potential of
the tool. It is advised to further study the outcomes of using the design tool
within Aalberts IPS, and to evaluate if the outcomes of using the design tool
result in more sustainable products than in the current practice.

An evaluation of the framework is performed based on two case-studies
of contexts within the construction products industry. It was found that the
structured nature of the framework provides a sense of confidence that all
relevant aspects are considered. Where the framework is intended to be
used by the sustainability managers of a company, the case-studies were
performed by the author of the report. Further testing is recommended

to evaluate whether the framework is effective in guiding sustainability
managers to develop a framework fit for their situation.
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ntroduction

This chapter introduces the topic of sustainable development
using the data and expertise acquired for performing Life
Cycle Assessments for Environmental Product Declaration
reporting. First, a description of the problem is provided,
placing the current study in the context of existing literature.
Next, a company profile is provided of Aalberts IPS, where
the graduation assignment is placed. This is followed by the
specification of the objective and research questions. Lastly,
the scope and methodology of the research are presented.

1.1. Problem definition

As the world is becoming more aware of the detrimental
effects that the current production and consumption practices
have on the environment, it becomes evident that ‘business-
as-usual’ no longer is a viable option. The industrial sector in
particular requires a different approach, as up to 29,4% of the
global greenhouse emissions can be attributed to this sector
(Climate Watch, 2020). Additionally, it plays a significant part in
other environmental impacts (European Environment Agency,
2020). Industry therefore has an important role to play in the
reduction of global environmental effects.

For some companies the situation is alarming enough to drive
them to implement more sustainable business practices. A
study by Purwandani and Michaud (2021) found that for 60%
of business owners that implement green business practices,
internal motivation was the main driver. Others indicate that
stakeholder requirements can be decisive upon implementing
changes toward sustainable business (Li & Sarkis, 2021).

However, 51% of all companies indicate that they will not go beyond
compliance to environmental regulations (OECD, 2018). To ensure these
companies change toward sustainable business practices as well,
governments are implementing a multitude of regulations. The need for
this was agreed upon in the Paris Agreement (United Nations, 2015) and
the Sustainable Development Goals (United Nations, 2018). These are
translated into regulations for specific industries and regions. Examples
within the European Union are the Green Deal, containing specific targets
and requirements for the industrial sector (European Commission, 2019); the
Corporate Sustainability Reporting Directive, requiring companies to report
their sustainable business efforts (European Parliament, 2022); and the
Directive on Green Claims, requiring companies to ground their statements
regarding sustainable business practices (European Commission, 2023).
Besides, legislations are enacted requiring companies to establish
Environmental Product Declarations (EPDs). In such declaration, the
environmental impact of a product is calculated and published in a
standardised way. They are already required for products used in the
construction industry in France (Ministére de la Transition Ecologique,
2022), for the production or import of chemicals in Norway (Klima- og
miljpdepartementet, 2015) and make applying for sustainable building
certification easier (BREEAM, 2017; LEED, n.d.). The European Union is

also considering specification of products’ environmental footprintin a
Digital Product Passport, which makes use of principles similar to an EPD
(European Commission, 2022).

Product design is an important strategy for reducing the company’s
environmental impact (Govindan & Hasanagic, 2018; Li & Sarkis, 2021).
However, there are still many barriers that need to be addressed before
eco-design is broadly implemented. Lack of market demand, complex
regulations and costs are perceived as barriers for implementing eco-
design (Lambrecht Ipsen et al,, 2027, Li & Sarkis, 2021). Besides, companies
do not always have the adequate knowledge and skill.

Life Cycle Assessment (LCA) is proposed as a tool to overcome the
knowledge barrier (Lambrecht Ipsen et al., 2021). Where performing an

LCA requires expert knowledge, it does provide an extensive insight in
what aspects of the product contribute to the environmental effects of the
problem, defining where the focus of the design team should lie in order for
the product to become more sustainable. For companies that are already
performing LCA for EPD reporting, this provides a great opportunity, as the
investments have already been done.

Performing LCAs in the early stages of the product development process
has the greatest potential to reduce the environmental impact of the
product (Hetherington et al., 2013; Vinodh & Rathod, 2010). In those
phases, the greater design freedom results in a paradoxical effect on
the integration of LCA in the design process. The greater design freedom
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Figure 1.1.
ensures a greater environmental improvement potential, but also creates a Selection of
greater uncertainty for LCAs performed in this stage (Bhander et al., 2003). fittings and
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prospective LCA is most effective in informing design decisions (Millet et al., Corporate
2007; Roberts et al., 2020). Fi

igure 1.2
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the product is not yet defined, retrospective LCA can be used of products Orgi?i‘ig?e”gf’
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care (Roberts et al., 2022).
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Where current literature suggests where in the product development Pacific
process LCA can be used, a comprehensive guide on how to implement
the data and expertise of performing LCAs into the product development —>» Americas

process in a specific company context is lacking. As companies are
currently facing knowledge barriers in the implementation of sustainable
product development, such a guide could greatly increase the adoption
of sustainable product development. This thesis aims to develop such

a guide for companies to incorporate the data and expertise from LCA
for EPD reporting into their product development process to reduce the
environmental impact of their products.

1.2. Company profile

The graduation assignment is performed within the company of Aalberts
Integrated Piping Systems (IPS) in Hilversum, the Netherlands. Aalberts

IPS provides piping systems in valve, connection, fastening and piping
technology, for all types of distribution of liquids and gases. Their
production facility is characterised by a high level of automation and a
focus on quality. Some examples of fittings and valves in their product
portfolio can be found in Figure 11, other products that Aalberts IPS
supplies are tubes and installation tools. The full range of products can be
found in their website (Aalberts IPS, n.d.-b).

Currently they have performed Life Cycle Analyses of their product
portfolio in order to publish Environmental Product Declarations,
demonstrating their commitment to the demand from supply-chain
stakeholders. They have expressed an interest to use this knowledge for
the reduction of the environmental footprint of their products. The current
sustainability goals and practices can be found on the company website
(Aalberts, n.d.). The assignment takes place under the department of
product development within Aalberts IPS.

Acalberts Integrated Piping Systems is part of a larger network of
businesses under the name of Aalberts N.V. The overarching group, referred
to as the corporate level, spans across industries. This allows for sharing

of best practices and steers sustainable development initiatives. Apart
from Integrated Piping Systems, the technologies Hydronic Flow Control,
Advanced Mechatronics and Surface Technologies are represented in

the group. Apart from the facility in Hilversum, Aalberts Integrated Piping
Systems has multiple facilities in Europe and all over the world. The different
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locations of the Integrated Piping Systems technology are referred to as
the global level of the organisation. An overview of the structure of the
organisation is provided in Figure 1.2.

From this point on, ‘Aalberts’, ‘Aalberts IPS or ‘AIPS’ will be used to refer
specifically to the Hilversum facility of the company. Whenever the
corporate or global level are implied, this will be clearly articulated.

1.3. Objective

As follows from the problem definition formulated in Section 1], the
objective of this research is to help companies develop more sustainable
products, based on data and expertise acquired from performing Life
Cycle Assessments (LCA) for Environmental Product Declarations (EPD). To
address this aim, research questions are formulated as follows:

“How can companies in the construction products industry* use the data
and expertise from LCA for EPD reporting to develop more sustainable
products?”

1. How is Life Cycle Assessment currently used to inform sustainable
product design?

2. How can Aalberts IPS use its LCA data and expertise to inform
sustainable product development?

3. How can the findings from literature and the case at Aalberts IPS
be used to help companies in the construction products industry to
use data and expertise from LCA for EPD reporting to develop more
sustainable products?

These research questions already suggest the scope that will be used
throughout the thesis. More about what this scope entails and why
this scope is chosen, can be found in Section 1.4.1n the methodology as
presented in Section 1.5, it is explained what steps are taken to answer
each of the research questions, and how those steps are performed.

1.4. Scope

The main research question “How can companies in the construction
products industry* use the data and expertise from LCA for EPD reporting
to develop more sustainable products?” as presented in Section 1.3,
already suggests the scope that is covered in the research. In this section,
the scope will be presented in more detail, accompanied by explanations
on the rationale.

The focus on companies that intend to use data and expertise from LCA
for EPD reporting indicates the first limitation of the scope. The companies

*Here construction products refer to products that are used for construction works
(e.g. buildings), based on EN 15804 (CEN, 2019)

in question should have already performed an LCA for EPD reporting, or
intend to do so. Itis required that this LCA is performed in-house, because
the research focusses on using data as well as expertise from performing
LCAs. The knowledge on how to perform an LCA, and the critical insight
thatis required to evaluate the results needs to be available within the
company.

Another limitation that follows from the research question is that it is aimed
at the construction products industry. A construction product is defined

as an “item manufactured or processed for incorporation in construction
works” (e.g. buildings) in the standard EN 15804 (CEN, 2019). This standard is
used for EPD reporting within Aalberts IPS, and will be used throughout the
research.

Next, the research is aimed at new product introduction (NPI), and is
therefore less suitable for redesigns or smaller product improvements. For
new product introductions, the complete product development process is
considered, where for product improvements some characteristics of the
product remain unchanged. This means that some steps of the product
development process are bypassed. If the design choice that appears
the most relevant to consider based on the LCAs is not considered in

the design process, only part of the potential of this research can be
established.

1.5. Method

In this section it is explained what steps have been performed in order to
answer the research question, and how they contribute to the research. To
describe the approach, the structure of the sub-questions as presented in
Section 13 is followed.

1. “How is LCA currently used to inform sustainable product design?”

The first sub-question is answered by a literature review, which is
presented in Chapter 2. The question is answered by covering the topics
of sustainability in businesses in general, the use of eco-design tools

in businesses and the way LCA is used to benefit the sustainability of a
product. For this, the databases of Scopus and Google Scholar have been
used. The articles were found by an initial search using appropriate search
terms, after which the ‘snowball method’ has been used: the referenced
articles were scanned to find new sources and search terms. Apart from
the academic resources, governmental and NGO reports have been
consulted.

2. “How can Aalberts IPS use its LCA data and expertise to inform
sustainable product development?”

In order to develop a solution for sustainable product development at
Aalberts Integrated Piping Systems (AIPS), an analysis, synthesis and
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evaluation step were performed. In the analysis step, the situation at
Aalberts IPS was studied. It was explored what the product development
process currently looks like and how design decisions are taken. This was
done through conversations with stakeholders involved in the product
development process as well as project management. The broader
context of Aalberts and its commitment to sustainability was studied by
looking into their key performance indices based on their annual reports.
Next, the environmental impact of the current portfolio of Aalberts IPS was
studied by analysing the LCA results. These results were calculated using
the Ecochain software, where additional detail was acquired through
calculations using Excel. To understand the context of performing an LCA
within Aalberts, a study was done on a product range that had not yet
been evaluated. Most of the data for this was already available within the
company. For the data that was not available, tests were performed. In
Appendix E the experience of performing the LCA is discussed, comparing
it to previous experience of performing LCAs.

The synthesis step of developing the design tool combined the findings
from the analysis step. It was evaluated where quick-LCAs would be useful
and formulated in what way the design choices could be steered to have
less environmental impact. This was then presented in form of a design
tool, providing structured guidance to the product developers of when
and how the environmental aspect of the product can be considered
during its development.

The design tool was evaluated by performing interviews with the
stakeholders involved in the product development process. An initial
version of the design tool was presented and questions were posed about
the usability and usefulness. The interviews were semi-structured, allowing
for input from the stakeholders outside the framed questions. More details
about who were interviewed and the questions that were asked can be
found in Appendix F. The findings from the interviews were used to develop
an improved version of the design tool.

More about the process of analysis and synthesis, and how each step
contributed to the solution can be found in Section 3.2. The evaluation step
is coveredin Section 3.3.

3. “How can the findings from literature and the case at Aalberts IPS
be used to help companies in the construction products industry to
use data and expertise from LCA for EPD reporting to develop more
sustainable products?”

For developing guidance to implement sustainable product development
practices for companies other than Aalberts IPS, the same distinction into
the steps analysis, synthesis and evaluation is used. The steps that are
taken to develop the design tool for Aalberts IPS are taken as a starting
point, from here it is evaluated what a design tool could look like in other

situations using thought experiments. An overview of lifecycle phases

and design attributes was made, following the structure defined in EN
15804 (CEN, 2019). For each lifecycle phase and design attribute it was
considered what a scenario would look like in order to have the greatest
environmental impact there. This resulted in a list of possible design tools, fit
for arange of scenarios.

The overview of design tools and scenarios was then used to develop

a framework. In this framework it is described what steps need to be
performed in order to develop a design tool tailored to the company’s
situation. This is largely based on the steps that were performed for the
Aalberts IPS design tool, while accounting for the differences in approach
that are required based on the different situations the framework is
developed for. Additionally, a decision-tree is developed for accessible
identification of the type of design tool fitting for the company’s situation
and needs. This structure is based on earlier evaluation of the lifecycle
phases and design attributes that require a design tool.

The framework has been evaluated by performing the steps for two

cases of companies within the construction products industry, other than
Aalberts IPS. They are based on EPD reports from The International EPD
System (n.d.) and additional academic literature. Additionally, the structure
of the framework was followed for the case of Aalberts IPS, which
provided insight in the process of design tool development according to
the framework within a company context.

How the outcomes of the described method contributed to the framework
that was developed, is covered in Section 4.3 (analysis and synthesis) and
Section 4.4 (evaluation).
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Within the companies that fall within the scope of the research,
multiple stakeholders are involved. These cover firstly the
sustainability manager, who will be in charge of developing the
design tool; the product developers, who will use the design
tool during the design process; and the LCA expert performing
the LCA analyses before and during the use of the design tool.
Each stakeholder has a different background of knowledge

on the topics of LCA and sustainability. This chapter aims to
establish a baseline of background knowledge across all
readers that is required to understand the further discussions in
the report.

The chapter covers a general introduction on the topic

of sustainability within the corporate context (Section 2.1)

and explains the purpose and procedures of performing

a Life Cycle Assessment (Section 2.2). Next, it describes an
Environmental Product Declaration and how this is performed
for the construction products industry (Section 2.3). Lastly,
areview is provided of using eco-design practices to
incorporate the environmental concerns into the product
design, and what role Life Cycle Assessment can play in that
process (Section 2.4).

2.1. Sustainability

The terms ‘environment’, ‘sustainability’ and ‘climate change’

have established a widespread presence in current societal
discussions in politics, businesses and media. These followed
from an increasing awareness of pollution and depleting

resources during the 1960s and 1970s, and have been a widely adopted
in political discussions after several international conventions during
the 1980s and 1990s (Caradonna, 2018). The report “Our Common Future”
by the Brundtland Commission has proven pivotal for the approach to
sustainable development. This report defines the term sustainability as
“meeting the needs of the present without compromising the ability of
future generations to meet their own needs”, and established the need
for action to move toward a sustainable society (Brundtland et al., 1987).
In 1994 the term ‘Triple Bottom Line’ was added to the vocabulary on the
topic, stating that business practices can only be truly sustainable if the
economic, societal and environmental concerns are addressed (Elkington,
2004).

Sustainability concerns have permeated the corporate world and
companies are increasingly recognising the need for sustainable
business practices. There is a multitude of tools that companies can use to
implement sustainable changes within the firm. Two of the most prevalent
are discussed below. Another approach that is often used is eco-design,
this will be further discussed in Section 2.4.

The most widely adopted tool is the Environmental Management System
(EMS) as presented in the ISO 14001 standard (ISO, 2015). This standard
specifies all that needs to be considered to establish an EMS, from setting
environmental targets and translating them to practices in the firm, to
specifying how the environmental performance will be evaluated. Within
the 14000 series, the International Standardisation Organisation (ISO)
provides an extensive range of tools that support companies in their efforts
to reduce their environmental impact. Throughout the report, multiple
standards from this series are used. An overview of the standards that
are used in the report, and how they relate to each other can be foundin
Appendix A.

Apart from the ISO norms, the Goal and
Sustainable Development Goals Scope
developed by the United Nations are Definition
indispensable in helping companies
reduce their environmental impacts.
The 17 goals provide clarity on

what aspects a company can

focus its efforts towards. The SDGs
are supported with additional
explanation targeted at businesses

(United Nations, n.d.). Life Cycle
Impact

Assessment

Life Cycle

Interpretation
Inventory P

Figure 2.1.
Life Cycle
Assessment
Framework,
adapted
from ISO
14040 (I1SO,
2006q)
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2.2. Life Cycle Assessment

2.2. Life Cycle Assessment

Life Cycle Assessment (LCA) is a valuable tool to assess the environmental
impact of a product over its entire lifecycle.* The methodology has been
solidified in the ISO 14040 and 14044 norms (ISO, 2006a; ISO, 2006b)

and has been used in a great variety of applications. From informing
government’s policies, to aiding firms in product design or informing
consumers about the sustainability of their purchases. Below, the steps of
performing an LCA are discussed.

2.21. Process

The process of performing an LCA is described in the LCA framework,

as presented in ISO 14040 (ISO, 2006a).** It consists of the four steps
Goal and Scope Definition, Inventory Analysis, Impact Assessment and
Interpretation, as shown in Figure 2.1. Each step will be shortly introduced
below. The explanations are roughly based on the book by Hauschild et
al.(2018), the LCA practitioners guide in ISO 14044 (ISO, 2006b) and the
International Reference Life Cycle Data System (JRC-EIS, 2010). These
works can be consulted for further explanations of the proceedings of
performing a Life Cycle Assessment.

Goal and scope definition
The LCA starts with a clear definition of the goal and scope of the study.
The following aspects are covered:

- Application: Itis described what the study aims to achieve, whom the
LCA is performed for and who has initiated the study;

- Impact assessment method: An appropriate Impact Assessment
Method (IAM) is selected, fit for the product and target group;

- Temporal and geographical validity: The results of the LCA study will
not be applicable indefinitely, and not for every region. Therefore, the
temporal and geographical validity of the study need to be defined;

- Functional unit: A quantification is made of how much of a product’s
function or service will be used in the analysis. This allows for
comparison of products that perform a different amount of a function
during their lifespan;

- Scope, system boundaries: It is defined what will be included in the
study, and what will not. What product will be studied in the LCA?
What level of detail will be considered? What lifecycle phases are
considered?

*Within the context of LCA (and this thesis) the product’s lifecycle phases refer to
the stages one physical product goes through from creation to disposal. This differs
from the definition that is used in the study of Product Lifecycle Management (PLM),
where the lifecycle phases refer to the steps from a product idea to a fully mature
product.

**More about how the ISO standards relate to each other can be found in
Appendix A.

Inventory analysis

In this step, datais collected about all phases of the product’s lifecycle.
This encompasses the materials that are extracted, the emissions that
take place during the manufacturing and use phase, and the waste that is
produced during the product’s lifespan. The result of the inventory analysis
should be a complete list of resource extractions and emissions that are
caused by the lifespan of the product. As extensive testing is required

to determine the emissions of all processes involved in the lifecycle of a
product, and not all data is within the reach of a company, databases
can be used. These translate data that is more readily available into
approximations of resource extractions and emissions. For example, it is
hard to determine how much carbon dioxide is emitted due to the use of
electricity at the manufacturing site, but it is known how much electricity
is used. The database then provides a translation between the required
amounts of electricity and the emissions that are caused by this electricity
use.

Impact assessment

During the impact assessment steps, the translation is made from resource
extractions and emissions to the effects they cause to the environment. For
the impact category of climate change that means that the amounts of
carbon dioxide and other greenhouse gas emissions is translated into the
total amount of global warming they cause. This is done in the following
steps:

- Classification: It is defined what impact categories are affected by the
extraction or emission of each of the substances.

- Characterisation: All extractions and emissions are multiplied by a
characterisation factor, quantifying how much they contribute to an
effectin each of the impact categories. For example, ammonia causes
more global warming per unit than carbon dioxide. This is accounted
for by their characterisation factors. The result of the characterisation
phase is a calculated impact of the product on each of the impact
categories, each expressed in their own reference unit.

- Normalisation: A normalisation step is performed to express all impact
categories in the same unit, allowing the comparison of impacts across
categories. This is done by dividing each impact category by a norm.
Different methods for normalisation are available, which are discussed
in Box .

- Weighting: Not all environmental indicators are equally relevant to
the studied situation, or within the temporal context. Currently, climate
change is the focus point of societal discussions on sustainability,
where in the 1980’s ozone depletion was considered more relevant.
This can be accounted for by using weighting factors, multiplying
each normalised result by a factor quantifying the severity of each of
the impact categories in relation to each other, the weighting factor.
The weighted scores can then be added to each other into a final
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Box I: There are multiple approaches available to normalising the characterised Not all normalisation or weighting methods are suitable for every situation. Box I.
Methods for results from the LCA-study, and subsequently assigning weights. This In this box, it is presented what should be considered in order to select the Assessing
normalisation box explains these different methods, where Box Il explains how it can suitable normalisation and weighting method. Additionally, reasoning is validity of

and weighting

be determined which method is suitable for a specific situation. For
normalisation two general approaches can be used (Pizzol et al., 2016):

- Internal normalisation: For this approach, a benchmark product is used
as the norm. This means that the environmental impact of all products
is compared to the product that is set as the norm. To do so, the
normalisation factor for each of the environmental impact categories
is set to be the environmental impact of the benchmark product.

- External normalisation: Here, the impacts of the products are scaled
to the ‘total inputs and outputs for a given area that may be global,
regional, national or local’ (ISO, 2006b, p. 21). This can then be used as
a total or per capita number, and is often expressed in ‘person year’
equivalents. Scaling the impacts of a product along an external norm
provides an insight into the magnitude of the impacts of the product.
For example, where a plant supplying power to thousands of people
over the course of multiple years can be expected to have animpact
of multiple ‘person year’ equivalents, only a smaller portion would be
anticipated for a simple pencil.

For weighting, a multitude of methods is available. A non-comprehensive
overview is presented below, based on Hauschild et al. (2018) and Pizzol et
al. (2016):

- Distance to target: This method quantifies the degree in which a
political or scientifical target is met. The target that requires most
attention to be reached therefore acquires the highest weighting
factor.

- Monetary: The environmental effects are quantified through financial
evaluation. This can be done with a social assessment of ‘willingness
to pay’. For this it is assessed how much people are generally willing to
pay for the qualities addressed in an environmental impact indicator.
For example, the travel costs that are permitted for a walk in the
fresh air of nature provide insight into the societal importance of the
particulate matter impact category. Another method of financial
quantification is by assessing the costs associated with prevention or
repair of the environmental damage that is expressed in the impact
category.

- Multi-criteria analysis: Criteria are drafted that are considered relevant
to assess the weight of the impact categories. Each impact category
then receives a score on a predetermined scale for each of the criteria.
The total weight of each of the impact categories is determined by
adding the scores for each criteria.

- Panel: For this method, the expert opinion of several stakeholders is
combined into a weighting score. Every stakeholder determines the
relevance of each of the impact categories and quantifies this into a
score. The total weight is then determined by calculating the average
of the scores assigned by each of the stakeholders. The panel method
allows for incorporating a wide variety of environmental concerns, as
represented by the variety of expertise in the stakeholder panel. [ ]

provided for the selection of the normalisation and weighting method used
in this thesis. Box IV and V further explain how the methods are used.

The method of normalisation that is preferred in most cases, is external
normalisation. This allows the practitioner to compare the products to each
other and prepare the values for weighting, as well as providing an insight
into the magnitude of the impact.

In cases where an external norm is not available, internal normalisation
can be used. Additionally, it can be used in cases where a first calculation
with the external normalisation factors shows a high focus on some of the
impact categories. Such results, showing one or two impact categories
with >90% of the environmental impact often fail to display the differences
between products or other focus points beside the impact categories
with the large impact. In such cases, internal normalisation can be helpful.
Still, great care must be taken in using the conclusions from the results
calculated using this method. They should only be used for the comparison
of products and impact categories. The conclusion that these impact
categories are crucial to consider in improvements toward sustainability
must be taken into account in all following steps.

For the LCA calculations at Aalberts IPS, internal normalisation is used. The
products in Aalberts IPS’ portfolio are made of metal, resulting in a high
focus on the resource extraction and ecotoxicity impact category. Across
the different products, these two impact categories add up to an average
of 95% of the total impact, meaning that the impact of all other categories
becomes negligible. Using internal normalisation better highlights the
differences between the impact categories, as can be seen in Figure 2.2.

The methods of distance to target and monetary weighting require
extensive research to determine accurate values. These are therefore
better substantiated, and can be applied in a broad scope of contexts.
However, the time invested into calculating the appropriate weighting
factors is unlikely to be worthwhile if the weighting factors are used within
only one company. The panel weighting method is preferred when a wide
range of stakeholders with opposing values needs to be considered. This
method results in a nuanced weighting set. Multi-criteria analysis can

be combined with a panel method, asking all stakeholders to grade the
sub-criteria. However, if no panel is available, the multi-criteria analysis
can still provide a structured approach to grading the relevance of impact
categories. [

normalisation
and weighting
methods
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indicator score. This allows for direct comparison of the total impact of
one product to another. There are multiple standard sets of weighting
factors available, for example in the Product Environmental Footprint
(EPLCA, 2018). However, a weighting set can also be developed for

the purpose of the study. For this, multiple methods are available, as
presented in Box |.

Impact assessment methods

In an Impact Assessment Method (IAM), it is specified how the steps

of classification, characterisation and optionally normalisation and
weighting are to be performed. It presents a method to determine the
characterisation, normalisation and weighting factors, and typically
presents a predetermined set of values for each. The results are presented
in a selection of environmental impact categories. The impact assessment
method that is selected for the LCA calculations greatly influences the
outcomes of the LCA. In each of the step of the impact assessment process,
the IAM defines how the input values are translated into an environmental
impact. Therefore, choosing a different IAM can result in different
conclusions.

There are multiple Impact Assessment Methods available, covering a wide
temporal and geographical scope. Examples are the Ecolndicator 95 and
99 developed for the European continent (Goedkoop, 1995; Goedkoop

& Sprinsma, 2000), as well as the ReCiPe (Huijbregts et al,, 2016) and
Product and Organisational Environmental Footprint methods (EPLCA,
2018) covering the same region. The Eco-Cost Indicator is developed

in congruency with Dutch policy (Stichting National Environmental
Database, 2020). Other geographical regions are covered by the LIME
method in Japan (Inaba & ltsubo, 2018) and a method for the United States
is developed by Bare et al. (2006). The EN 15804 standard is the impact
assessment method that is used for the calculations in this thesis (CEN,
2019). Apart from the calculation methods that are typically specified in an
IAM, this standard provides a broader guidance of performing the LCA as
is discussed in more detail in Section 2.3.

Impact categories

The effects of the product’s lifespan on the environment are expressed in
impact categories. A wide range of impact categories covers the great
variety of environmental impacts a product causes. Where the current
public debate is often solely focussing on the effects of a product on
climate change, its effects in other effects, such as the formation of smog
or depletion of the ozone layer should not be overlooked. Each impact
assessment method presents the environmental impact in a unique set of
impact categories. Hence, it is not feasible to present a comprehensive list
of impact categories. A selection is presented below, based on the ReCiPe
(Huijbregts et al,, 2016) and Product Environmental Footprint (EPLCA, 2018)
methods:

- Climate change: The emission of greenhouse gases (such as carbon
dioxide) that leads to global warming and climate change.

- Ozone depletion: The emission of substances (such as
chlorofluorocarbons) that damage the ozone layer, leading to
damage to human health because of higher amounts of UV radiation.

- Acidification: The emission of gases (such as nitrogen oxides and
sulphur oxides), that lead to acidification of soil or water, causing loss
of biodiversity.

- Eutrophication: The excessive enrichment of freshwater, oceans or sail
with nutrients, causing a loss of biodiversity.

- Photochemical ozone formation: The emission of substances (such as
nitrogen oxides) that causes formation of ozone, resulting in summer
smog and respiratory inflammation.

- Resource use (minerals and metals): Using minerals and metals
means that more of them need to be extracted from the earth. This
leads to scarcity and makes mining more difficult and harmful for the
environment.

- Resource use (fossils): Using fossil fuels means that more of them
need to be extracted from the earth. This leads to scarcity and makes
extraction more difficult and harmful for the environment.

- Water use: Water is needed for humans, animals and ecosystems.
Using water for making products means that it is no longer available
for those other purposes.

- Particulate matter: The emission of aerosols, causing respiratory
inflammation and diseases.

- lonising radiation: Damage to human health and ecosystems due to
radioactive particles.

- Ecotoxicity: The impact that toxic substances emitted to the
environment have on organisms.

- Human toxicity (cancer): Chemicals can enter the human body and
cause health risks, for instance cancer.

- Human toxicity (non-cancer): This category covers the health risk
caused by chemicals, other than carcinogenic effects.

- Land use: The occupation of surfaces of land for the purpose of
making products, and therefore taking it away from nature.

2.3. Environmental Product Declaration

An Environmental Product Declaration (EPD) is a structured way to present
the environmental data of a product, based on LCA calculations and
additional information. The goal of the environmental declarations is

that through transparent and verifiable declarations of the products’
environmental impact, an informed comparison can be made between
alternatives. Where great efforts have been made to standardise what
should be declared in the EPDs, variation still remains. Therefore, the
results presented in an EPD cannot be directly compared. However, the
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transparent documentation of what is left in or out of consideration gives Fiqure 2.2
insight into what can and cannot be compared. ?ifecy.clé

phases as

The procedures of calculating and presenting the environmental impact
of products is declared in Product Category Rules (PCR). ISO 14025 (ISO,
2010) provides a general description of what should be specifiedin a
PCR programme, and a what an EPD entails. In ISO 14027 more detailed
guidance is provided to developing a PCR programme (ISO, 2017). Both
standards refer to the ISO 14040 series on how to perform an LCA (ISO,
2006a).”

Product category rules for construction products (EN 15804)

For construction products, the product category rules are setin the EN
15804 standard (CEN, 2019). It specifies how the scope of the LCA should be
defined: what lifecycle phases should be considered, how the functional
unit needs to be declared, and in what impact categories the outcomes
should be presented. Additionally, it specifies how the scope, assumptions
and results of the LCA study should be presented and how the report can
be externally verified.

The standard specifies what lifecycle stages should be declared in
different situations. The lifecycle phases are referred to as modules, as

is shown in the overview in Figure 2.2. The standard specifies for each
module when it should be declared, and what data should be provided.
The structure and terminology of the modules will be used throughout the
report.

In a typical LCA study, a functional unit is defined to compare the
environmental performance of alternatives based on the same function
(see Section 2.2.1). However, in EPD reporting this is not always possible.

As the comparison of EPDs is performed outside of the scope of one EPD
report, it is unclear what the required function for the comparison will be.
Therefore, whenever a product’s function can be considered ambiguous,
a ‘declared unit’ may be specified. Instead of the function of a product,
this refers to the amount of a product and may be specified in terms of e.g.
number of pieces, mass or length.

The standard also specifies what environmental impact indicators should
be declared and what is optional to declare. The impact categories listed
in Section 2.2.1 cover the majority of the environmental indicators that

are specified in the norm. Additional indicators cover more details of the
climate change and resource use impact categories.

In order to compare the results from EPDs in different studies, a clear
understanding of the scope and procedures of the studies is required. This
needs to be presented in the project report, along with the results from the

*More about how the ISO standards relate to each other can be found in
Appendix A.
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EPD study. In this report, the scope should be transparently declared, along
with a critical review of assumptions and the validity of the used data. This
report provides the basis for external verification, providing the reader
with the affirmation that the procedures and results are sound.

2.4. Eco-design

One of the many ways for businesses to reduce their environmental impact
is through product design that minimizes its burden on the environment.
Many terms exist that describe this process, including ‘sustainable product
development’, ‘design for sustainability’, ‘green design’ or ‘eco-design’.

In the ISO 14006 standard, the term eco-design has been explained

and a general procedure of implementing eco-design alongside the
Environmental Management System (as covered in ISO 14001) is specified.”

The eco-design process combines two core activities: environmental
assessment and environmental improvement (Vallet et al,, 2013).

A multitude of tools is available for eco-design, aimed at the different core
activities within eco-design. These tools provide a sense of confidence
and comprehensiveness for the designers, as it limits the risk of forgetting
significant elements (Akermark, 2003).

Life Cycle Assessment (LCA) is a valuable tool for the environmental
assessment activity of eco-design. It is able to provide aninsight into what
lifecycle stages or design parameters have a great influence in the overall
environmental impact of a product. This allows the design team to focus
their attention on improving these aspects of the product’s design.

For the environmental improvement activity, techniques are used

that are currently used in typical product development. Examples

are brainstorming, morphological charts and concept diversion and
conversion techniques as used in the ‘double diamond’ method by
Kochanowska and Gagliardi (2022). For these steps, eco-design tools are
available that can be divided into three categories (Knight & Jenkins,
2009). Guidelines providing a broad support across the whole product
development process, checklists presenting in-depth explanations for a
narrow scope and analytical tools providing guidance of when and how
systemic analysis can be performed.

*More about how the ISO standards relate to each other can be found in
Appendix A.



esign tool

In this chapter the design tool is presented that has been
developed for Aalberts Integrated Piping Systems, to
incorporate the environmental impact of products during their
development using Life Cycle Assessment. First the design tool

is presented and it is described how it can be used (Section 3.1),

then itis described how the design tool has been developed
(Section 3.2).

3.1. Using the design tool

The design tool is intended to be used by the product
development team. Section 3.1.1 explains how they can use it to
develop more sustainable products. The design tool requires
quick-LCAs that are performed by an LCA expert. In Section
3.1.2 the procedure for these LCA calculations is defined.

311 Product development

The explanation of the design tool in this section resembles the
user guide thatis presented to Aalberts, as shown in Appendix
B, where the following section provides a more detailed
explanation. Additional reasoning behind what is included in
the design tool is provided in Section 3.2.4.

Overview of design tool

The design tool consists of two sides and the design guide
presented in Appendix B, each presenting a different level of
detail. This distinction is made for easy retrieval of required
information. The front of the design tool (Figure 3.1) provides
only the essential information, without the clutter of additional

explanations. Whenever clarifications are required, these can be easily
found on the back of the design tool (Figure 3.2). The guide is intended
for the first use, providing an explanation of how the design guide should
be read and some background information that is required for the
interpretation of the LCA results.

The design tool proposes to consider the environmental impact of the
material during the product development process in four steps, based on
the steps in which the decision for the material of the product is defined
within Aalberts IPS. First the material of the main body is defined by
choosing the alloy family, followed up by the definition of the specific alloy
that is used. The same distinction into alloy family and specific alloy is
made for the evaluation of the material of the subpart.

The term ‘alloy family’ refers to the general distinction into categories of
alloys, such as carbon steel, stainless steel, brass or copper. This definition
is based on the report by UNEP (2011). The ‘specific alloy’ step dives into
differences within the alloy family. For example the difference between the
commonly used grades of 304 and 316 of stainless steel, but also if the alloy
composition is tailored specifically to the requirements of the product.

Per decision topic, two general steps are performed by the product
development team. First the materials in consideration are specified, so
that the LCA expert can model a comparison. The tasks of the LCA expert
should be performed within one week, so the product development team
can continue with the development of the product. The next step is to
interpret the results, providing answers to the questions posed.

Below, an overview is provided of the two sides of the design tool. Next, the
steps that require some more explanation are presented.

Front

On the front side of the design tool, the steps of the product development
at Aalberts IPS are shown, with a time range in which the different
decisions take place. It can be seen that all decisions should be solidified
at the end of the third phase: ‘development’. However, the main body alloy
family and specific alloy are preferably considered in the earlier phases.
Only after the ideation phase, the subpart alloy family and specific alloy
consideration starts, with their focus in the concept and development
phase. The centre of the design tool presents the steps that should be
taken by the product development team. These are explained in more
detail on the back of the design tool. The red bars framing the centre
present the start- and end conditions of the design tool. They represent
what is necessary to start using the design tool, and what the results would
be after usingit.

The steps of the subparts material need to be repeated for every subpart
under consideration. That way only one variable is changed at the time,
reducing complexity in the comparison.
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Design tool LCA in product development
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Figure 3.1.

Front of design tool for Aalberts Integrated Piping Systems
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Design tool LCA in product development

Main body alloy family

Main body specific alloy

Only if the difference between subpart options is
significant

Specify materials: Specify general material

Subpart alloy family

Subpart specific alloy

Specify materials: Specify the materials of
the components for which the material
choice is set, as well as the options for the
subpart.

Specify weights: Specify the weight of the
components for which the material choice
is locked, as well as the options for the
subpart.

Specify materials and weight of set
components: For the components for which
the material choice is locked, specify the
materials and weights.

Determine alloy composition of options:
Specify what elements the alloy is made of,
and how much of each element is present in
the alloy options. Make sure they add up to
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different performance is expected.
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Back of design tool for Aalberts Integrated Piping Systems
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Back

The same steps that are mentioned on the front are also shown on the
back, but with more detailed explanation. It also provides an example of
how the gathered data in the first step should be presented to the LCA
expert, and what the results could look like. The data should be presented
to the LCA expert so that it is clear what the material types and weights
are that will be compared. For the specific alloy comparison that means
that they should be split up into the elements that make up the alloy.

The results should be interpreted by comparing the values between

the different options and components. The main focus should be on

the differences in values between the options, the total values are less
relevant. This is a result of choosing the internal normalisation, as described
in Box Ill. The total values only mean how the impacts relate to the total
impact of the selected benchmark product. The values are expressedin
‘AIPS indicator’, of which the calculation is discussed in Box V.

Elaboration
Some of the steps require additional explanation. These are discussed
below.

Specify materials (+coatings)

In the same step where the material options are defined, the coatings
must be specified. The material of the coating, as well as the chemicals
used during application of the coating are often much more harmful to the
environment than the main body material.* As some materials require a
coating, and others do not, the comparison of impact of material options is
only representative when the coatings are considered.

Specify weights

Itis possible that for different material options, different weights are

to be expected. This could be due to completely different designs, or if

the strength or density of the material differs between options. If such a
difference is expected, this should be taken into account in the comparison.
If not, the same weight will be used for all options. This can be the weight
as specified in the design or a round number.

Consider supplier options

Many suppliers are currently working on more sustainable materials.
Therefore, it is relevant to consider these alternatives, next to the general
material types. As you rely on the way that suppliers present their
information, these differences cannot be implemented further into the
quick-LCAs. However, they can be considered throughout the next steps.
If the exact composition of the alloy is to be defined, the quick-LCAs in
the ‘main body specific alloy’ step can still provide insight in the generall

*This is visualised in Figure 3.7 on page 47.

differences inimpact between elements and alloy compositions. The
subpart LCAs will not be representative, as the comparison between the
main body material and the subpart will not reflect reality.

Consider processes

Different materials can require different manufacturing processes.

These processes are likely to consume different amounts of energy. This
difference is not accounted for in the quick-LCAs, as they only consider
the environmental effect of materials. Whenever a difference in energy
consumption of factor two is expected between two material options, this
should be reported to the LCA expert. They can then evaluate how this
influences the conclusions that can be drawn from the quick-LCAs.

Consider recycling

If there is a big difference between the recyclability of materials, the
results from the material quick-LCA should be considered with additional
care. They might falsely favour a material with a low material impact that
cannot be recycled over an option that is well recyclable but has a higher
initial impact. Therefore, the LCA expert should be made aware if the
difference in recycling percentage between two material options is more
than 50 percentage points. This difference will then be considered in the
evaluation of the results.

Moving from ‘subpart alloy family’ to ‘subpart specific alloy’

If the impact of the material options for subpart alloy family is significantly
lower than the impact of the main body, it is not useful to evaluate

the impact of the alloys in the next step. It can then be assumed that

the differences between the specific alloy will not have a significant
contribution to the total impact. In other words, it is only relevant to
evaluate the environmental impact of the step subpart specific alloy’ for
subparts that have >5% of the total impact.

AIPS indicator

The scoresin the graphs are presented in the Aalberts Integrated Piping
Systems (AIPS) indicator. The results from the LCA analysis as calculated in
the Ecochain software, are presented in different environmental indicators,
each with a different unit. In order to compare the values to each other
and add them up into a single indicator, a normalisation and weighting
step are required. This allows for incorporation of the sustainability KPI's
into the LCA results. Box |V describes the general process of determining
company-specific normalisation and weighting factors, Box V discusses
how the normalisation and weighting factors have been developed for
Aalberts IPS.
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Box IIl. In this box, it is presented which methods are selected for normalisation and Normalisation factor Box IV.
Reasoning weighting in order to calculate the Aalberts IPS weighted indicator score, (continued)

for selected
normalisation

based on the methods presented in Box | and the considerations in Box
Il. Box IV will provide a general description of the steps that are required

and weighting to calculate the normalisation and weighting factors according to the
methods selected methods, and Box V presents the outcomes for Aalberts IPS as
calculated according to Box [V.
For the LCA calculations at Aalberts IPS, internal normalisation is used. The
products in Aalberts IPS’ portfolio are made of metal, resulting in a high
focus on the resource extraction and ecotoxicity impact category. Across
the different products, these two impact categories add up to an average
of 95% of the total impact, meaning that the impact of all other categories
becomes negligible. Using internal normalisation better highlights the
differences between the impact categories, as can be seen in Figure 2.2.
The panel method is selected for determining the weighting factors. This is
chosen because of the wide range of stakeholders within Aalberts IPS that
are relevant for sustainable product development. Using the panel method
creates a more nuanced view than using the multi-criteria analysis. The
distance to target and monetary weighting methods were considered too
time-consuming to perform for the scope of the thesis.
Figure 3:3. 100 - M Climate change - kg CO2 eq
Comparison I Ozone depletion - kg CFClleq
of ex‘temo/ M Acidification - mol H+ eq
and internal 80 - M Eutrophication, freshwater - kg P eq
normalisation M Eutrophication, marine - kg N eq
for the I Eutrophication, terrestrial - mol N eq
environmental 60 - Photochemical ozone formation - kg NMVOC eq
impact of M Resource use, minerals and metals - kg Sb eq
Aalberts Resource use, fossils = MJ
IPS’ product 40+ | Wotgr use - m3 depm{. '
Super’ Por‘tlf:ulate mqtter— diseaseinc.
’ ) lonising radiation - kBq U-235 eq
expressed in 20+ Ecotoxicity, freshwater - CTUe
percentages Human toxicity, cancer - CTUh
_ B Human toxicity, non-cancer - CTUh
L e | B ) M Land use - Pt
External Internal
normalisation normalisation
The external normalisation is calculated according to the EC-PEFC norm
(EPLCA, 2018), internal normalisation is done according to the benchmark
product as described in Box V. [ |
Box IV. - In this box, the methods for normalisation and weighting that are used
Determining in the report are explained. They are based on the available methods as
company= discussed in Box Il. The methods as described here are used to determine
specmg . the normalisation and weighting factors to use in the Aalberts IPS design
normalisation S . .
and weighting tool — vyhph is present_ed in Box 1V — and can be used to determine the
factors normalisation and weighting factors for the company as part of the

framework (Section 4.1.1).

A normalisation factor tailored to the company can be determined by
selecting a benchmark product. It is also possible to select an available
set of normalisation factors, as is described in Box [I. To determine the
normalisation factors based on a benchmark product, the following steps
are performed:

- Select benchmark product: Choose a product that is representative
of alarge part of the portfolio with regards to design, material and
weights, and also sold in large volumes.

- Calculate the environmental impact: Do this for the entire product
portfolio that is under consideration, including the benchmark product.
This ensures that the data from the benchmark product can be
compared to the rest of the portfolio.

- Calculate the normalisation factor: The normalisation factor for each
environmental impact category is equal to the impact of the total
product for each of the impact categories. That way, when dividing the
environmental impact by the normalisation factor, the total impact of
the product should become 1.

Weighting factor

The weighting factor is calculated using the panel method. As there are
still many approaches to use the panel method, it is explained below what
steps are used to determine the weighting factors within the scope of this
report.

- Prepare overview of environmental indicators: Determine what
environmental indicators will be considered, then describe them in a
way that someone without prior knowledge on sustainability and LCA
can understand.

- Determine key sustainability goals: Define what sustainability goals
are most relevant to the company. These might be presented in
the Corporate Sustainability Reporting, or any other outing of the
sustainable business goals. These insights will inform the weighting
factors for the initiator of the weighting factors.

- Define panel: Consider who within the company has relevant insights
about sustainability and the environmental impacts of the products.
Think of sales, product development and marketing departments. Make
sure to also include the initiator of the weighting factors in the panel.

- Perform interviews: Present the environmental indicators to the panel,
and explain what they mean. Ask the panel members to classify the
impact categories into high, medium and low importance. Next, rank
the indicators classified with high and medium importance according
to their individual importance. These can be individual sessions or in a
group setting.

- Calculate final weights: Assign values to all categorised and ranked
responses. The impact categories that were considered of high
importance receive scores between 0,5 and 1 (with equal steps), the
categories with medium importance between 0,05 and 0,1 (with equal
steps) and the low importance impact categories receive a weight of
0,01. The final weighting factors are calculated as the average of the
panel for each of the environmental indicators. |
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312. LCA expert
Box V. This box describes how the normalisation and weighting factors are The LCA expert performs quick-LCAs during the product development
Determination determined for Aalberts IPS, based on the process described in Box II. This process, bgsed on the mgterio| options under Considergtion. The product
inS{ig/tzsr allows the results to be calculated towards a final AIPS indicator score. development team specifies the data that can be used as input for the
Normalisation LCA, and will later on use the results. The LCA analysis should be performed
- For the normalisation, the benchmark product within one week at most, ensuring that the product development process
Figure 3.4. XPress Carbon 28mm, 90° bend is chosen. This is not delayed extensively.
XPress CO’bOC’ is a product that is sold in large volumes, and its . . . . .
elbow 90°. design is representative of the largest portion of N The general steps of performing the quick-LCAs using the Ecochain Helix
(Ao/bertSd/PS, the portfolio. The product is shown in Figure 3.4. \ software are described below, a more in-depth explanation specific to
n.a-c) The normalisation factor for each environmental Aalberts IPS can be found in Appendix D. The descriptions apply to all four
indicator is set so that the sum of the total types of quick-LCA discussed in the design tool.
impact of the reference productis 1, see Table 3.1.
- 1. Entering data: The material data is presented to the LCA expertin
Weighting o o the form of a table, defining the material type and weight of each
To determine the weighting factors for the AIPS indicator, two approaches . B . .
. . 2 : L of the options. This data is entered into the LCA software for the raw
were combined. First, weighting sets available in literature were used il v [if le bh Ki | he datab
and combined into one average score. This is then combined with the motgrlo Ssupply fitecycie p OS?’ making syre to select the database
outcomes of the interviews that were performed second. People from entries that best reflect the desired material or element. As some
the departments product management and sustainability management elements are not frequently used separately, these can be difficult to
level (within IPS and on the corporate level) were interviewed. The final find. All life cycle phases other than the raw materials supply are left
weighting factor could then be calculated as the average of the weighting empty.
sets found in literature and the interviews, and is presented in Table 3.1. 2. Processing data: The results are calculated. Ecochain does not
What pre-existing weighting sets were considered, as well as the individual iy . . . o
. . : ; ; facilitate calculating a customised weighted indicator score. Therefore,
scores from the interviews can be found in Appendix C. An explanation of h leulati d lIv in Excel. This Excel sh .
each of the impact categories can be found in Section 2.2. t ese‘co CL_J ations org one manually in Excel. This Excel sheet s
N : Weidh explained in Appendix D.
ormalisation eighting . . . .
Table 3.1. e e [T T o v P 3. th:esent!jng ;edsultsl. The weighted scoretshore ptresen;f]d |tn tgrlo'iphs s,ot that
XPress Corbog Climate change - kg COZ-0q 121501 .00 e product developers can compare the options. The total impac
elbow 90°. ° deolots Ko CFC11 4 58E.09 003 of the options is shown, as well as the different parts or elements that
(Aolbertsd/PS, z?rje_ e? il b ’ ’ make up the total score. This is done using Excel.
n.d.-c) Al = el GF &gl 2100 Gy 4. Assessing validity: Before the results are presented to the decision-
Eutrophication, freshwater - kg P eq 2,37E-07 0,02 makers, the validity of the results should be assessed. It should be
Eutrophication, marine - kg N eq 1,61E-04 0,08 evaluated how reliable the data is that was used, and how that could
Eutrophication, terrestrial - mol N eq 8,71E-03 0,04 affect the conclusions that follow from the results. If the product
Photochemical ozone formation - kg 1 27E-04 0.06 developers indicated an expected large difference in manufacturing
NMVOC eq ’ ’ ;
e processes (> factor 2) or recycling percentages (> 50 percentage
u use, mi - . L . . . . . .
Sb eq 9 | 2.716-04 0,74 points), this is considered in this step. If the option with the highest
Resource use, fossils - MJ 1.63E+00 021 environ.mentol impoct rgsulting frpm the quigk—LCA gtudy is also
Water use - m3 depriv. 8.99E-03 021 the OF]J(tIOﬂ fqr which a higher eHV|r|(?nmehnt0| |m||ooct is e>'<|r|oscted fdor
Particulate matter - disease inc. 2,08E-08 0,02 manu OCt.urmg proce§se§ orrecycling, the r.esu .tS can ?t' e used.
‘onisi diati KBa U-235 2 69E-03 001 However, if the opposite is true, the uncertainty is too high to use
omsm? ra ation < - o ’ the outcomes further. Additionally, attention should be paid to the
e R HOH T = Gt ARSI U2 outcomes of the LCA of specific alloys. Due to the limitations of the
Human toxicity, cancer - CTUh 1.29€-10 0,33 Ecolnvent database, these calculations present a higher uncertainty.
Human toxicity, non-cancer - CTUh 1,92E-08 0,47 If the results are too close and the uncertainty too high, the outcomes
Land use - Pt 1,81E+00 0,11 should be disregarded.
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5. Evaluating results: An optional next step is to evaluate the origins of
the environmental impacts. Knowing where the impacts come from
can give aninsightinto how the impact can be reduced, other than
reducing the amount of a material that is used. The impact category
that contributes most to the overall environmental impact of the
product is evaluated in more detail. It is studied what mechanisms
cause the emissions. For example, the material copper has a large
impact on the ecotoxicity impact category, which is caused by the
antimicrobial nature of copper (Anjum et al,, 2015). These insights can
help in conversations with suppliers. Knowing what causes the largest
impact can be a starting point for them to reduce the impact.

3.2. Developing the design tool

This section describes how the design tool, as presented in Section 3.1, has
been developed. This section explains the reasoning behind what has
been included, and this process will be used as a starting point for the
development of the framework as described in Chapter 4.

The development of the design tool followed a number of steps, as is
described in the following sections. First, the data and expertise on LCA
within Aalberts IPS was considered (Section 3.2.1). Then the product
development process was studied (Section 3.2.2), giving an insight in when
decisions are taken that are relevant for the environmental impact of

the products. Then the results from LCAs of Aalberts IPS’ portfolio were
evaluated, to pinpoint what design choices have the largest influence

on the total environmental impact of the product (Section 3.2.3). It is then
described how the findings from the analysis steps have been combined
into a design tool (Section 3.2.4).

321 LCA data and expertise at Aalberts IPS

Aalberts IPS has recognised the trends towards sustainability and the need
for analysing their products’ environmental footprint. LCAs are performed
internally, which are used to publish Environmental Product Declarations
(EPDs) of the products. These EPD results can be found on the website of
Aalberts IPS (n.d.-a).

Aside from the LCA expertise, positions related to sustainability are filled
on all levels of the organisation. On the corporate and global level,*
those positions focus mostly on strategic positioning and organisational
improvements. Aside from that, in the other business units within the
Aalberts group there are also people working on LCAs and sustainability
strategy.

*An overview of the organisational structure of Aalberts can be found in Figure 1.2
on page 13
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Within the corporate level of Aalberts and the Integrated Piping Systems
technology, objectives are set to reduce the environmental impact of

the business practices. They focus on increasing the energy efficiency,
reducing water and resource consumption, reducing waste generation
and travelling consciously (Aalberts, 2022). These focus points correspond
to the impact categories that received the highest weighting factors, as
can be seenin Box V on page 40.

The LCAs are performed using the Ecochain Helix software, a web-based
tool that allows the user to fill in company-based data on e.g. production
amounts, product dimensions and energy consumption. It works with the
Ecolnvent database, where the user can select the appropriate materials,
modes of transport and end-of-life treatments. When all product data
has been filled in, the results can be calculated. These can easily be
converted into an EPD report, but also analysed further to find the causes
of emissions. Ecochain already presents the data in a number of views, but
if further details need to be studied, the results can easily be converted to
an Excel file.

To get a deeper understanding of LCAs at Aalberts, an LCA was performed
for a product range that had not yet been evaluated. This differed from
performing an LCA in the theoretical projects in previous experiencesin a
number of different ways. These differences are reflected onin Appendix E.

3.2.2. Product development process

The product development process at Aalberts IPS is modelled after the
stage-gate model (Cooper, 1990), and is presented in Figure 3.5. It follows
six stages, from ideation to project review. Each stage is rounded up at
the so-called gate, where the results from the stage are evaluated. Based
on this information, the choice is made whether to progress to the next
stage or not. If the results are insufficient to pass the gate, improvements
are made in the stage until the results are sufficient to continue. With each
stage, the detail level increases and the level of uncertainty decreases.

In each phase, decisions are made about the product that influence the
environmental impact. For instance, the material is selected, a machine is
chosen, and the transportation distance is defined. To get an insight in how
the decisions are made in the different stages of the product development
process, and how these decisions influence the environmental impact of
the product, an overview is made based on conversations with project
management. This is presented in Table 3.2. The goal is to determine for
which decisions a prospective LCA could provide valuable insights for
improvements during the product development phase.

It can be seen that some decisions are spread across multiple product

development phases. This is the case for the impacts from the material
choice and weight and manufacturing, moving from a generalidea to

a detailed decision in the different steps. Multiple quick-LCAs can be
performed to inform the decisions that together shape the final outcome.

What can also be seen is that one decision can have an influence on
multiple aspects of the environmental impact, throughout different lifecycle
phases. For example, the material choice influences the recycling potential,
and the chosen weight influences the impact of the transportation steps.
An LCA could be useful to evaluate the interplay between the different
lifecycle impacts that are affected by the decision.

Another finding is that some impacts follow a logical relation, where

other impacts are harder to predict based on the input data. If the travel
distances are longer, the impact of the transportation is logically higher
than for shorter distances. A similar relation applies for the weight of

the product and the energy consumption, in both cases it is easy to
understand how the environmental impact changes based on the input
values. For the material choice, such a logical relation between the options
does not exist. The difference between the impact of copper versus
stainless steel cannot be explained by a simple relation. For such decisions,
an LCA can be a valuable way to evaluate the differences between
options. Other decisions for which no logical relation exists are the mode of
transport, energy type and recovery strategy.

3.2.3. Results LCAs portfolio

In this section, the results will be discussed for the LCAs that have been
performed of the products in Aalberts IPS’ portfolio, in order to publish the
first set of EPD reports. A general description of what is modelled, and the
most important conclusions are explained below.

The LCAs are performed on the five product ranges that have been
modelled in Ecochain. Of each product range a specific product has been
selected, a similar product for each. That way the comparison is fair across
the product ranges. The chosen products and their characteristics are
shown in Table 3.3. The LCA study has been performed according to the

EN 15804 standard (CEN, 2019), filling in modules for material extraction (A1),
manufacturing (A3), transport (A2, A4) and end-of-life (C, D). The results are
expressed in Aalberts Integrated Piping Systems (AIPS) indicator, combining
the different environmental indicators in a way that best represents the
relevance within Aalberts IPS. How this indicator is calculated can be found
in Box V on page 40.

The first observation that can be made from the results, is that the
materials extraction phase holds the most significant impact by a
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considerable margin. Across the different products, an average of 95% 200
of the total impact is attributed to the materials (Figure 3.6). After that, g Figure 3.6
the manufacturing (17%) and end-of-life phase (-17%)* have the largest 2150 — Environmental
contribution to the total impact. ﬁ impact of
a 100 — lifecycle
The compared products each have different masses and are made of < phosesyfo,
different materials, contributing to the differences in impact per product. 50 — different
The product Super has the largest impact in the materials phase. This can products,
be partly attributed to its mass, as it is heavier than most other products. 0 . B " ” —— — g exspre(jsed n
. . . . . owerPress press press udoPress udoPress uper AIPS indicator
Howe\{er, the main reason for its high impact, is its material pre. Where 50 Carbon Stainless Garbon Bidloss
Super is made of brass, the other products are made of stainless steel and Steel Steel Steel Steel
carbon steel.
To get a betteridea of the impact of the choice of material types, the B Manufacturing I Raw material supply I Transport
impact per ton of material is displayed in Figure 3.7. It can be clearly seen I Reuse- Recovery- Recycling- potential Transport gate to site
that brass has a much larger impact per ton of material than carbon and
stainless steel. The impact of carbon steel is even lower than of some 20 — 500
polymer materials. g Figure 3.7.
. . . . & 400 i
What should also be noted is that the zinc coating that is used on the T 15— AEnV'ronmemC’/
. ) . impact per ton
carbon steel products, has such a large impact per ton that it could not be 2 300 of the material
displayed on the same scale as the other materials. This material is only <0 expressedin
used in small amounts in the final products, reducing the overall impact 200 AIPS indicator
of the coating. However, the impact of the coating still has a significant 05 — 100 _perton-the
impact on the total product, despite the small amount that is used. 'mpOCt?fm?
coating is
0,0 0
. . . . Carbon Stainless  Brass EPDM HNBR PA Coating R On, the
“Some of the materials are recycled, which means that the impacts of the material steel steel zine right.
extraction steps can be omitted. This avoided impact is presented as a negative
value, in this case resulting in an overall negative score for the end-of-life phase.
. . o o B 0 [ o i
Type of Sealing Diameter Weightii Materiali 5 P Figure 3.8.
Table 3.3. ) ksl @ | .
Characteristics product element! (9 2 = 120 Enwrpnmentofl
. . = impact o
of products Power Stra|g_ht HNBR " 138 Carbon 4 00 - materials
selected for  Press coupling steel < for different
LCA study Bend Carbon 60 I
XPressC  o; EPDM 18 mm 57 crecl pfodugfs’
expresseain
i 30 [ indi
XPress SS Sg{]d EPDM 18 mm 57 ftt:IeTless A;lffst)lﬁgsﬂ
SudoPress Bend Carbon PowerPress Xpress  Xpress O powerPress XPress  XPress composition
Cc 90° EPDM 18 mm 57 steel Carbon  Stainless Carbon  Stainless inmass per
i Steel Steel Steel Steel material (right).
SudoPress Bend EPDM 18 mm 57 Stainless '
SS 90° steel I Bross B HNBR B Zinc B EPDM
Super Stralght N /Al 18 mm 115 Brass Steel = Stainless steel
coupling

i Different types of rubber are used for the sealing elements (O-rings) of the fittings
for different applications (see technical handbook in Aalberts IPS (2023)). ii: for the
main compent. iii: no sealing element is used in the fittings of the ‘Super’ product
range.
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Table 3.4.
Recycling
percentages of
elements often
used in by
Aalberts IPS.

In Figure 3.8 it can be seen that for the XPress Carbon Steel product, the
weight of the coating is only 0,01% of the total product, where the impact is
58%. However, the combination of steel and coating for the XPress Carbon
product still has an impact below that of the XPress Stainless Steel product.

Similar to the coatings, it can be concluded that small components can
have a significant environmental impact to the total product. In Figure 3.8,
the brass component in the PowerPress product contributes to 1% of the
weight, but 34% of the total impact. For the stainless steel component of the
Power Press that is 4% and 19% respectively. The main body of the product,
with the largest mass (stainless steel, 93%) only has a relatively small
impact (46%).

The most important conclusions that can be drawn from the results of
the LCA of the current portfolio at Aalberts IPS are that the products’
environmental impacts are mostly caused in the materials extraction
phase, and that smaller components can still greatly influence the total
impact of the products.

With this in mind, it is most beneficial to focus the attention of the product
development on the material choice when looking for reduction of the
environmental footprint. This should not only be considered for the main
component of the product; great care must also be taken when defining
the materials of smaller components.

3.24. Combining into design tool

From both analyses it can be concluded that for Aalberts IPS the most
relevant decision to consider is the material choice. The LCA shows that
the materials extraction phase has by far the largest impact, so the biggest
improvements with regards to the products’ sustainability can be made
here. This impact is defined by the decisions for material choice as well as
material weight. The impact of material weight follows a logical relation
and is therefore less interesting to consider. Therefore, the material choice
is used as the focus of the design tool.

The results from the LCA also show that the interplay between impacts
of the different lifecycle phases is irrelevant to consider. As the materials’
impact is so large compared to the other lifecycle phases, the effects of

Element Recycling
percentagel

Chromium (Cr) 87-93%

Manganese (Mn) 53%

'The recycling percentage
represents the percentage of

Iron (Fe) 52-90% the metal reaching the end-of-
Nickel (Ni) 57-63% life stage that enters the scrap
Copper (Cu) 43-539% market, as found in UNEP (2011)

a change that affects both the material extraction phase and another
phase, will only make a significant difference to the impact in the materials
phase.

As discussed in Section 3.2.2, the material choice consists of multiple
steps. In Table 3.2 on page 44, three steps are pointed out, but upon closer
investigation the decision was taken in the following four steps:

- Main body — alloy family
- Main body — specific alloy
- Subpart — alloy family

- Subpart — specific alloy

These steps were used to structure the design tool. For each of these steps,
itis described what LCAs can be performed to provide insight into the
environmental impact of the options for the decision. Besides, additionall
points of attention are mentioned for each of the steps. In cases where

the material options are not metals, the distinction into ‘alloy family’ and
‘specific alloy’ can still refer to the different levels of detail of the material
decision. The first level of detail then refers to the general material type
such as rubber or plastic, followed by a comparison between the different
types of the chosen material, for example polypropylene or polyethylene.

In the design tool, there are three instances where a factor defines how
to proceed. The reasoning behind the values of the factors is discussed
below. However, it should be noted that these values are not soundly
substantiated and therefore require further testing before use. This is
discussed furtherin Section 5.2.2.

For the step ‘consider processes’ it is specified that if different
manufacturing processes are required for different materials, an estimation
of required energy consumption must be made. If this is expected to vary
more than a factor two between options, the results must be considered
with care. This factor is chosen based on the results of the LCA from
Aalberts IPS’ current portfolio. From Figure 3.6 on page 43 it can be

seen that for PowerPress, the impact in the raw materials phase is 70%,
compared to animpact of 35% in the manufacturing stage.* Doubling the
energy consumption makes that the manufacturing and materials stage
have an equalimpact. In such a case the LCA expert will need to critically
evaluate the validity of the outcomes. Within the LCAs of the current
portfolio, the PowerPress has a large share in the manufacturing process
compared to the other products. It is therefore expected that this factor
two is large enough to cover the differences in other future situations.

*Some of the materials are recycled, which means that the impacts of the material
extraction steps can be omitted. This avoided impact is presented as a negative
value, in this case resulting in an overall negative score for the end-of-life phase.
This explains that the percentages add up to >100%.
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Great differences in recyclability are accounted for in the step ‘consider
recycling’. It states that if the difference in recycling percentage between
two material options is more than 50 percentage points, the results of

the LCA do not accurately represent reality. This number is chosen to
account for the impacts of the disposal and recycling processes that

are not accounted for in the current LCA calculations. It is estimated that
the 50 percentage points difference covers the variation between the
environmental impacts of end-of-life processes. Besides, the types of metal
that are often used in the portfolio of Aalberts IPS are within the range of
50 percentage points difference to each other, see Table 3.4. This provides
a confidence that the conclusions from the LCA favour the option that is
indeed the most sustainable.

Moving from the step ‘subpart alloy family’ to ‘subpart specific alloy’, it
should be evaluated if the subpart has animpact that is larger than 5% of
the total impact of the product. This number is chosen because within the
chosen alloy family, limited variability is expected within the chosen alloy
family. Therefore, it is considered unlikely that if the alloy family is less than
5% of the total, differences between specific alloy options end up having a
significant differences in the total product’s environmental impact. The time
that would be spent on evaluating the impacts in the next step are unlikely
to provide useful insights.

3.3. Evaluation

A first version of the design tool — as presented in Appendix F — has been
verified by presenting it to stakeholders within the company that are
involved in the product development process. The changes that were
made are discussed below, and incorporated into the design tool that has
been presented in Section 3.1.

The design tool was received with an overall positive response. It provided
a clear overview of what could be done during the product development
process and it was appreciated that it followed the same structure of the
product development process that they were already familiar with.

The first suggestion regarded the structure of the design tool in relation
to the product development process. In the first version, each step of the
design tool was performed in one step of the decision-making process.
However, it proved more realistic to present each step along a timeframe
of the development, spanning across multiple phases. The timeframe
describes when the topic is first considered, and when a final decision
needs to be made. This better represents the differences between the
development processes of different products.

Another suggestion was to include a short manual to explain the general
idea behind the design tool, how it should be used, and some additional

explanation on topics that were notimmediately understood by the
stakeholders during the verification sessions. Most notably, an explanation
of the calculations behind the AIPS indicator was requested, as this
allowed for better understanding of the results from the quick-LCAs. This
guide can be found in Appendix B.

Next, the start and end conditions were added to the design tool. In other
words, the state that is required before the design tool can be used, and
the end result after performing the steps is described. Including this in the
design tool makes sure that the expectations are clear before it is first used.

Furthermore, a small step was added to consider supplier options in the
early development phases. That way the efforts by suppliers to produce
more sustainable materials are taken into account. It is important to
consider this early in the product development process, so the material
properties can be verified to meet the requirements.

A suggestion that was repeatedly mentioned was to include the recycling
potential in the LCAs for the material choice. That way, the comparison
between materials with different material impacts and recycling potential
can be fairly made. Therefore, the step ‘consider recycling’ was added. This
accounts for situations where big differences in recyclability are present.



Framework

In Chapter 3, it has been explained how the design tool was
developed for Aalberts IPS, and how it can be used to consider
their environmental impact during the product development
process. In this chapter, the scope of the application is
broadened. It is explored how other companies can develop a
design tool with the same purpose as the Aalberts IPS design
tool, fitting to the company’s situation. This is presented as a
framework. In Section 4.1it is described how companies can
use it. Two case studies, exemplifying the use of the framework
are provided in Section 4.2. Section 4.3 provides more
explanation on how the framework has been developed, and
in Section 4.4 an evaluation of the validity of the framework
based on the case studies is presented.

4.1. Using the framework

This section describes how companies can use the framework
to develop a design tool to incorporate the sustainability
concerns during the product development process. The steps
that are performed to develop the design tool are explained in
Section 4.11, the decision tree that is used in one of the steps of
the framework is presented in Section 4.12.

411 Step-by-step-guide

This section describes the steps that are required to develop
a design tool fitting for a specific company’s situation. These
steps are visualised in Figure 4.1.

The figure describes the steps involving the definition of
the design tool, from analysing the LCA data, following the
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decision tree, to developing the design tool. The design tool can then be
used, resulting in new product designs being introduced to the company’s
portfolio. After the introduction of every new product, an evaluation takes
place. It is evaluated if the majority of the environmental impact of the new
product is in the same module as in previous analyses of the LCAs of the
portfolio. Next, the improvement potential is analysed, and it is explored if
the improvement pathways are still up-to-date.

Below, a more detailed explanation is given of the steps of development,
use and evaluation of the design tool:

1.

2.

Calculate LCA-results:

a. Determine normalisation and weighting factors: Determine what
environmental indicators are relevant for the company, and how
important they are compared to each other. A normalisation
and weighting method can be selected based on Box I/, or the
procedure can be followed that was used to determine the
normalisation and weighting factor for Aalberts IPS (Box V). These
normalisation and weighting factors will not only be used for the
quick-LCAs to develop the design tool, but also for the LCAs that
take place during the product development process.

b. Perform LCA: Complete an LCA for the entire product portfolio, or
at least the product range(s) for which the design tool is made.”
The LCA should be performed according to the EN 15804 norm.
When calculating the results after introducing improvements to
the products, make sure to only update the affected data, it is not
necessary to perform a full LCA again.

c. Calculate the weighted LCA results: Divide the outcome of the LCA
of each environmental indicator by the normalisation factor, and
multiply by the weighting factor. The results from all environmental
indicators can then be added together into an indicator graph.

Analyse LCA results in detail: Determine where the most substantial
impact of the analysed products is located. Also evaluate the
differences between the impacts of the modules; whether there is
one module that constitutes the vast majority of the impact, or if more
modules contribute substantially. Next, zoom in to the module with the
largest impact, to get a better idea of what impact category causes
the impact.

Follow decision tree: Go through the questions in the decision tree
(as foundin Section 4.12), using the analysed LCA results. It might

*If the product range for which the design tool is developed is not in any way similar

to the products in the current portfolio, external LCAs or EPDs can be used. These
can be found in EPD repositories, such as The International EPD System (n.d.), orin
academic literature. A similar approach was used for the cases studies, see Section

4.13.

be necessary to revisit the detailed LCA analysis step to answer
the follow-up question of the decision tree. Based on the variable
with the highest impact, a suggestion for relevant design tools and
recommendations for the specific situation follows.

If the outcome of the decision tree consists solely of recommendations,
the next steps do not need to be followed. In that case, the
recommendations should be proposed to the relevant stakeholders
within or outside of the company. After adding new products to the
portfolio, it should be evaluated if a design tool could be useful for the
changed situation.

. Define design tool: In this step, the suggestions for design tools and

recommendations based on the decision tree are tailored to the needs
of the company. Make sure to involve the users of the design tool inits
development.

a. Study product development process: The product development
process should be studied to find out how the decision that is
relevant for the design tool is made. This is done following the same
steps as were used in Section 3.2.2 for the development of the AIPS
design tool, answering the following questions:

i. What structure does the product development process within
the company follow? This will be used as a backbone for the
design tool.

ii. Inwhat steps and levels of detail is the final decision made?
And how are they spread over the steps of the product
development process?

If the impactis caused by a process that can in no way be
influenced by the company, the company can try to broaden
their influence by addressing supply chain partners. If that yields
no results, the decision-tree can be followed again to select the
variable that has the second-highest impact.

b. Search improvement pathways: In what ways can the
environmental impact of the relevant variable be reduced? Useful
resources are academic literature, government reporting, as well
as industry conventions and best practices.

c. Look forinterplay: Changes to mitigate the impact of one variable
canincrease the impact in another part of the product’s lifecycle.
Be aware of those changes affecting other modules that have
a significant impact. Then describe ways to account for such
interplay of decisions. This can be done by providing criteria for
which the quick-LCAs are not useful, or by including the aspect
into the quick-LCA. The decision tree already accounts for a
selection of expected instances of interplay. However, the interplay
in the studied situation might differ from the expected scenarios.



58 Chapter 4. Framework

4.1. Using the framework 59

d. Define quick-LCA moments: Define for what steps in making the
decision for the chosen variable a quick-LCA can be useful. Also
specify what steps need to be taken to perform the LCA: what
data should be gathered, how the quick-LCA should be performed
and how the results should be interpreted.

e. Develop design tool: For each step of the decision for the selected
variable, describe how the environmental impact of the product
can be reduced. Also incorporate the recommendations and
quick-LCA moments into the design tool. For the latter, describe
how the data should be gathered and the results should be
interpreted.

5. Use: For the use of the design tool, it is important that all parties
involved in the decision-making process are educated on how to use
it, including the LCA expert. The product developers should know what
steps they should perform and what aspects of the product should
be considered. The LCA expert must be informed of what quick-LCAs
are required, and what data is required for this. They will also interpret
the results, not only to find what option or variable contributes most to
the environmental impact, but also how reliable the outcomes of the
quick-LCA study are.

6. Evaluate: After the introduction of a new product to the company’s
portfolio, it should be evaluated if the design tool is still aligned with
the changing situation. Below, three possible reasons are listed that
could require an update to the design tool. If these, or any other
reason, prove the design tool to be out-of-date, the aforementioned
steps will be repeated in order to develop an updated version. Instead
of starting from scratch, it will be determined if the findings that
were used to develop the previous design tool are still adequate or if
they are in need of an update. In some cases this can mean a simple
addition of a consideration to the design tool, in others the changes
could be more structural.

a. LCA-results: Perform an LCA study of the newly developed
product. The data that is used for the quick-LCAs can be used as
a starting point for this analysis. Compare the results to the LCA
of the full portfolio. If the module with the highest impact is not
consistent between the new product and the portfolio, it should
be considered if the design tool requires an update. When a trend
is noticed or expected that new products have the same shifted
focus point, a design tool should be developed for the new focus
point.

b. Improvement potential: It should be evaluated if the improvement
potential justifies the module or variable that is used as the focus
of the design tool, evaluating the balance between invested
resources and expected environmental benefits. If the investments

no longer outweigh the outcomes, a new design tool should be
developed.

c. Improvement pathways: When advancing research presents
improvement pathways that were not considered in the initial
development of the design tool, these should be added to
the design tool to remain at a competitive advantage. These
progressing improvement pathways can be found by attending
industry conventions, sharing best practices and keeping up with
academic literature.

41.2. Decision tree

In order to develop a design tool, the decision tree as presented in Figure
4.2 is followed as part of the framework. The decision tree poses questions
that the user should be able to answer based on the LCA analysis, or in
some cases some additional review within the company or of literature.
This leads to a suggestion of recommendations and design tools that

are applicable to the company’s situation. Where design tools provide
extensive guidance on procedures during the product development
process, recommendations cover a narrower scope or are to be performed
outside the product development process. It must be noted that the
outcomes of the decision tree are intended as an inspiration of what a
design tool could look like, and that further tailoring according to the step-
by-step guide (Section 4.11) is essential. Further reasoning for the steps of
the decision tree as well as how the decision tree was developed, can be
foundin Section 4.3.

The questions in the decision tree follow the structure of the EN 15804,
regarding the scope of the modules and what variables are declared
within each module. It can be observed that not all modules that are part
of the norm are presented within the decision tree.

Firstly, the modules of A2 (transport to gate) and A4 (transport gate to site)
are combined. As both modules concern transportation steps, they are
very similar. Only for the recommendation of reducing the transportation
distances (Recommendation 2.3), a slightly different approach is required.
This difference is explained in the decision tree.

Due to the similar nature of modules B2-5, these have also been combined
in the decision tree. These modules cover the environmental impact of
maintenance (B2), repair (B3), replacement (B4) and refurbishment (B5), and
are all being influenced by the amount of energy and materials consumed,
combined with maintenance frequency.

Lastly, modules C (end-of-life) and D (recovery) are left out entirely. The
impact within both modules is largely determined by the material decision
that is specified within module Al. Therefore, the consideration of recovery
scenarios is added to module Alin the decision tree.
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Figure 4.2. (continued)

Decision-tree as part of the framework
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4.2. Case studies

Two case studies were conducted to demonstrate how the framework can
be used to develop a design tool within a company’s context. These cases
were selected to represent scenarios different from the case of Aalberts
IPS, with different materials and an impact in different life cycle phases.
The cases of cement and LED were found to meet these criteria. In this
section, a short summary of the findings of both case studies is presented.
A full description of performing the steps of the framework can be found in
Appendix G.

ltisimportant to note that the results of the case studies may differ from
what a company would achieve by following the framework themselves.
Firstly, Environmental Product Declarations were used to set the scope of
the cases, providing an insight into what happens between the company
gates, and what is outside of the influence of the company. Given the

lack of insight from the EPDs regarding the structure of the product
development process and the decision-making process, assumptions
were made based on the experience within Aalberts IPS. Another limitation
of the current procedure is that EPDs only present in what module the
impact lies, without providing any additional insights. LCAs from academic
literature were used to understand what caused an impact in a module,
and further details. Besides, it was decided to use the generic weighting
set for Product Environmental Footprints developed by the European Union
(EPLCA, 2018), as no insights were found on what impact categories the
company would value most.

What must also be noticed is that the case studies were not performed

by the intended user. The proposed audience is a sustainability manager
of the company itself, and not the developer of the framework. Besides,
the sustainability manager will have a much broader knowledge within
the industry in question, where no previous knowledge was available for
the current case studies. This difference in skill and knowledge means that
the outcomes presented here might differ from outcomes if the steps were
performed by the intended users.

For these reasons, the level of detail and the usefulness in the suggested
design tools is lower than if it were developed within a company. However,
they are still useful to get an understanding of what a design tool could
look like in a situation other than the case study at Aalberts IPS. In Section
4.4, the cases are used for an evaluation of the framework.

421 Cement

The first case that was studied, is that of cement production at Aalborg
Portland A/S. The cement is produced by grinding limestone and clay,
which are then combined and then heated in a kiln. Next, the calcination
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process begins which takes place in a second kiln, where carbon dioxide
is released from the limestone to produce clinker. This clinker is then ground
together with gypsum and other additives to form cement. These steps

are visualised in Figure 4.3. The cement is one of the main ingredients for
concrete production, but this is out of scope for the current case studly.

The EPD by Aalborg Portland A/S (2023) shows that the majority of the
impact lies within the manufacturing phase (A3), which is mostly caused by
the ecotoxicity (60%) and climate change (29%) impact categories. Studies
by Feiz et al. (2015), Garcia-Gusano et al. (2014) and Sjunnesson (2005)
indicate that most of the climate change impact is caused by the direct
emissions from the calcination step (~60%), and the combustion of fuel
during the same process (~30%). The impacts in the ecotoxicity category
are inconclusive, as Ige et al. (2022) attributes a majority of these impacts
to the raw materials phase, contradicting the EPD where a majority of the
ecotoxicity is caused in the manufacturing process.

For the design tool, the impacts from the climate change impact category
were used, as no conclusive explanation could be found for the impacts
in the ecotoxicity category. Besides, the climate change category is very
relevant to consider due to the large share of the global climate change
effects that can be attributed to the concrete industry (IEA, 2018). If custom
weighting factors would have been made for the cement scenario, it is
likely that the climate change effects would become more relevant than
the eco-toxicity effects.

This means that the focus of the design tool was determined by the module
that has the largest impact on the climate change impact category. As
discussed previously, the majority of the impact is caused by the direct
emissions of the calcination step, followed by its energy consumption.
However, as no feasible improvements can be made to reduce the direct
emissions from the calcination step (Feiz, 2016; Schneider, 2015), the focus
has been chosen to be the energy consumption of the calcination step.

Using this focus point as input for the decision tree yielded a
recommendation regarding energy type, as well as a design tool to reduce
the energy consumption.

Figure 4.4 shows the design tool that was developed for the case of
cement, highlighting the three improvement pathways that were found

in Feiz (2016), IEA (2018) and Schneider (2015): production process, product
composition and external synergies. The production process is defined in
three steps, choosing a sustainable energy source using LCA, selecting
equipment and then defining the production process in detail. The product
composition is defined by roughly outlining the desired clinker composition
using LCA, and then specifying it in more detail in the next step. The
external synergies are defined by a general search for possibilities and
then working those out in more detail with the involved stakeholders in the
next step of the product development process. The steps to perform both
LCAs, from data gathering to analysing the results, are discussed on the
right side of the figure.

4272. LED luminaire

Next, the case of the planar LED downlight by TRILUX GmbH & Co was
studied, as shown in Figure 4.6. Within the scope of the company, the
materials are sourced for the electronic and structural components, as well
as the packaging. In the production facility, the circuit board is assembled,
as well as the entire lamp. During the use phase, electricity is used to fulfil
its function of providing light. In between, transportation steps take place,
and at the end of the useful life, the metal, plastics and electronic parts are
recycled.

The EPD (TRILUX GmbH & Co, 2023) presents the environmental impact
of the LED luminaire, showing an overwhelming majority of impact in the
operation energy use (B6) module. This module has the largest impact
across all modules, with on average 96% of the total product’s impact.
This corresponds with the results of other studies (Casamayor et al., 2017;
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Principi & Fioretti, 2014; Wang et al,, 2020), clarifying that the operational
energy use is caused by the electricity consumption.

The above analysis was able to answer the first question in the decision
tree. The second question regarding the (relative) performance of the lamp
required additional research. It was found that a LED’s lumen efficiency

is known to degrade over its lifespan (Lumileds, 2016), and its relative
efficiency degrades as efficiencies in new LED technologies are still
increasing (Pattison et al., 2022).

Answering both questions in the decision tree, a design tool was
developed that inquires the optimal balance between lifespan and energy
consumption during the use phase.

The design tool for the LED case is shown in Figure 4.5. Again, three
improvement pathways are shown, namely Light Source Efficiency (LSE),
Light Application Efficiency (LAE) and lifespan (Pattison et al., 2022;
Richter et al,, 2019). Each are worked out in the different phases of the
product development process. For LSE, first the available LED and driver
technologies are researched, then an appropriate technology is selected,
which is then combined into an electronic circuit. The LAE is defined by
first stating the desired lighted area and intensity, after which the control
system is developed. The lifespan is defined with help of an LCA in the
conceptual phase. The steps to perform this LCA are described in the right
part of the figure.

4.3. Developing the framework

In this section it is described how the framework that is presented in
Section 4.1was developed. First, the steps that were taken to develop the
design tool at Aalberts IPS are evaluated (Section 4.3.1) and it is considered
how situations might differ from the one previously analysed and what
that would mean for the outline of a design tool (Section 4.3.2). This yielded
an overview of different scenarios that are considered within the scope,
and what design tools or recommendations would be suitable (Appendix
H). Next, a decision tree was developed to allow for easy understanding

of what would be suitable for the situation at a company (Section 4.3.3).
Then the step-by-step guide was developed, presenting how to tailor the
design tool and recommendations that follow from the decision tree to the
company’s situation (Section 4.3.4).

431, Steps for developing design tool Aalberts IPS

The steps that were taken to develop the design tool for Aalberts IPS were
used as a starting point for developing the framework. The procedure of
developing the design tool offered insight into what the general process
would look like for other situations. Additionally, knowing what aspects
were studied for the situation at Aalberts IPS provided an indication of

how these inputs might change for different scenarios. Below, a short
overview is presented of the development of the design tool, based on
what is presented in Section 3.2. For each step it was evaluated how this
influenced the outcome and what is most relevant to consider in scenarios
other than Aalberts IPS.

The first step that was taken to develop the design tool at Aalberts IPS was
to consider the LCA data and expertise within the company. This was done
to get familiar with the company and the context of the problem they are
facing. The findings of this step are used to define the boundaries of the
scope thatis considered within the research, meaning that these aspects
should be considered before using the framework. Therefore, this step will
be excluded from the process of developing a design tool for a specific
company.

Next, the product development process at AIPS was evaluated,
considering the general phases of the product development process, as
well as how each decision is made. This allowed the design tool to be
developed in synergy with the current product development process,
making it easier to implement. It could be concluded that the insights
about the product development process mostly changed the structure of
the design tool. This must therefore be considered in the later stages, after
defining the topic of the design tool.

Lastly, the results from the LCAs that were performed for EPD reporting
were studied in detail. From this, it could be concluded what causes the
total environmental impact of the product, and therefore, where efforts
for product improvements are most likely to result in a more sustainable
product.

4.32. Determining possible scenarios for design tools

As differences in LCA results would require substantially different design
tools, and because of the lacking knowledge with regard to sustainability
within companies, an evaluation was performed on what design tools
would need to look like for the different outcomes. The structure of the EN
15804 standard as defined by CEN (2019) has been used to systematically
evaluate the different outcomes.” For each module (or lifecycle phase) and
variable that needs to be declared within the modules, it was evaluated
what a scenario would look like to have the largest impact there. The

EPD repository (The International EPD System, n.d.) has been scanned for
inspiration for the different scenarios. Two of the EPDs that were found,
were worked out into the case studies that are discussed in Section 4.2.

The analysis yielded an extensive overview of scenarios that are covered
within the scope of the framework, which is presented in Appendix H.

* A more detailed explanation of the EN 15804 standard can be found in Section 2.3.
An overview of the modules is provided in Figure 2.2 on page 27.
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For each module and variable it is described what a possible design tool
would look like for that situation. It was found that for some situations, the
variable would only be relevant to consider in relation to other variables
due to interplay. Additionally, it was found that not for all cases a design
tool similar to the one presented for Aalberts IPS would be useful. In cases
where the variable is defined outside the control of the company, no
design tool would be useful, where for cases where the variable is defined
outside of or in merely one step of the product development process, a
recommendation would suffice.

43.3. Developing the decision tree

The overview of possible design tools and recommendations based

on where the impact of the products lies, is already a great resource.
However, it is not yet intuitive for companies to know what design tool will
be suitable for their situation. To address this issue, a decision tree was
developed. By responding to the questions, companies will be guided
towards the most suitable design tool or recommendation for their unique
circumstances. The decision tree is shown in Figure 4.2 on page 60.

The questions in the decision tree largely follow the structure of modules
and variables that are used earlier, but in some cases another question
was required. To address this, other indicators were evaluated that
define if a design tool would be suitable for the situation. Based on both
attributes, the questions in the decision tree were formulated.

It must be noted that the process of developing the decision tree is
substantiated to a limited extent. A thorough examination of the limitations
and validity of the decision tree is presented in Section 5.2.3.

4.3.4. Describing the step-by-step process

Based on the decision tree alone, companies would not be able to develop
a suitable design tool. Analysis steps need to be performed before the
decision tree can be followed, to formulate answers to the questions
posed. Additionally, further analysis and synthesis steps are required to
turn the proposed design tool resulting from the decision tree into one that
is fully tailored to the company’s situation. The steps that are formulated
are described in the step-by-step guide that can be found in Section 4.1.1.

These steps are largely based on the steps that were taken to develop

the design tool for Aalberts IPS. First the LCA is analysed, of which the
results are used to answer the questions in the decision tree. Having found
a suggested design tool or recommendation, the product development
process is evaluated and improvement potentials are explored in other
sources. It was then also described what needs to be considered during
the use of the design tool, and how it can be evaluated whether the design
tool continues to fit the changing situation as time passes.

4.4. Evaluation

The evaluation of the framework for design tool development entails

an analysis of its practical implementation within different industrial
contexts. This is done by examining the process of developing the design
tools for the cases of Aalberts IPS, cement and LED. This evaluation aims

to provide a nuanced understanding of the framework’s versatility and
effectiveness. The design tools for the cases of cement and LED have been
previously addressed in Section 4.2, exemplifying how the framework can
be used and what outcomes it can yield. The design tool for Aalberts IPS is
presented in Chapter 3, which inspired the structure of the framework. The
steps of the framework are applied to the Aalberts IPS case to examine

if the design tool could be improved after the more general insights from
the development of the framework. An extensive description of following
the steps presented in the framework for all three cases can be found in
Appendix G.

Itis important to acknowledge the potential influence of confirmation

bias within the scope of this evaluation, resulting from the use of the three
cases in the development of the framework. Therefore, the findings of

this evaluation should be treated with caution. More extensive testing

is required to provide comprehensive conclusions. It is also important to
note that the evaluation performed in the current section is of a more
theoretical nature than the evaluation that was performed on the Aalberts
IPS design tool as discussed in Section 3.3. Nonetheless, this evaluation
provides valuable insights into the use and comprehensiveness of the
framework.

Comparison outcomes of framework

In all three cases, the framework enabled the development of a valuable
design tool. The steps described in the framework are easy to follow to
develop a useful design tool. All three design tools provide the product
development team an accessible guide to incorporate the environmental
impact of the products during the product development process.

For the case study of Aalberts IPS, a different approach was used than
for the study of the cases of cement and LED. The situation at Aalberts IPS
was studied with access to internal documents and data, as well as the
expertise on the technology that is developed. This was not the case for
the cases of cement and LED, leaving only publicly available information
from EPD repositories and academic literature to be used. None of the
design tools were developed by the intended audience of sustainability
officers. This has resulted in differences in the outcome of the design
tools, and suggests that the design tools presented in the report could be
different from in-practice results.
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Most notably, the level of detail of the steps in the decision-making process
differ between the cases of cement and LED compared to the case of
Aalberts IPS. Where for the design tool for Aalberts IPS, the material
decision could be split up into the decisions for the main body and the
subparts on the detail levels of alloy family and specific alloy, no such
distinction could be made for the cases of cement and LED.

Dismissal outcome of decision tree

It was found for two of the three cases it was possible to dismiss the
outcome of the decision tree. For the case of cement, the design tool was
developed for the energy consumption of the manufacturing stage instead
of the direct emissions of the same phase because no feasible technology
was available to reduce the impact of the latter. Similarly, the design

tool for Aalberts IPS was developed according to the material-weight
design tool suggested in the decision tree, despite expecting different
percentages of recycled content and recycling scenarios (see Figure 3.1
and 3.2 on pages 32 and 34, respectively).

Even though sound reasoning could be provided to dismiss the outcome of
the decision tree in both cases, this requires a reflection on the significance
of using the decision tree. If the outcomes of the decision tree could be
consistently regarded as ‘too difficult’ to incorporate into the design
process, only a fraction of the environmental impact reduction can be
achieved. Besides, it could be argued that the selected design tool from
the decision tree could be a mere projection of the practitioner’s preset
Intention.

However, despite the possibility to dismiss decision tree outcomes, the
decision tree provides meaningful contributions to tailoring a design tool
for a company’s situation. Even when eventually another design tool is
selected from the decision tree, the practitioner is forced to consider the
original decision tree outcome and how it could benefit the company’s
product design. Whenever the ambition within the organisation changes,
the design tool can then be updated to be in line with the earlier decision
tree outcome. This way, the use of the framework remains accessible for a
wide range of companies, which can result in a greater overall reduction
of environmental impact compared to an inaccessible method that can
provide greater individual improvements.

Decision tree and improvement pathways

The improvement pathways that are integrated into the design tools for
the cement and LED case cover a broader scope than was suggested in
the outcomes from the decision tree. Therefore, it could be argued that the
step ‘search improvement pathways’ is more useful than the decision tree.

However, as stated previously, the case studies for the cement and LED
case were performed in a structurally different way than would be the
case in practice. For the cement and LED case, a very thorough literature

review was performed that presented the improvement pathways. For

the Aalberts IPS case, the initial development of the design tool was done
based on pre-existing expertise within the company. When following the
steps of the framework for the latter case, the step ‘search improvement
pathways’ yielded limited additional insights. As the case of Aalberts is
more likely to be representable for the use of the framework in practice, the
outcomes of the decision tree will continue to prove useful. In conclusion,
the thorough improvement pathways that were found for the cases of
cement and LED make these design tools more valuable, but do not mean
the decision tree is less valuable.



Concluding

This chapter concludes the thesis. It does so by first comparing
the outcomes of the thesis to the current literature, and how it
complements the available studies in Section 5.1. Next, a critical
reflection is performed of the quality and limitations of the
outcomes, as discussed in Section 5.2. Section 5.3 considers
whether the scope as defined in Section 1.4 remains true for
the design tool and framework as presented in the previous
chapters. Throughout Sections 5.2 and 5.3, recommendations
are proposed based on the points of reflection. Additionally, in
Section 5.4 some general recommendations are described. The
conclusion of the research is presented in Section 5.5.

5.1. Reflection

This section discusses how the results from this thesis cover
the gap in literature that is presented in the problem definition
(Section 11). It provides an insight into how the current work fits
within the available research and how it complements these
studies. Additionally, it is discussed how the outcome answers
the research question posed in Section 1.3.

Literature indicates that the greatest environmental
improvements can be achieved when the environmental
impact of the product is considered in the early product
development phases (Bhander et al., 2003; Hetherington

et al, 2013; Vinodh & Rathod, 2010). This corresponds to the
conclusionin Table 3.2 on page 44 that the decisions in later
stages of the product development process are of such a high
level of detail that changes to the environmental impact of

the product would be negligible. The design tool for Aalberts IPS therefore
focusses on the earliest phases, from ideation to development. A focus on
the earlier phases of the product development process is less pronounced
in the framework. In the step-by-step guide, the structure of the product
development process is evaluated as well as where in the product
development process the relevant decisions are made. This will be used to
inform for what phases the design tool will be used. It is likely that this will
result in the same focus on the earlier design phases, as also exemplified in
the cases of cement and LED.

Additionally, literature suggests that retrospective LCAs, assessing the
impact of products that are already in use, can be used in the earliest
phases when the product design has not been defined yet (Millet et all,
2007; Roberts et al., 2020). In the design tool and framework, the use of
the retrospective LCA is placed before the earliest design phases. The
retrospective LCA from EPD reporting is used in the development of the
design tool, which takes place before the product development starts.
Incorporating the analysis of the retrospective LCA into the design tool
that can be used for multiple products, reduces the overall workload. The
evaluation of the retrospective LCA allows for capitalising the opportunity
that the LCA data from EPD reporting provides.

Furthermore, it was found in literature that simplified prospective LCAs
can be used during the concept development phases to evaluate the
environmental impact of options under consideration. This is incorporated
into the design tool for Aalberts IPS and the framework by means of

the quick-LCAs. In multiple stages during the product development
process, the options under consideration can be compared by means of
a simplified LCA. The quick-LCAs suggested for the Aalberts IPS design
tool are very similar to the case study presented in Roberts et al. (2022),
solely focussing on the environmental impact of materials, neglecting any
possible differences in other lifecycle phases. For the quick-LCAs the LCA
expertise acquired from EPD reporting can be used for sustainable product
development.

The knowledge barrier that was found to hinder the adoption of
sustainable product development in businesses, is addressed by the
design tool and framework. The design tool developed for Aalberts IPS
greatly complements the product developers’ knowledge on product
development, and bridges their gap in knowledge on sustainability
matters by providing concise guidance on how to incorporate the
environmental concerns into the product design. The structured nature,
following the current product development process at Aalberts IPS,
facilitates easy adoption. The framework is intended for the sustainability
managers, which have a greater understanding of the topic of
sustainability but struggle to implement changes into the product
development process. The step-by-step guide provides a comprehensive
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overview of what aspects of the company context need to be considered
and how this can be translated into a valuable design tool. The decision
tree serves as inspiration to define what the design tool could look like in
their situation.

Allin all, the outcomes of the current thesis are in line with the available
literature and complement it by providing practical guidance within
companies. Its value lies in gapping the knowledge barrier that companies
face in implementing sustainable product development by the structured
nature of the design tool and framework.

5.2. Limitations

In this section, a critical review is performed of the quality and limitations
of the outcomes of the research. It is evaluated how the assumptions that
were made influence the results of the research, and in what ways the
outcomes might be compromised. Firstly, some comments are made about
the research in general (Section 5.2.1), then the design tool (Section 5.2.2)
and framework (Section 5.2.3) are reflected on separately.

521  General

First, an overarching reflection of the limitations is performed, regarding
the uncertainty within Life Cycle Assessments.

Uncertainty in LCA

For all LCA studies, uncertainty is important to consider. In each step of
performing a Life Cycle Assessment, choices are made that affect the
overall reliability of the outcomes. It is affected by the type of the data
that is used and the tests that are performed to gather the data, but also
generalisations and imperfections that are made in the modelling process
(Heijungs & Huijbregts, 2004).

Additional care must be taken with evaluating the outcomes of
prospective LCAs. Their conclusions are inevitably less reliable than the
conclusions from retrospective LCAs due to their forecasting nature
(Herrmann et al., 2014). This is addressed by a critical review of the results
from the prospective quick-LCAs by the LCA expert that performs the
study. Whenever the uncertainty is too high or the results are too close, the
results are deemed unusable.

The simplified nature of the quick-LCA presents another uncertainty.

The quick-LCA only focuses on one aspect of the product’s lifecycle,
introducing the possibility that the parts of the product that are left out

of consideration would change its conclusion. However, the focus point is
chosen based on LCAs of the full portfolio, ensuring a confidence that the
quick-LCA results reflect reality. Additionally, in the Aalberts IPS design tool,
differences in the manufacturing process and recycling rates are indirectly
covered by the steps ‘consider processes’ and ‘consider recycling’.

52.2. Design tool

In this section the validity of the design tool that was developed for
Aalberts Integrated Piping Systems and its limitations are discussed.
Section 3.3 describes the evaluation step that has been performed and the
improvements to the design tool that have been made based on this. From
the evaluation step it could be concluded that the design tool provides a
clear insight into the environmental impact of the products, and could be
easily understood in congruence with the current product development
process.

However, some limitations of the validity of the design tool remain. These
will be discussed below, starting with the uncertainty that is represented
within the values that are chosen for cut-off criteria, next the inclusion of
recycling scenarios is discussed and lastly the comprehensiveness of the
Ecochain software and Ecolnvent database.

Subjective values

In three instances in the design tool, a factor defines how to proceed. This
is the case for the difference of a factor two between estimated energy
consumption of material options for the step ‘consider processes’, the
difference in recycling percentages of over 50 percentage points in the
step ‘consider recycling’, and lastly for moving from the subpart alloy family
step to the definition of the specific alloy where the impact of the subpart
needs to be above 5% of the total impact. Where an effort is made to
substantiate the assumptions — as is discussed in Section 3.2.4 — further
testing is required to evaluate the validity of these values.

Recommendation: Critically evaluate the validity of the cut-off
values for the steps ‘consider processes’, ‘consider recycling’ and
‘moving from subpart alloy family to specific alloy’ before using

the tool. These tests should provide insight in the variance in the
aspects that are left out of consideration, e.g. the environmental
impacts of the options for manufacturing processes that are
defined by the material choice. This insight in the variance can then
be used to evaluate if the selected values account for the variance.

Recycling in LCA calculations

The recyclability of different material options is currently incorporated
into the design tool in the step ‘consider recycling’, which only covers
situations where a big difference in recyclability exists between options.
Incorporating the recyclability of the material options in the LCA analysis
could provide more detailed insights about the differences between
material impact and recyclability. Where uncertainty is inherently present
in the definition of the end-of-life phase, due to its forecasting nature and
the lack of influence of the company in traditional end-of-life scenarios,
the accumulation of the uncertainties in the current case deems the results
from an analysis too far from reality.
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This uncertainty is caused firstly by the lack of consensus over recycling
percentages of metals. The data that can be found is of varying

quality and differs per region (Graedel et al., 2011), and only represents
the recycling percentages on element (e.g. iron, zinc) level instead of
representing differences between alloys (e.g. carbon steel, brass).

Additionally, there is a limited availability of disposal and recovery
scenarios in Ecochain. Not for every material option that is specified in
the material extraction phase, a corresponding end-of-life scenario can
be found. This means that the differences in impact between the material
types are not accurately represented.

Itis explored if the recovery potential could be calculated outside of the
LCA software, by presenting the material impacts compensated for the
recycling percentage. That way, only the portion of the material impact
thatis not recycled is attributed to the current product. However, as

the environmental impacts of disposal and recovery processes are not
covered, the conclusions from the calculations have a high possibility of
being incorrect. In order to still account for large differences in recyclability,
the step ‘consider recycling’ was added.

Recommendation: In cases with more insight into the recycling
percentages, and which are represented in the Ecochain software,
itis valuable to consider adding the end-of-life scenarios in the
material quick-LCAs.

Ecolnvent database

Ecochainis used for the LCAs within Aalberts IPS, which makes use of

the Ecolnvent database. Where this software program and its selected
databases are well-suited for performing LCA to evaluate the general
impacts after completion of the product, they are less fit for the purposes
that are described in the design tool.

Firstly, the quick-LCAs for specific alloys require a level of detail that is

not well accounted for in the databases. In typical use of the software,

the database entry representing the alloy closest to the one in question is
selected. For the alloy LCAs however, the alloy is built up from the individual
elements. This yields less reliable results, firstly because the environmental
effects of the alloying process are not accounted for. Secondly, the
database does not contain accurate references for all the separate
alloying elements. This should be considered while assessing the validity of
the results from the quick-LCA study.

Secondly, as discussed previously, the end-of-life scenarios for the desired
materials are not adequately covered in the Ecolnvent database used in
Ecochain. This leads to the recovery rate not being covered in the quick-
LCAs, but also distorts the products’ results in the portfolio LCA.

Recommendation: As the databases presented in Ecochain are
constantly updated and expanded, it should be regularly reviewed
if the missing database entries have been added. Additionally, it is
recommended to inquire the possibilities of accessing a broader
database with the Ecochain support.

5.2.3. Framework

A reflection of the limitations of the framework is described below. It is
discussed what the selection of modules for the decision tree means
for the validity of the framework, as well as the outcome of merely
recommendations. Lastly, a critical reflection is performed of the
procedures of the development of the decision tree. Additional remarks
on the validity of the framework can be foundin Section 4.4, where an
evaluation is performed based on case-studies.

Selection of modules for the decision tree

For some modules it is more likely that the highest environmental impact
lies within that module than for others. After a quick scan through the
Environmental Product Declaration repository (The International EPD
System, n.d.), it was found that for most EPDs the module with the highest
impact was the material extraction phase, followed by the manufacturing
phase. Cases where the impact lies mostly in another module were

hardly found. Upon further consideration, it is also regarded that for some
modules itis unlikely that the highest impact lies there. For instance for the
transportation or installation steps, which typically only make up a small
part of the supply chain. Besides, products with a relatively high impact in
the transportation step are likely to also have large transportation costs,
which often results in companies moving the production closer to the user.

These modules are not excluded from the decision tree, despite the
unlikeliness that the largest impact is represented there. Only modules

C and D are excluded — as is explained in Section 4.1.2 — because of the
interdependency of the decisions made in Al, C and D. All other modules
are included because there could always be a case where these modules
have the highest environmental impact, however implausible. Besides,
there are instances where a design tool is developed for a variable that
does not have the highestimpact. In that case, it becomes more likely that
the transport and installation modules are considered.

Only recommendations from decision tree

For some scenarios, the only outcomes of the decision tree are
recommendations. In that case, no design tool is developed, but

instead itis suggested to propose the recommendations to the relevant
stakeholders, within or outside of the company. Lacking the structure of
the design tool, the outcome of using the recommendations is expected
to be less effective. However, the recommendations still provide a possible
solution to reduce the impact in a certain module and variable. It provides
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valuable insight for companies that struggle to start reducing their
products’ environmental footprint.

Development of decision tree

The development of the decision tree relies on case-studies and thought
experiments, as is discussed in Section 4.3. A non-comprehensive set of
case-studies is considered, for Aalberts IPS, cement and LED. The remaining
scenarios that are covered in the decision tree are based on thought
experiments, considering what a scenario would look like if the majority

of the environmental impact would be in a certain lifecycle phase. The
reliance on case-studies inflicts a bias, and the thought experiments result
in an uncertainty as the scenarios are fictional. This reduces the validity of
the decision tree.

An example of the bias inflicted by the case-studies is the judgement
about the energy source, as can be found in the table in Appendix H. It

is stated that this decision is not complex and happens outside of the
product development process. However, this is based on the situation

at Aalberts IPS, where the option for energy source are grey or green
electricity. In that case, switching the energy source solely implies finding
an energy electricity and signing a contract. For other cases, such as a
switch from a coal-powered to an electricity-powered kiln, the process
is more complex. Here it also entails changes to the machinery and
infrastructure.

This bias and uncertainty, combined with other concerns regarding the
value of the decision tree as expressed in Section 4.4 and the current
section implies the need of a critical reflection. As the decision tree serves
the purpose of inspiring sustainability managers and providing an insight
of what a design tool could look like in their company context, it is of
limited concern that the procedures are not thoroughly substantiated.

The further steps described in Section 4.1.1 provide enough guidance to
the company to adapt the proposed design tool to their company needs.
As found from performing the case-studies of cement and LED, the step
‘search improvement pathways’ could in that case compromise for the
flawed judgement incorporated into the decision tree (see Section 4.4). The
decision tree therefore still provides valuable insights as it can be used to
inspire sustainability managers, but the following steps in the step-by-step
guide remain crucial to tailor the design tool to the company context.

Aside from informing the decision tree, the case-studies and thought
experiments informed the step-by-step guide. It is necessary to evaluate
the validity of this guide based on the statements made regarding the
decision tree. Firstly, it can be stated that the structure of the process for
developing a framework is substantiated in literature, which is discussed
in detail in Section 5.1. The instances where LCA data and expertise can be
used during the product development are based on the suggestions by
Millet et al. (2007) and Roberts et al. (2020). Additionally, the case-studies

and thought experiments only informed the step-by-step guide by means
of providing a general insight into the possible range of scenarios it needs
to cover. Where the individual scenarios might be different if a more
comprehensive range of cases is considered, the range of scenarios is
expected to remain unchanged. These reasons provide a confidence that
the step-by-step guide is still a valuable and useful tool for implementation
of sustainable product development.

Recommendation: Further substantiate the decision tree by
performing a more detailed analysis of the scenarios within scope.
For each life cycle phase, multiple case-studies must be performed
to cover the full range of companies within the construction
products industry. Such further analysis would allow for an
extended use of the decision tree aside the current purpose of
inspiring sustainability managers.

5.3. Boundaries

In the scope it is defined what companies can use the outcomes of the
research, and what companies are outside the thesis’ boundaries. The
current section will examine whether the scope as defined in Section 14
remains true and discusses for what situations outside the defined scope
the outcomes could be of use as well.

The framework is made specifically to help companies that have
performed LCA for EPD reporting according to the EN 15804 standard. As
the structure of the decision tree follows the structure of the standard, it is
unclear whether the results of LCAs performed following Product Category
Rules other than EN 15804 can be used.

Recommendation: Evaluate the validity of the framework for
companies that are performing LCAs without using the EN 15804
standard. The differences between Product Category Rules (PCR)
for performing an EPD should be studied, in order to conclude if
the suggested framework applies for companies that use another
PCR.

The next requirement for using the framework is the presence of LCA
expertise within the company. For the development and use of the design
tool, an LCA of precedent data is required, as well as performing LCAs
during the use of the design tool. Where the first instance could easily

be outsourced, this is more difficult for the quick-LCAs during product
development. Where it is possible to outsource all the quick-LCAs, this

is likely to result in high costs. Another possibility is to educate someone
to specifically perform the steps of the quick-LCA without a general
understanding of the theory of LCA. The steps for performing a quick-
LCA are relatively simple, but not knowing the theory increases the risk of
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mistakes and misinterpretation. Therefore, it can be concluded that the
requirement of in-house LCA expertise remains true for companies using
this studly.

In the step-by-step guide it is stated that if the to-be-developed

product isin no way similar to the products in the current portfolio of the
company, external LCAs can be used to provide insight into the expected
environmental impacts. Using external LCAs extends the scope of the thesis
to companies that do have internal knowledge on LCA but have not yet
performed LCAs for EPD, for example start-ups.

Lastly, it is defined that the research is specifically aimed at new product
introductions, as opposed to redesigns or small product improvements. For
redesigns or product improvements, there is a clear reference point for the
environmental impact of the product. This indicates a clear benefit from
the LCAs performed for EPD reporting. However, the product development
process for aredesign or improvement is different than for NPI. Not every
decision is considered for the redesign or improvement, which could

mean that the variable with the highest environmental impact is left out

of consideration. The outcomes of the research can still be used for those
situations, depending on what will be considered during the redesign.

Recommendation: It should be further evaluated to what extent
the design tool is useful for cases where a product is redesigned or
small improvements are made. Further examination is required of
how the product development process differs from new product
introductions to redesigns and product improvements.

5.4. Recommendations

Apart from the recommendations that are already discussed throughout
the reflection and limitation sections (5.1and 5.2 respectively), some
general recommendations can be made. These are presented below.

Verify outcome of using the design tool

Where the usability of the design tool has been evaluated by asking
involved stakeholders for improvements, its actual use has not been
studied. This could point out different improvements that could be made

to the design tool. Besides, it would be interesting to consider whether
using the design tool will actually result in more sustainable product
design. A study could be performed where a product is designed using the
traditional methods, of which the outcomes will be compared to using the
design tool.

Verify framework for other cases

An evaluation of the framework is performed based on the cases of
cement, LED and the case at Aalberts IPS, as is presented in Section 4.4.In
Section 5.2.3 the limitations of the procedure of developing the decision
tree are discussed, from which the recommendation to study more cases

follows. These additional studies will not only increase the validity and
usefulness of the decision tree, but also provide additional insight into
the value of the framework. Besides, it will ensure that the framework is
suitable for the full range of companies that are included in the scope.

Additionally, the verification step discussed in Section 4.4 is not performed
by the intended audience. The difference in knowledge on LCA and
sustainability between the author and sustainability managers within
firms likely influenced the outcomes of using the framework. Therefore,
further testing is required to determine if the sustainability managers fully
understand how to use the framework, and are able to develop a valuable
design tool.

5.5. Conclusion

Companies are increasingly recognising their role in mitigating

climate change effects and are performing Life Cycle Analysis (LCA)

for Environmental Product Declarations (EPD) to get an insight in the
environmental impact of their products. Where this data and expertise
provides great opportunity for companies to reduce their environmental
impact, they face challenges to incorporate it into their product
development process.

The first step of the research was a review of the current practices of

Life Cycle Assessment and sustainable product development. It could be
concluded that the greatest improvements of a products’ environmental
impact can be achieved when LCAs of available products and a simplified
LCA are used in the earlier stages of the product development process.
The LCA of the portfolio of Aalberts IPS revealed a large impact of the
material decision on the environmental impact, thus defining the focus of
the proposed solution. These findings, combined with the analysis of the
product development process within Aalberts IPS and the sustainability
targets were then used to develop a design tool.

This design tool for Aalberts IPS suggests how the environmental aspect
can be considered for every step of the definition of the material
decision. Recommendations are presented alongside instances where
simplified LCAs can be used. Where the recommendations cover a broad
scope, the LCAs allow for specific comparison of options. Together they
provide structured and comprehensive guidance for incorporating the
environmental dimension of products during their development. The
recommendations and LCAs are presented following the structure of

the product development process that is currently used, facilitating easy
adoption of the design tool because of its familiarity.

The steps that were taken to develop the design tool for Aalberts IPS
served as a starting point for the development of a framework that
allows companies in the broader context of the construction products
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industry to develop a design tool for the purposes of sustainable product
development. Expanding on the case of Aalberts IPS, it was evaluated
what differences in context are covered in the scope of the construction
products industry, and what a design tool would need to look like to
establish practical value in a variety of contexts.

Within the framework, a comprehensive outline of steps is presented that
need to be performed in order to develop a design tool fit for a company’s
situation. It covers the analysis of the context after which the decision tree
can be followed for a suggestion of what the design tool will focus on.
Next, steps are proposed to fully define the design tool.

The framework allows companies to seize the opportunity that performing
Life Cycle Analysis for Environmental Product Declaration reporting
provides. The structured nature of the framework reduces the likelihood

of overlooking important components and ensures easy operation.

The knowledge and theory that are used to develop the framework
allows users without extensive knowledge on the topic of sustainable
development or Life Cycle Assessment to develop a structured design tool.

While this thesis represents significant contribution towards sustainable
product development, opportunities for further research remain. To
establish its real-world impact, extended testing and evaluation are
recommended. It is important to assess whether using the design tool
indeed results in the development of more environmentally sustainable
products and whether the framework effectively guides sustainability
managers in the creation of suitable design tools. Through such practical

investigations, the full potential of this thesis’s contributions can be realized.

Allin all, the current thesis allows companies to use the opportunity

that performing LCAs for EPD reporting provide for sustainable product
development. The design tool and framework provide a structured and
accessible approach to integrate LCA data and expertise into the product
development process. Its adaptability for businesses with varying levels of
sustainable development expertise ensures a wide spectrum of potential
adopters. As numerous companies embrace the practices proposed in the
current thesis, the cumulative positive effect on reducing environmental
impact holds the promise of a significant societal transformation towards
sustainability.
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- Guide for design tool

Introduction

This design tool aims to help incorporate the environmental
impact of a product for new product introductions (NPI). It
follows the growing trend to incorporate sustainability into
the core business. Not only are regulations pressing more and
more to environmentally friendly policies, the market demand
changes alongside it. Aalberts has formulated sustainability
goals and is working on sustainable improvements throughout
the company; from moving to green energy to mapping the
impact of the products. A next step would be to reduce the

environmental impact of the products that are being produced.

The current design tool is based on the results from the first life-
cycle analyses (LCAs) that have been performed at Aalberts
IPS. Those indicated that the vast majority of the impact of the
product (>90%) lies in the materials purchasing. The processes
happening at the AIPS facility, or the transportation steps have
limited impact. Therefore, the design tool focusses on choosing
the most sustainable material. The weight of the products
should be reduced for the same reason. The design tool is
shaped in line with the current product development process
for NPI, pointing out relevant decisions for environmental
improvements.

Overview of design tool

The design tool is written for people involved in the product
development process and describes the steps that they should
take in order to incorporate the environmental aspect into

the decision-making. It consists of two sides, the front shows
an overview of the steps related to the general product
development process, the back explains the proposed stepsin
more detail. Per decision topic, two steps are performed by the
product development team. First the materials in consideration
are specified, so that the LCA-expert can model a comparison.
The next step is to interpret these results. The tasks of the LCA
expert should be performed within one week, so the product
development team can continue with the development of the
product. Below, a quick overview is given of the two sides of
the design tool. In the next section, steps that require some
more explanation are presented.

Front

On the front side, the steps of the product development at Aalberts IPS are
shown, with a time range where the different decision topics take place. It
can be seen that all decisions should be solidified at the end of the third,
development phase. However, the main body alloy family and specific
alloy is preferably considered in the earlier phases. Only after the ideation
phase, the sub-part alloy family and specific alloy consideration starts.

The centre of the design tool presents the steps that should be taken by the
product development team. From data gathering to analysing the results,
for each of the decision topics. The start- and end conditions are given,
representing what is necessary to start using the design tool, and what the
results are after using it.

The steps of the sub-parts alloy family and specific alloy comparison
should be repeated for every sub-part under consideration. That way
only one variable is changed at the time, reducing complexity in the
comparison.

Back

The same steps that are mentioned on the front are also shown on the
back, but with added detail. It also provides an example of how the
gathered data in the first step should be presented to the LCA-expert, and
what the results could look like.

The data should be presented to the LCA-expert so that it is clear what
the material types and weights are that will be compared. For the alloy
comparison that means that they should be split up into the elements that
make up the alloy. These should add up to the same total weight for the
options (unless a significant difference in performance is expected).

The results should be interpreted by comparing the values between
the different options and components. The main focus should be on

the differences in values between the options, the total values are less
relevant. The values are expressed in ‘AIPS indicator’, which is explained
below.

Elaboration

Specify materials (+coatings)

In the same step where the material options are defined, the coatings
must be specified. The material of the coating, as well as the chemicals
used during application of the coating are often much more harmful to

the environment than the main body material. As some materials require a
coating, and others do not, the comparison of impact of material options is
only representative when the coatings are considered.

Specify weights
Itis possible that for different material options, different weights are to be
expected. Forinstance, if a material is stronger and thus a thinner layer
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will suffice. It can also be influenced by the design or density. If such a

difference is expected, this should be taken into account in the comparison.

Consider supplier options

Many suppliers are currently working on more sustainable alternatives to
the classic materials. Therefore, it is relevant to consider these alternatives,
next to the general material types. As you rely on the way that suppliers
present their information, these differences cannot be implemented further
into the quick-LCA’s, but can be kept in mind throughout the next steps.

Consider processes

Different materials can require different processing. If a difference of a
factor two or larger is expected between options, the results of the quick-
LCA'’s for the material determination become unreliable and should be
dismissed.

Consider recycling

If there is a big difference between the recyclability of materials, the results
from the material quick-LCA should not be used. They might falsely favour
a material with a low material impact that cannot be recycled over an
option that is well recyclable but has a higher initial impact. Therefore, if
the difference in recycling percentage between two material options is
>50%, the results of the LCA should be dismissed.

Moving from sub-part alloy family to sub-part specific alloy

If the impact of the material options for the ‘sub-part alloy family’ step

is significantly lower than the impact of the main bodly, it is not useful to
evaluate the impact of the specific alloys in the next step. It can then be
assumed that the differences between the alloy types will not have a
significant contribution to the total impact. In other words, it is only relevant
to evaluate the impact of the sub-part specific alloy if the impact of the
sub-part alloy family options are >5% of the total impact.

AIPS indicator

The scoresin the graphs are presented in the AIPS indicator. This is
calculated using multiple environmental indicators, each contributing
according to their relevance within Aalberts IPS. The relevance was
determined by asking people from several departments within Aalberts
which indicators must be considered, and how important each indicator is.
This resulted in a weighted score for each of the environmental indicators.
An overview of the indicators and their weighting scores is shown in

the table below. A short explanation of the environmental indicators is
presented on Ecochain’s website (Ecochain, 2023).

Environmental Indicator Weight
Climate change - kg CO2-eq 1,00
Ozone depletion - kg CFC11 eq 0,03
Acidification - mol H+ eq 0,07
Eutrophication, freshwater - kg P eq 0,02
Eutrophication, marine - kg N eq 0,08
Eutrophication, terrestrial - mol N eq 0,04
Photochemical ozone formation - kg NMVOC eq 0,06
Resource use, minerals and metals - kg Sb eq 0,74
Resource use, fossils - MJ 0,21
Water use - m3 depriv. 0,21
Particulate matter - disease inc. 0,02
lonising radiation - kBg U-235 eq 0,01
Ecotoxicity, freshwater - CTUe 0,29
Human toxicity, cancer - CTUh 0,33
Human toxicity, non-cancer - CTUh 0,47
Land use - Pt 0,11

The design tool is developed as part of graduating the Masters degree of
Industrial Design Engineering at the University of Twente. A more detailed
explanation of the use of the design tool, as well as more reasoning behind
the choices made, can be found in the full report from the graduation
assignment.



eighting factors

As described in Box V, the weighting factors to determine

the AIPS indicator are defined in two steps. First available
weighting sets in literature are evaluated, then interviews are
performed. Table 1shows the weighting sets from literature,
scaled to 1,00 for the global warming potential environmental
indicator. The total score is calculated as the average of the
three weighting sets.

Second, interviews are performed across different relevant
departments within Aalberts IPS. The weighting factors that
were established in these interviews are shown in Table 2, as
well as the combined weighting score. The first results (I) are
from my own assessment, based on the KPI's within Aalberts
and my knowledge of sustainability of LCA. The second results
(1) are from product management, who have a good idea of
the customers’ demand with regards to sustainability. Interview
Il was performed with the global sustainability officer, knowing
what the IPS part of the Aalberts network aims for with regards
to sustainability. The last interview (IV) was performed with the
corporate sustainability coordinator, who knows the overall
strategy of sustainable development within the Aalberts group.

Environmental Indicator

Global warming
potential - kg CO2-eq
Ozone depletion - kg
CFC11 eqg

Acidification - mol H+
eq

Eutrophication,
freshwater - kg P eq
Eutrophication, marine -
kg N eq
Eutrophication,
terrestrial - mol N eq
Photochemical ozone
formation - kg NMVOC
eq

Resource use, minerals
and metals - kg Sb eq
Resource use, fossils -
MJ

Water use - m3 depriv.

Particulate matter -
disease inc.

lonising radiation - kBg
U-235 eq

Ecotoxicity, freshwater -
CTUe

Human toxicity, cancer -
CTUh

Human toxicity, non-
cancer - CTUh

Land use - Pt

EC-
PEFC;

1,00
0,30
0,10
0,09
0,43

0,24

0,23
0,29

0,18
0,13

0,14
0,09
0,38
0,40

0,36
0,40

ECVii
1,00
0,00
0,41
0,04
0,66

0,29

0,24
0,00

0,00
0,00

0,10
0,00
0,04
0,04

0,11
0,00

Stepwiseilil
1,00
0,02
0,02
0,01
0,01

0,00

0,06
0,00

0,00
0,00

0,00
0,01
0,01
0,07

0,07
0,43

Total

1,00
0,11
0,18
0,05
0,36

0,18

0,18
0,10

0,06
0,04

0,08
0,03
0,14
0,17

0,18
0,27

Table 1: Weighting factors from literature. Sources i: EPLCA (2018); ii: Sustainability

Impact Metrics (2023); iii: Weidema (2009).



Appendix C. Weighting factors

Environmental
Indicator

Global warming
potential - kg CO2-eq
Ozone depletion - kg
CFC11 eqg
Acidification - mol H+
eq

Eutrophication,
freshwater - kg P eq
Eutrophication, marine
- kg N eqg
Eutrophication,
terrestrial - mol N eq
Photochemical ozone
formation - kg NMVOC
eq

Resource use, minerals
and metals - kg Sb eq
Resource use, fossils -
MJ

Water use - m3 depriv.

Particulate matter -
disease inc.

lonising radiation - kBg
U-235 eq

Ecotoxicity, freshwater
- CTUe

Human toxicity, cancer
- CTUh

Human toxicity, non-
cancer - CTUh

Land use - Pt

Literature

0,11
0,18
0,05
0,36

0,18

0,18

0,10

0,06
0,04
0,08

0,03
0,14

0,17

0,27

I ] i v

0,01 0,01

0,01

0,07 0.01 0,07 0.01

0,01

0,01

0,01 0.01

0,01 0,01 0,01 0,01

0,01

0,01

0,01

0,01 0,01

0,01 0,08
0,01 0,01

0,10 0.01

0,09 0,10

0,01

0,01 0.01 0,01 0.01

0,01 0,01

0,01 0,01

0,60 0,70

0,01
0,70 0,10 0,60

0,01

0,09

0,08 0,09 0,09 (o1

Total

0,03
0,07
0,02
0,08

0,04

0,06
0,74

0,21
0,21

0,02
0,01
0,29
0,33

0,47
0,11

Figure 2: Weighting factors from literature and interviews, combined into the final

weighting factor for the AIPS indicator. Interviewees: I: author, II: product manager,

Ill, global sustainability officer, IV: corporate sustainability officer.
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LCA expert

This appendix will provide additional information on the
steps that need to be performed by the LCA expert during
the use of the design tool. Section D.1 explains the steps that
are presented in Section 3.12 in more detail, where Section D.2
explains the calculations within the Excel sheet that is used,
and how one could develop a similar Excel template.

The quick-LCA of the example case for the step ‘main body
specific alloy’ as presented on the back of the design tool
(Figure 3.1and 3.2 on pages 32 and 34), is used to explain the
steps for the LCA expert. This is the case for a comparison of
options for types of stainless steel.

D.1. Performing a quick-LCA

In this section, a more detailed explanation will be provided

of the steps that the LCA expert needs to perform during the
product development process, of which a brief explanation

is provided in Section 3.12. The steps are based on using the
software Ecochain Helix and Excel for further calculations. The
explanations are intended for someone who is already familiar
with the Ecochain software for the purpose of performing an
LCA for EPD reporting.

1. Entering data

This step is no different from entering data for the LCA for EPD
reporting, except the scope is limited to just the raw materials
supply module (Al). The input data is presented in a table by
the product development and should specify what materials
must be compared and what weights of each of the material is
used for the different design options.

2, Processing data

The majority of the calculations are performed by the Ecochain
software, but this does not allow for normalisation and
weighting steps. These are therefore performed in Excel. In
order to move the calculations from Ecochain to Excel, they are
exported as follows:

i. Go to Results > Product overview
ii. Then select ‘Download everything combined in Excel

The exported data will look something like this:

5Sresults

Product name

@ Optie 304

@ Optie 316

@ Optie 316L

@ Optie 316Ti

@ Optie 317

@ s visible in online catalogue - * is custom process sorting

Year of production

Scenario 3

Scenario 3

Scenario 3

Scenario 3

Scenario 3

Download everything combined in Excel

Cradle-to-
Gate Use

Download all products separately

End-of-Life

Q

Q

Q

Q

Q

Note: The screenshots are made in a Dutch version of Excel but in the text the English
names are mentioned. As the layout of Excel is unchanged by the language that is
selected, the buttons that are shown can be found on the same places as indicated

A [ c n
1 |Company Product n: Product n: Descriptio
2| Aalberts in Optie 316
3| Aalberts in Optie 316
4| Aalberts in Optie 316
5 | Aalberts in Optie 116
6 |Aalberts in Optic 316
7 | Aalberts in Optie 316
8 | Aalberts in Optie 316
9 | Aalberts in Optie 316
10 Aalberts in Optie 316
11 | Aalberts in Optic 316
12  Aalberts in Optie 316
13 Aalberts in Optie 3161
14 Aalberts in Optie 3161
15 Aalberts in Optie 3161
16  Aalberts in Optic 3161
17  Aalberts in Optie 3161
18 Aalberts in Optie 316L
19 Aalberts in Optie 3161
20  Aalberts in Optic 3161
21 Aalberts in Optie 3161
22 Aalberts in Optie 3161
23 Aalberts in Optie 3161
24 Aalberts in Optie 31611
25 Aalberts in Optic 316Ti
26 Aalberts in Optie 316Ti
27 Aalberts in Oplie 316Ti
28 Aalberts in Optie 316Ti
29 Aalberts in Optie 31611
30 Aalberts in Optic 316Ti

Ongewogen | Gewogen | Draaitabel | NE-WF

[ [ G " ' K
Unit u Weight p
3003 100000 1 units 100g Product
3003 100000 1 units 100 g Product
3003 100000 1 units 100¢g Product
003 100000 1 units 00 g product
3003 100000 1 units 100¢g Product
3003 100000 1 units 100g Product
3003 100000 1 units 100 g Product
3003 100000 1 units 100¢g Product
003 100000 1 units 00 g product
3003 100000 1 units 100¢g Product
3003 100000 1 units 100g Product
3003 100000 1 units 100 g Product
3003 100000 1 units 100¢g Product
003 100000 1 units 00 g product
3003 100000 1 units 100¢g Product
3003 100000 1 units 100g Product
3003 100000 1 units 100g Product
003 100000 1 units 00 g product
3003 100000 1 units 100¢g Product
3003 100000 1 units 100g Product
3003 100000 1 units 100 g Product
3003 100000 1 units 100¢g Product
003 100000 1 units 00 g product
3003 100000 1 units 100¢g Product
3003 100000 1 units 100g Product
3003 100000 1 units 100 g Product
3003 100000 1 units 100¢g Product
003 100000 1 units 00 g product
3003 100000 1 units 100 g Product

&

in the screenshots.

Module Item

Raw mate/ AL
Raw mate: AL
Raw mate: AL
Raw mate: A1
Raw mate/ AL
Raw mate/ AL
Raw mate: AL
Raw mate: AL
Raw mate: A1
Raw mate/ AL
ManufactiA3
Raw mate: AL
Raw mate: AL
Raw mate: A1
Raw mate/ AL
Raw mate/ AL
Raw mate/ AL
Raw mate: A1
Raw matc/ AL
Raw mate/ AL
Raw mate: AL
ManufacttA3
Raw mate: AT
Raw matc/ AL
Raw mate/ AL
Raw mate: AL
Raw mate/ AL
Raw mate: A1
Raw mate/AL

™ N o 3 a R

0220-fab& Nationale 0,120798 0,121317
0463-fab& Nationale 0,000639 0,000639
ammonia [Ecoinvent  0,00028  0,00028
chromium [ coinvent 0,388503 0,383331
manganes Ecoinvent  3,36E 05 3,48E 05
market for Ecoinvent 0,180817 0,18278
market for Ecoinvent 0,164804 0,164464.
market for Ecoinvent  6,50E-05 6,62E-05
silicon pro [ coinvent 0010082 0,009607
sulfur//[G1 Ecoinvent 0 0
Standaard L61E-06 1,62E-06
0220-fab& Nationale  0,12089  0,12141
0463-fab& Nationale 0,000233  0,00024
ammonia |1 coinvent 000028 0,00028
chromium Ecoinvent 0,388503 0,383331
manganes: Ecoinvent  3,36E-05 3,48€-05
market for Ecoinvent 0,180847 0,18278
market for [ coinvent 0,164504 0,164364
market for Ecoinvent  6,59E 05 6,62E 05
silicon pro Ecoinvent 0,010082 0,000602
sulfur//[G1 Ecoinvent ) )
Standaard 1,64E-06 1,62E-06
0270-fab& Nationale 011687 0,117474
0463 fab&Nationale 0,000639 0,000639
chromium Ecoinvent 0,411356  0,40588
market for Ecoinvent 0217017 0,219336
market for Ecoinvent 0,192271 0,191874
market for [ coinvent  /,321-05 7,361 0%
silicon pro Ecoinvent 0,010082 0,009602
| ——

'

000056 6,08E-05
79607 2,1E07
500608 4E-08
0,004335 0000777
11E06 2,83E 08
000223 0,000311
0,000204 0,000151
“B1E-07 483E-07
0000469 1,610
0 0
1,78E-08 4,79E-10
000056 6,08E-05
3607 7,876-08
S090-08 4108
0004435 0,000777
1,1E-06 2,83E-08
000223 0,000314
0000208 0,000151
81E07 48307
0000169 1,16E-05
) )
1,786-08 4,79E-10
000054 589105
79807 21E07
0,001696 0,000823
-0,00267 0,000377
0,000238 0,000176
o107 83007
0,000469 1,16E 05

Each row represents one of the materials for each of the products,
where the ‘Reference’ tab specifies which material it is (e.g. row 5is for
the material ‘chromium’). For every material, the full list of environmental
indicators are calculated, extending further than what is captured in this
screenshot.

u v

Subgroup Reference Supplier Climate ck Climate c Climate ck Climate ck Ozone de Acidificati

7,09E-09 0,000618
1,98E-11 4,826-06
GAGE-11 2,256-06
316108 0,001975
428612 7,23E07
1,07€-08 0,005161
112608 0,04248
1,04E-11 1,156-06
399010 554105

0 0
787611 38609
7,09E-09 0,000619
743612 1,81E-06
686111 2,751-06,
3,16E 08 0,001925
428612 723807
1,07E-08 0,005164
112008 0,08238
L,04E 11 1,1SE 06
3,95€10 5,51E-05

) )
787614 38600
686109 0000598
1,98E 11 4,82 06
3,35E-08 0,002039
1,28E-08 0,006197
131608 0,04956
1,060-11 1,281 -06,
3,95E10 5,54 05

iii. Place the exported data in the Template Quick-LCAs.xIsx in the
tab ‘original data’

The Excel file is accessible within Aalberts IPS, Section D.1 explains the
calculations that are programmed in the file so anyone without access
could make their own.

V2 Fill out the normalisation and weighting factors in the tab ‘Norm-

Results

Results

Results

Results

Results

w

i Eutrophici

5,926-06
4,58E-08
1,96E-09
2,005
1,36E 09
0,000299
1,85E-05
1,076-08
a0/

0
9,26E-11
5,926-06
1,726-08
1,961 -09
2,07E 05
1,36E-09
0,000299
185005
1,076 08
4,81607

)
9,26E-11
573106,
4,58E 08
2,196-05
0,000359
2,156-05
1,190-08
4,81E 07

® 0 0SOMNO anOe z©0OONEna

viesco0oa
«
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A B c D E |7 G H I i) K L M N o P Q R S T
1 Climate ch Climate ch Climate ch Climate ch Ozone def Acidificatic Eutrophice Eutrophice Eutrophice Photocher Resource t Resource t Water use Particulate lonising ra Ecotoxicity Human to» Human to» Land use - F Module Y Reference b
2 |Normalisation factor 1,21E-01 0,000+00 0,000+00 0,00C+00 4,58C-09 210[-03 2,376-07 161C-04 871-03 1,276-04 2,71C-04 1630+00 899C-03 2,08C-08 3,69C-03 1,10C+00 129C-10 1926-08 1,81C+00 W tin production | tin | Europe
3 |Weighting tactor 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00
Weié\ht’ Som van AIPS indicator

The norm and weighting factors are set according the AIPS weighted
indicator. If another norm or weighting set is to be used, these should be
added here. The Excel file will automatically calculate the normalised and
weighted scores and display them in the ‘Weighted data’ tab.

3. Presenting results
To present the results, the tab ‘Pivot tables’ is used.

i. Refresh pivot tables

With the cursor in one of the pivot tables, select ‘Refresh”.

bestand St loegen gia-indeing FormulesGegevrs ContrlerenBoedAtomatiseren_ OntwielarsHelpSOUDWORKSPDM, Acrobot Draahel ansyseren Oriwerpn (opmetingen)

. Em & Y B B i B (E]n] =)

andere n  [Ljst met| knoppen| veldkoptelsten|
invocgen invacgen © gegevensbron

Aanbevoler
draatabellen | velden | +/-

Gop Fite Gegevers. Fata Weregevrn

ii. Set up the first pivot table
For the filter ‘Module’, the ‘Raw materials supply’ must be selected.

The graph should display for every product how the different materials
contribute to the total environmental impact (expressed in AIPS indicator).
These results will be presented to the product development team. The

T Filters Il Legenda (reeks)

Module v Reference v
= As (categorieén) % Waarden

Product name v Som van Aalberts indica... ¥

names of the materials are still the names of the database reference,
which might be a bit confusing if presented to the product development
team. Therefore, an optional step is to copy the pivot table, rename the
materials and present it in a regular graph.

250
W sulfur//[GLO] market for sulfur

200
B silicon production, metallurgical grade |

silicon, metallurgical grade | Rest-of-World
150
W market for phosphoric add, industrial grade,
without water, in 85% solution state |
phosphoric add, industrial grade, without
100 water, in 85% solution state | Global
B market for nickel, 99.5% | nickel, 39.5% |
Global
50 m market for molybdenum | molybdenum
Global
| | —

I £
B manganese concentrate production |

Optie 316 Optie 316L Optie 316Ti Optie 317 manganese concentrate | Global

Productname

4. Assess validity

The validity of the results should be assessed, as to prevent the product
development team to use unreliable data for their decisions. Therefore,

if the uncertainty is too high, or the outcomes are too close together, the
results should not be used. To assess the validity, the database entry is
most relevant. For some materials, mostly on the specific alloy detail level,
no representative database entry is available. Therefore, when evaluating
the results, it is important to consider the uncertainty that this adds to the
comparison.

This step also accounts for the cases where large differences between
manufacturing processes and recycling percentages are expected. The
product developers must make sure to indicate such expectations to the
LCA expert. Figure 2 helps understand in what scenario the results can and
cannot be used. The left bar displays the scenario when the difference
between the environmental impact of the options is expected to become
smaller if the manufacturing processes or recycling percentages are taken
into account. In that case, the results should not be used. This scenario is
true for situations where the manufacturing processes are expected to
have alarger impact for the option where the quick-LCA presents a lower
impact, and for situations where the recycling percentages are lower for
the option with the lowest environmental impact from the quick-LCA. The
bar on the right displays the scenario for which the difference between the
environmental impact of the options is expected to become larger if the
manufacturing processes or recycling percentages are taken into account.
In that case, the results can still be used.
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Figure 2: Visualisation of cases in which the results from the LCA should be
disregarded.

5. Evaluate the results

In order to get a better idea of where the impact comes from, an additional
graph can be presented. This provides insight into which impact categories
contribute to the impact of the material, and suggest what improvements
can be made.

i. Set up the second pivot table

Again, the filter ‘Module’ should have the ‘Raw materials supply’ selected.

T Filters Il Kolommen

Module v 2 Waarden v
= Rijen Z Waarden

Reference v Som van Climate cha... v

Som van Resource u. v
Som van Resource u.. v

Som van Water use -.v | o

For the values, all environmental indicators for which a normalisation and
weighting factor is defined, must be selected.

The graph should present for every material how the impact is built up
based on the different environmental impact categories.

Modue +Y

Som van.. Somvan.. Som van.. Som van Som van..  Som van Som van. Som van. Som van... Som Somvan.. Somvan.. Somvan. Somvan. Som van. Som

700
600 Waarden

Som van Land use - Pt
500

Som van Human toxicity, non-cancer- CTUh
400

Som van Human toxicity, cancar- CTUR
300

' Som van Ecotoxicity, freshwater - CTUe

200 wSom van lonising radiation - kBa U-235 eq

W Som van Particulste matter - disease inc
Som van Water use - m3 depriv.
HSom van Resource use, fossils - M)
W Som van Resource use, minerals and metals - kg Sb eq
Som van Photochemical ozone formation - kg NMVOC eq
mSom van Eutrophication, terrestrial - mol N eq
Som van Eutrophication, marine - kg Neg
Som van Eutrophication, freshwater - kg P eq

som van Acidification - mol H+eq

Reference ~

ii. Analyse the second pivot table.

This pivot table provides an insight into what environmental indicators
cause the impacts for the materials. Additional study is required to
determine what mechanisms cause the environmental impact. In Section
3.12 of the report, the example of the mechanisms of copper ecotoxicity is
described.

D.2. Excel sheet for quick-LCA

This section describes the calculations taking place within the Excel file
thatis used for the detailed examination of the results from the quick-LCA’s
as performed in EcoChain. The document Template Quick-LCA's.xIsx is
available for Aalberts IPS employees. This section will discuss in detail how
anyone without access to the template document could build their own
Excel file for detailed LCA study.

A B © [} 3 F G H ' ] K L M N o P Q R s T u v a
1 Climate ch Climate ch Climate ch Climate ch Ozone def. Acidificatic [ utraphice [ utrophice [ utrop \Resource | Water use g a [ cotoxicity Human to> Human tos Land use - Pt
2 |Normalisation factor  1,21E 01 0,00E100 0,00E100 000E100 4,58E09 210E 03 2,37E07 161E04 871E03 1,27E04 271E04 163100 899E 03 2,08E08 369603 1,10EI00 1,20E10 19208 1E1EI00
3 | Weighting factor 400 000 000 000 003 007 002 008 00 006 074 021 021 002 001 020 033 047 011

Fiottabies | Weighied data | Orginal data | Normalization-weighting | 0T

On the last tab, the normalisation and weighting factors can be added.
In the template document, the Aalberts IPS normalisation and weighting


https://aalbertsipsglobal.sharepoint.com/:x:/s/ProductOntwikkeling-AfstudeeropdrachtLCA/Ea4rCNEvlVtMn02spDnNe78BCpq6mMWnIuN5Dec4AMpQmw?e=gMwk2d
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factors are added, but these can be adapted to another normalisation
and weighting set. Whenever another Impact Assessment Method is
selected, this will likely mean that other impact categories are represented.
These will need to be updated in that case, along with the values for the
normalisation and weighting factors.

A ] (] ) I3 [ G H ] i K L M N o L Q R S T v \2 w L
2 | Aalberts inOptie 316 3003 100000 1 units 100 g Product  Raw matelAl 0220-fab& Nationale 0120798 0,171317 -0,0005 6,081-05 7,091-09 0000618 5972106 0,
3 Aalberts in Optic 316 3003 100000 1 units. 100 g Product  Raw matei Al 0463 fab& Nationale 0,000639 0,000639 7,907 2,1E07 1,98 11 4,82E 06 4,58 08 6
4 Aalberts in Optie 316 3003 100000 1 units. 100 g Product Raw mateiAl ‘ammonia | Ecoinvent  0,00028 0,00028 5,09E-08 AE-08 6,6E-11 2,25E-06 1,96E-09 1
5 Aalberts in Optie 316 3003 100000 1 units. 100 8 Product  Raw mate A1 chromium Ecoinvent  0,388503 0,383331 0,004435 0,000777 3,16E-08 0,001925 2,07€-05 0,
7| Aalberts in Optie 316 3003 100000 1 units 100 g Product  Raw mate: A1 market forl coinvent 018088/ 018278 -0,00223 0000314 1,0/1-08 0,005164 0000299 0,
8 | Aalberts in Optic 316 3003 100000 1 units 100 g Product  Raw matel Al market for Ecoinvent 0,164804 0,164464 0,000204 0,000151 1,12E 08 0,04248 1,85E 05 0,
9 | Aalberts in Optie 316 3003 100000 1 units 100 ¥ Product  Raw mate Al market for Ecoinvent  6,59E-05 6,62E-05 -8,1E-07 4,836-07 1,04E-11 1,15€-06 1,07€-08 9
10 Aalberts in Optie 316 3003 100000 1 units. 100 g Product  Raw mate Al silicon pro Ecoinvent 0,010082 0,009602 0,000469 1,1GE-05 3,95E-10 5,54E-05 4,81E-07 8
11 | Aalberts in Optie 316 3003 100000 1 units 100 g Product  Raw mate A1 sulfur//[G1 | coinvent 0 o o 0 0 0 0
12 Aalberts in Optic 316 3003 100000 1 units 100 g Product  Manufacti A3 Standaard 1,64E 06 162E 06 1,78 08 4,79E 10 7,87€E 14 3,8E 09 9,26E 11 8
13 Aalberts in Optie 316L 3003 100000 1 units 100 g Product  Raw matelAl 0220-fab& Nationale  0,12089 0,12141 -0,00056 6,08E-05 7,09E-09 0,000619 5,92€-06 0,
14 Aalberts in Optie 316L 3003 100000 1 units. 100 Product  Raw mate Al 0,000239  0,00024 -36-07 7,87€-08 7,43E-12 1,81E-06 1,726-08 2
15 Anoerts nOpte 3401 203 100000 1t W05 product RawmateAl 00008 000028 SOSE08  AEGB GAGEAL 225600 196609 1
16  Aalberts in Optie 316L 3003 100000 1 units. 100 g Product Raw mateiAl 0,388503 0,383331 0,001135 0,000777 3,16E-08 0,001925 2,07€-05 0,
17 | Aalberts in Optie 316L 3003 100000 1 units 100 g Product  Raw mate Al manganes Ecoinvent  3,36E-05 3,48E-05 -1,1E-06 2,83E-08 4,286-12 7,23E-07 1,36E-09 2
18 Aalberts in Optie 316L 3003 100000 1 units 100 g Product Raw mate A1 market for Ecoinvent 0,180847 0,18278 -0,00223 0,000314 1,07E-08 0,005164 0,000299 0,
20 Aalberts in Optic 316L 3003 100000 1 units. 100 g Product  Raw matel Al market for Ecoinvent  6,59E 05 6,62E 05 8,1E 07 4,83E 07 1,04E 11 1,1SE06 1,07E 08 9
21 Aalberts in Optie 316L 3003 100000 1 units. 100 g Product Raw mateiAl silicon pro Ecoinvent 0,010082 0,009602 0,000169 1,16E-05 3,95E-10 5,51E-05 4,81E-07 8
22 Aalberts in Optie 316L 3003 100000 1 units. 100 8 Product  Raw mate Al sulfur//[Gl Ecoinvent 0 0 0 0 0 o o
25 | Aalberts in Optie 316Ti 3003 100000 1 units. 100 g Product Raw mateiAl 04163-fab& Nationale 0,000639 0,000639 -7,9€-07 2,1E-07 1,98E-11 4,82E-06 4,58E-08 6
26 | Aalberts in Optie 316Ti 3003 100000 1 units. 100 g Product  Raw mate A1 chromium Ece 0,411356 0,40588 0,004696 0,000823 3,35E-08 0,002039 2,19€-05 0,
29 | Aalberts in Optic 316Ti 3003 100000 1 units. 100 g Product  Raw matel Al ‘market for Ecoinvent  7,32E 05 7,36E 05 9E07 5,37E07 1,16E11 1,28606 1,19E08 1
30 | Aalberts in Optie 316Ti 3003 100000 1 units. 100 g Product Raw mateiAl silicon pro Ecoinvent 0,010082 0,009602 0,000169 1,16E-05 3,95E-10 5,51E-05 4,81E-07 B'
i i [ GRGRR| oo conr [T TR : e 5
The original data, as exported from EcoChain, can be pasted in the
document in this tab. Make sure to select the field Alto paste the data.
Note: The current screenshot of the template document contains the data from the
example case for options of stainless steel, where the file for Aalberts IPS employees
contains no data.
1 |Company Prodictname ___Product n Descripti i ight pe Weig i Item __Subgroup i i i limate ck Ozone dej Acidificati E:
2 —0 al data'll 7 100 g Product  Raw mate Al 0 [=COFiginal ; ighting'1852)°
3| | the Ecochain resuits are pasted into the tab 0 0 3002 100000 100 g Product  Raw matelAL 0 0463 fab& Nationale 'Normalisation weighting'1BS3
Yo s s s ot stomatialy ot | 0 3003 100000 100 Product  Raw matelAL 0 ammonia |Ecoinvent 233 03 sssiss Wussuns AusssANA 4,16E 04 7,25 05
5 | {and weighting factors in the "Normalisation o 0 3003 100000 100 g Product  Raw mateiAl 0 chromium Ecoinvent 3,22E+00 fitittitititit ititititititst sitwmsnsy  2,01E-01 6,20E-02 1
6 | |weighting' tab. 0 0 3003 100000 100 g Product  Raw mate Al 0 manganes: Ecoinvent  2,70E-08 Hiuuuius WUUGUNNS HULUELLY 2,76E-05 233E-05 {
7 |Aalberts in Optie 316 0 0 3003 100000 100 g Product  Raw mate: A1 0 market for Ecoinvent 1,50E+00 H####sss ‘hussssss Hessssss GB0E-02 1,66E-01 7
8 | Aalberts in Optie 316 0 0 3003 100000 100 g Product  Raw matelAL 0 market for Ecoinvent 1,37E+00 #s#ssuss bussssus sessusss 7,056-02 1376400 1
9 | Aalberts in Optie 316 0 0 3003 100000 100 g Product  Raw mate: A1 0 market forf coinvent  5,471-04 #susnuss susussns sesssgsy 6,720-05 3,711-05
10 Alberts in Optie 316 0 0 1003 100000 100 g Product  Raw matelAL 0 silicon pro Ecoinvent  8,36E 02 s wuuunnnn wwansuus 2,55€03 1,78E03 |
11 Aalberts in Optic 316 0 0 3003 100000 100 g Product  Raw matelAL 0 sulfur//[Gl Ecoinvent  0,00E100 s wuuussns wwansuss 0,00E100 0,00E100 C
12 Aalberts in Optie 316 o 3 3003 100000 100 g Product  Manufactt A3 0 Standaard 0 1,36[4]5'"NHWM'MMIIM'HWMH 5,076-07 1,226-07
13 | Aalberts in Optie 316L o 0 3003 100000 100 g Product  Raw mates Al 0 0220-fab& Nativnale 1.DOE400'MHHWM'WMHMW'HHWW" 4,57E-02 1,99E-02 «
14  Aalberts in Optie 316L o 0 3003 100000 100 g Product  Raw mate A1 0 0463-fab& Nativnale 1,99&03'wuuuuw'uuwuuuu'uuuuwu 4,79E-05 5,82E-05 !
15 | Aalberts in Optie 316L 0 o 3003 100000 100 g Product  Raw mate(AL 0 ammonia |Ecoinvent  2,33E-03 #sussuss bussssus wossesss 416E-08 725605 |
16 | Aalberts in Optie 316L 0 0 3003 100000 100 g Product  Raw mate: A1 0 chromium [ coinvent 3,221 400 #sussuss susunans wessusss 2,080-01 6200-02 1
17 Aalberts in Optie 3161 0 0 1003 100000 100 g Product  Raw matel Al 0 manganes Fcoinvent  2,707-04 #sussunn sususans wassusss  2,760-05 233005 |
18 | Aalherts in Optic 2161 o 0 3003 100000 100g Product  Raw matel AL 0 market for Ecoinvent  1,50E100 s #uuunnss swansuss 6,89E 02 166E01 2
19 | Aalberts in Optic 3161 0 0 3003 100000 100 g Product  Raw mateiAL 0 market for Ecoinvent  1,37E+00 ittt it it 7,256-02 1,37€500 1
20 | Aalberts in Optie 316L 0 0 3003 100000 100 g Product  Raw mate A1 0 market for Ecoinvent  5,476-08 buuuuuuy "uuuuuus Sususuuy  6,72€-05 371605 |
21 | Aalberts in Optie 316L 0 0 3003 100000 1 units 100 g Product  Raw mate AL 0 silicon pro Ecoinvent  8,36E-02 Huuuuuus husuuuus Wanssusy  2,55€-03 1,786-03 |
22| Aalberts in Optie 3161 0 0 3003 100000 1 units 100 g Product  Raw mate( AL 0 sultur//|Gl Ecoinvent 0,00E+00 Hstsss "hussuuss ususssy 0,00E+00 0,00E+00 C
23 | Aalberts in Optie 316L 0 o 3003 100000 1 units 100¢g Product  Manufacti A3 0 Standaard 0 1,360-05 "smnmn ey wessann S0/-07 12007 (
24 | Aalberts in Optie 3161i 0 o 3003 100000 1 units w00 g Product  Raw matel Al 0 0220-fab& Nationale 9, /01-01 "ssumnus susnnnn nseunny 4,820-00 193-07 |
25 | Aalberts in Optie 3161 0 0 003 100000 1 units 100 g Product  Raw matel AL 0 0463 fab& Nationalc 5,30F 03 s #unssnns wwansnws 1,28E 04 155€04 |
26 | Aalberts in Optic 316Ti 0 0 3003 100000 1 units 100 g Product  Raw matelAL 0 chromium Ecoinvent 3,41E+00 ittt ettt sty 2,16€-01 6,56E-02 1
27 | Aalberts in Optie 316Ti 0 0 3003 100000 1 units 100 g Product  Raw matelAL 0 market for Ecoinvent 1,80E+00 ittt “mttitn #innminn  8,26E-02 2,006-01 2
28| Aalberts in Optie 316Ti 0 0 3003 100000 1 units 100 g Product  Raw mate AL 0 market for Ecoinvent 1,60E+00 H4AMHHIY HUUUANNS HHUUUUAN 8,4SE-02 1,60E+00 1
29| Aalberts in Optie 316Ti 0 0 3003 100000 1 units 100 g Product  Raw mate AL 0 market for Ecoinvent G,07E-04 Hit#kiis ‘hussuuss HusRESRE 7,47E-05 413605 {
30 |Aalberts in Optie 316Ti 0 [ 3003 100000 1 units 100 g Product Raw mate A1 0 silicon pro Leoinvent  8,36L-02 “snnannun wnusanes sssmsene 2,55L-03 1,78L-03 |
. Pivot tables | Weighted data | Oniginal data | Normalisation-weighting ® I a - - - >

The calculations are made in the tab ‘weighted data’. The general
information is transferred to the tab by simply making the fields equal to
the fields in the ‘original data’ tab (see formula in E2). The environmental
impacts are calculated according to the characterised outcomes in the
‘original data’ tab, divided by the normalisation factor and multiplied by
the weighting factor (see formula in Q2).

A B c
! [ the data has been entered, these pivot tables must be refreshed. Y Faers " Legends reets) s |
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Pivot tables | Weighied data | Orginaldata | Normaliation-weighting | () B

Bestand Start

T

n the first sheet, the pivot tables are presented. These are made based on

the tab ‘weighted data’, by selecting the complete tab, and then selecting

Insert > Pivot table.

Invocgen  Pagina indcling  Formules  Gegevens  Controleren  Beeld  Automatiseren  Ontwikkelaars
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B Rovormen . Bsnariat Bimocgorpassmgendomiossen ® | [j7 M-E-A- @ A b FEiE B @ A
Oraatabel Aanbwvolen Tabsl | fbesidingen % PieCamen ] Schemoprame — nanvevoien % B BB oanen vrasigrafek 30~ Uin Kolom winw | Sicer Ticin  Koppeling Tekst | Symbolen
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Telen [ [ —— Gtk is Rondiis Spanines firer  Koppeingen Opmesingen b
"M Vi Jfx -'Original dota'!A1
A A B el D E F [ H ! K L M N o P Q R s & U v
1 [Company Productname ____Prod item __ Subgroup
2 o o 3003 100000 1 units 100 g Product 0 0220 fab& Nationale 1,00E100 #asussny susuuuns suuunnny
8 s re pasted nlo the tob | 0 0 3003 100000 1 units 100g Product i ,30E-03 ittt e ittt
e e e 0 3003 100000 1 units 1004 Product ) ia 1 Ecoi 233603 WA "WAARAAL UMLK
5 |{and weighting factors in the ‘Normalisation- o o 3003 100000 1 units 100 g Product Raw mateA1 0 chromium Ecoinvent 3,22E+00 ###ssuus sussunss sussssss 204601 620E-02 1
6 |weiohting'tab. 0 0 3003 100000 1 units 100 g Product o i 2,791-08 unnunsnn wnnnnnnn wannwann 2,760-05 2,331-05 ¢
7 |Aalberts in Opic 316 0 0 3003 100000 1 units 100 g Product 0 market 1,50100 anunns wnnsnsnn AAARAAAS 6.89E 02 166E01
8 |alberts in Optie 316 [ 0 3003 100000 1 units 1008 Product 0 market L,37E+00 ittt nnn mmnnnnn 7,25€-02 1376400 1
9 [Aalberts in Optie 316 ) 0 3003 1 1 units 1008 Product  Raw matei AL 0 market for Ecoinvent  5,47E-08 Huiiis WHRKRNN BHUNKNNS 6,726-05 3,71€-05 |
10 | Aalber Optie 116 0 0 3003 100000 1 units 100 g Product  Raw mate Al 0 silicon pro coinvent  B,361-02 #tsunsnn wunsnun wussunes 2550-03 1,/80-03
11 |Aalberts in Optie 316 0 0 3003 100000 1 units 100 g Product o 0,00€100 ks wunsnsnn HesanAs 000EI00 000100 €
12 | alberts in Optie 316 [ 0 3003 100000 1 units 100 g Product  ManufactuA3 0 Standaard O 1,36E-05 ittt i Antnnn S07E-07 120607 (
13 |Aalberts in Optie 3161 ) 0 3003 100000 1 units 100 8 Product [ i 1,00E+00 s uunuunuy NuNLSILY 4STE-02 199E-02 ¢
14 | Aalberts in Optie 316L 0 0 3003 100000 1 units 100 g Product [) i 1,008-03 uuunnnn s WenaASE 470E-05 582605

This pivot table can then be placed in a new tab that is then named ‘pivot
table’. This needs to be done twice, where the second pivot table must be
placed in an existing tab, namely the one that was just created.

Draaitabel vanuit tabel of bereik
Tabel of bereik selecteren
Tabel/bereike | "Weighted data'!SA:SBE
Kies de locatie waar u de draaitabel wilt plaatsen
® Nieuw werkblad
() Bestaand werkblad
Locatie:
Kies of u meerdere tabellen wilt analyseren

[] Deze gegevens toevoegen aan het Gegevensmodel

? x
b
+

Annuleren

After the data has been entered into the tab ‘original data’, the pivot tables
must be adjusted to present the desired information. The steps to do so are

described in Section D.1.




Experience of performing CLA

at Aalberts IPS

As part of getting to know the matter of LCAs within the
company, an LCA was performed of a product range that had
not yet been evaluated within Aalberts IPS. This was done for
the SmartPress range. The goal of performing the LCA was

to get an insight of what performing an LCA is like within a
company, and what challenges arise. Apart from the LCA for
SmartPress that was performed from the beginning, the LCAs
of the entire portfolio were analysed in order to determine
the focus point of the design tool, and the quick-LCAs were
performed to exemplify the use of the design tool.

The differences between performing the LCA for Aalberts
and the theory on LCA, as well as previous experience of
performing an LCA for scenarios approaching reality, are
discussed. This is done following the general structure of
performing an LCA, from goal definition to inventory analysis

and impact assessment, and finally interpretation is (ISO, 2006).

Previous experience

My current experience with performing LCAs has been within
theoretical projects within courses at the University of Twente.
This meant that there was no access to company specific data
or the production site. All the data that was used as input for
the LCA analyses was therefore based on assumptions and
literature review.

The LCAs of previous experience were performed in the GaBi
Educational software. This is provides an extensive range of
possibilities for customisation. The lifecycle of the product is
modelled by specifying the inputs and outputs of every step
of its production, use and disposal. Instead of filling in the
details yourself, it can also be selected from a wide range

of databases that are available. Apart from the products
specifics, the characterisation, normalisation step can also be
adapted, either by selecting an already available method, or
customising one.

For the LCAs in previous experience, the goal was to compare
two or more options on the same functionality. That meant that

it was crucial to specify a functional unit that specified the amount of the
same function in order to compare the products.

Additionally, the LCAs that were performed were mostly retrospective,
so of products that were finished and in the market for a while. However,
during a design project, a comparison has been made of design options.
Where these options were quite clearly defined, it was noticed that the
level of detail that is required to perform an LCA of the full lifecycle of

a product is much higher than the level of detail that is present in the
concepts during the design process.

Goal definition

The structure of the goal definition for the LCA within Aalberts is largely
defined by EN 15804 norm that is followed. The goal of the LCA performed
at Aalberts is to inform their customers of the environmental footprint of
their products by presenting them in an EPD.

The comparison between products is outside the scope of the EPD
reporting, where this has been a central goal of the LCA’s that | have
previously performed. This also results in differences in the functional unit.
Where in my previous experience, it was crucial to carefully specify the
function and amount that are used in the comparison in the functional unit,
this was not done for the LCAs within Aalberts IPS. Because the comparison
takes place outside of the scope of the LCA analysis, its function might
differ. As described in Section 2.3, if a product’s function cannot be
unambiguously be determined, a ‘declared unit’ may be specified. Thatis
the case for the Aalberts IPS products, where the declared unit is specified
as one piece of the product.

Inventory analysis

The inventory analysis centres around data gathering. In previous projects
I have only worked with fictional scenarios, meaning that all data that was
used was sourced from literature and heavily based on estimations. For
the LCA at Aalberts, real company data was used. It appeared that some
data was easy to access, where other data was much more difficult to
gather. The material types and weights (Al) could be found in the technical
drawings of the products, the transportation distances up to the gate (A2)
could be calculated based on the locations of the suppliers. The energy
source during the manufacturing step (A3) was also known within the
company.

The data collection was more difficult for the energy consumption

during manufacturing (A3). The only way to get aninsight of the energy
that was consumed to produce one product, was to measure the

energy consumption during a single order. Due to the time constraints
within the graduation assignment, and the extensive scope of the
SmartPress product range, tests were performed to a selection of product
compositions. From here, extrapolations were made to estimate the energy
consumption of all other compositions.
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There were, however, also variables for which no real company data
was available. This was the case for the recycling scenarios, including
the recycling percentage as well as transportation distances. These
were outside the influence of the company and could therefore only
be estimated. This was done in a similar way as in previous projects, by
referencing literature.

Another difference that was noticed in the inventory phase of the LCA,
was that instead of modelling a single product, an entire product line

was evaluated. The software of Ecochain Helix was very suitable for this
task, as new products could be easily added and their characteristics
specified. In the software GaBi that | have previously used, this task would
be much more tedious. Here, all the steps of the production process would
need to be individually specified for each configuration in order to see the
differences in the results.

Impact assessment

The impact assessment step is performed in less detail within Aalberts

IPS thanitis in my previous experience. For EPD reporting, the desired
outcome is in characterised results, without considering the normalisation
and weighting step. Where | understand that the characterised results

are more science-based than the values after a normalisation and most
notably a weighting step, | do believe that having a standardised norm
and weighting set for the EN 15804 standard would help users interpret the
significance of their outcomes.

As the normalisation and weighting steps are not commonly used, the
software Ecochain does not provide the possibility to add these to the
comparison. For the EN 15804, the results are solely expressed in the
characterised impact categories. For another impact assessment method,
the Eco-Cost Indicator by the Stichting National Environmental Database
(2020) does provide an indicator value, stacking the values from the impact
categories. However, it does not allow for customised normalisation and
weighting factors.

Fortunately, the results from the LCA as calculated in the software,

are easily exported to Excel. Here the additional calculations for the
normalisation and weighting step can be added. This also allowed the
further study of the results in more detail, separating the results into
customised graphs. More about this can be found in Appendix D.

Interpretation

The interpretation step is performed in less detail for the EN 15804 standard
than in my previous experience. The assumptions and decisions within

the goal definition and inventory stage must be explained, and an
assessment must be made of their validity. This must then be presented in
the background report. However, no further study is required of the results,
they are simply presented along the format that is provided by EN 15804.

In my previous experience, it was a key part of performing the LCA study
to determine if the results are within expectations and what causes the
large impacts. This stems from the difference in goal, where the goal within
my previous experience was to compare products and provide insights in
how to improve the environmental sustainability of a product, as stated
previously, the comparison happens outside of the scope of the EPDs.
Therefore, the deeper analysis of the results is likely to also happen outside
of the LCA study. What must be noted is that for the scope of the thesis,
the further study of the results is required. This is in line with the purpose

of the thesis to use the LCA data and expertise to inform sustainable
improvements to the products’ design.



valuation of design tool at
Aalberts IPS

The design tool for Aalberts IPS has been evaluated by
presenting it to stakeholders within the company that are
involved in the product development process. The stakeholders

that were interviewed were from the following departments, w @ S8 g .
. . . TYUT > -0, 0w - 0
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Figure 4: Design tool initial version, before verification: back (displayed

on the next page)
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F2 Interview questions design tool evaluation

s

Note: Apart from the changes that were implemented based on the feedback

were made. Firstly, the term roadmap’ was changed to design tool’, as this more
fittingly described the contents. Next, the names of the steps of the decision-making
process were altered. The term ‘housing’ was replaced for ‘main body’, as that is

the term thatis used in practice. The steps ‘material’ and ‘alloy’ consideration are
renamed to alloy family’ and specific alloy’ respectively, because that aligns better
with what could be found in literature, e.g. UNEP (201). Lastly, the unit AIPS indicator’

during the evaluation step (described in Section 3.3), some smaller changes in
was added to the axis of the example graphs, and the tables for subpart alloy

were separated to avoid confusion with the arrows.

Interview questions design tool evaluation

Note: The interviews were performed in Dutch, the questions below are thus a
translation. Additionally, as stated in the research methodology as presented in
Section 1.5, the interviews were performed in a semi-structured fashion. This meant
that apart from the questions that are listed below, input from the interviewees was
The goal of the design tool is to incorporate the environmental impact

of the products in the product development process. The structure of the
design tool is made to match the current product development process,
and itindicates for every step of the process how to incorporate the

environmental impact of the product. The design tool focusses on the

material decision, as LCAs pointed out that this causes the largest portion
of the product’s environmental impact. For each step of the decision-

Do you understand how to use the design tool, and what your role

Do the results from the quick-LCAs present you will all the
information that you need in order to make the decision?

making process of the material, it is described what is expected of the
Are all the terms that are used clear?

decision-makers and what tasks are performed by the LCA expert.

Is anything missing? E.g. data, explanation or decision-making
steps. How would you like to see this added to the design tool?

Are all the steps of the decision-making process assigned to the

Do you recognise the schematic of the product development
right stages of the product development process?

process? Do you understand how to use it?

For each of the decision topics, when should the decisions be
made at the latest? In what stage of the product development
For each of the decision-moments, what criteria are relevant
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F2 Interview questions design tool evaluation

29

(other than the environmental impact that is considered in the
design tool)?
> How important are those criteria, related to the environmental
impact?
> Do you think that the environmental impact could already
influence the decision-making currently?
» If so,in what cases?
» If not, what do you think should happen before this would be
the case?
- Specific questions
> Are there instances where the weight of the product is different for
different alloy family or specific alloy options? In other words, is the
step ‘consider weights’ of added value?
> Are there instances where different options for alloy families
require a different coating? In other words, is the step ‘specify
coating’ of added value?
> Isit necessary to explain the unit of the environmental impact and
how this is calculated?



Case studies

Three case studies — of cement, a LED luminaire and Aalberts
IPS — are used to evaluate the validity of the framework. For
each case, all the steps of the framework are performed, which
is described in detail below. The conclusions from the cement
and LED case are presented in Section 4.2, where the initial
development of the design tool for Aalberts IPS — which served
as the basis for developing the framework —is discussed in
Chapter 3.

It must be noted that the case-studies for cement and LED are
performed differently than the typical use of the framework,
as they were not performed within the company. Therefore,
assumptions were made of the scope and nature of the
product development process based on the EPD reports.
Additionally, the EPD reports did not provide the required level
of detail for the framework. Therefore, additional insights were
sourced from academic literature. The lack of access to the
business also meant that no custom weighting factors could
be developed. Therefore, the Product Environmental Footprint
(PEF) weighting set was used (EPLCA, 2018).

The cases of cement and LED are based on EPDs found in

the EPD repository (The International EPD System, n.d.) and
also used to exemplify the use and possible outcomes of the
framework in Section 4.2. The third case discusses the situation
at Aalberts IPS, for which the design tool is developed as
discussed in Chapter 3.

G.1. Cement

The first case that is studied, is that of cement production at Aalborg
Portland A/S. The cement is produced by grinding limestone and clay,
which are then combined and then heated in a kiln. Next, the calcination
process begins which takes place in a second kiln, where CO2 is released
from the limestone to produce clinker. This clinker is then ground together
with gypsum and other additives to form cement. Cement is one of the
main ingredients for concrete production, but this is out of scope for the
case. The EPD by Aalborg Portland A/S (2023) presents the environmentall

impact of the cement, and will be used to develop a design tool.

1. Calculate LCA-results

In this step, the LCA results should be calculated. For this the results
presented in the EPD are used. It should be noted that in the EPD, only the
modules Al-A5 have been declared. As the cement is an intermediate
product, little can be said about the use, maintenance and disposal phase.

The results are presented in the figures below. Figure 3 shows the result
per environmental indicator for each module, all scaled to add up to 100%.
Figure 4 shows the weighted indicator score, where the impact of each

environmental indicator is added together for each module.
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Figure 5: Characterised EPD results for cement. Data from Aalborg Portland A/S (2023)
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liesin module A3.
CEMENT — WEIGHTED For the purpose of this thesis, the climate change environmental indicator
S EBEH will be used. While the impact for ecotoxicity is higher, indicating more
’ Land use - Pt potential for improvement, the causes of this impact could not be
- el e CTuh sufficiently explained. However, the climate change category is very
' Human toxicity, cancer - CTUh relevant to consider due to the large share of the global climate change
P W Ecotoxicity, freshwater - CTUe effects that can be attributed to the concrete industry (IEA, 2018). If custom
Gt B lonising radiation - kBq U-235 eq . . L
. i ) ) weighting factors would have been made for the cement scenario, it is
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S 200801 W Water use - m3 depriv. the eco-toxicity effects
'g W Resource use, fossils - MJ :
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= m Photochemical ozone formation - kg NMVOC eq of fossil fuel during the calcination step will be selected for further
1,00E-01 ® Eutrophication, terrestrial - mol N eq examination. This again diverges from what is stated in the framework, as
W Eutrophication, marine -kg N eq the largestimpact can be found in the direct emissions from the calcination
5,00E-02 Eutrophication;ifreshwaters kg Pieg steps. However, previous studies (Feiz, 2016; Schneider, 2015) have indicated
MAGncaROn '.m°| hi+eg that no feasible improvements can be made to reduce emissions during
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Al A2 A3 Ad W Global warming potential - kg CO2-eq

Figure é: Weighted EPD results for EPD cement, cumulative impact per module
displayed in PEF indicator

2. Analyse LCA-results

In this step, the results from the LCA are analysed. The goal is to identify in
what module the biggest impact can be found, and to get an idea of what
causes that large impact. From Figure 4 it can be clearly seen that the
largest environmental impact lies in the manufacturing stage. This is true for
allindicators except for resource use (minerals and metals) and water use,
for which the impact lies in the materials phase (Al). On average, module
A3 causes 76% of the impact. This large impact in the manufacturing stage
is mostly caused by two environmental indicators: ecotoxicity (60%) and
climate change (29%).

Additional LCAs about cement were studied to find what causes the
impacts found in the EPD. Studies conducted by Sjunnesson (2005),

Feiz et al. (2015) and Garcia-Gusano et al. (2014) indicated consistent
conclusions regarding the impacts for the climate change indicator. The
studies found that approximately 85% of the impact occurred during the
use phase, aligning closely with the EPD results where the manufacturing
stage accounted for 91% of the impact of climate change. A large portion
of these emissions can be attributed to the calcination process. Of the
climate change impacts, around 60% is due to the direct emissions of CO2
during the calcination step, and another 30% is attributed to the fossil
fuels used for heating the kiln (Feiz et al., 2015; Garcia-Gusano et al., 2014;
Sjunnesson, 2005). The factors driving the impact for ecotoxicity remained
unclear.lge et al. (2022) attributed approximately 80% of the impact to raw
materials, contradicting the EPD results where 75% of ecotoxicity impact

this specific step.

3. Follow decision tree

Next, the steps from the decision tree are followed to find what
recommendations and design tools fit the situation. Below, the questions
and answers used in the decision tree are presented.

Cement

A3

Manu-

facturing

What variable causes the impact in module A3?

Recommendation
A3.1: more than just purchasing machines?

Select the most
sustainable
Energy energy source.

manufacturing

sources. See case cement.

Figure 7: Steps from decision tree for cement case, based on EPD and LCA

This results in a recommendation regarding the energy source and a
design tool about reducing the energy consumption.

4. Develop design tool

In this step, the conclusions from the decision tree will be used to develop
a design tool for the specific situation for the cement production case. This
will be done in the following steps:

a. Study decision-moment
The EPD is used as a scenario for what the company can influence in their

Does the company influence the manufacturing processes,

Design tool A3.1: Energy consumption

A roadmap using LCA to reduce the impact of
manufacturing, by optimising the distribution of
energy consumption over different energy
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product development and what not. In this case, it is assumed that the
company can select the raw materials going into the production, it has
control over the processes taking place at the production facility and the
transportation steps to the gate, and from gate to site. However, they have
no influence over the concrete production and use that takes place after
the cement is shipped from their facility.

Additionally, the EPD on which the case is based provides no insight into
the specific steps that are performed during the product development
process at Aalborg Portland A/S. However, based on previous experience,
as well as the experience from developing the design tool for Aalberts IPS,
some assumptions could be made.

Within Aalberts IPS, the decisions affecting the energy consumption
during the manufacturing stage are made in three steps. First, the general
machine type is selected, e.g. hydraulic versus electric machines. In the
case of cement production, this could concern a general decision what
type of kiln will be used, accommodating to what type of fuel. Next, at
Aalberts the specific machine is chosen, while keeping the efficiency and
other determining properties in mind. A similar step likely occurs at Aalbort
Portlant A/S too. In the last step, the specific process is developed. Here
there is room for improvement, increasing the efficiency or reducing the
emissions slightly.

b. Search improvement pathways
The following improvement pathways were found based on Feiz (2016), IEA
(2018) and Schneider (2015):

- Production processes
> Alternative fuels
> Efficiency
- Product composition
> Low-carbon cements
> Clinker-to-cement ratio
- External synergies
> Industrial symbiosis
> Carbon capture and storage

The production processes can be improved by selecting alternative fuels,
corresponding with the recommendation to select the most sustainable
energy source. This alternative fuel can be in the form of waste materials,
or renewable energy sources such as biomass. Next to that, the efficiency
of the kiln can be considered (Schneider, 2015). However, as energy
efficiency has already been subject to optimisation for financial reasons,
this pathway is estimated to have the least potential to reduce the
environmental impact of cement production (IEA, 2018).

The product composition can also help reduce the impact of the cement.
Where they appear to focus on reducing the impact of raw materials, they

mainly reduce the energy consumption during the manufacturing stage.
As the calcination of clinker contributes most to the impact in A3, using
alternative materials that do not require calcination, is able to significantly
reduce the impact in the manufacturing stage (Feiz et al., 2015).

Lastly, external synergies can reduce the environmental impact of cement
production. Firstly, industrial symbiosis considers whether wastes from
one facility can be used in another (Yazan & Fraccascia, 2019). In the case
of cement production, waste such as tyres can be useful as alternative
fuel, or metal casting slags can be used as alternative to clinker to reduce
the clinker-to-cement ratio. Next, external synergies can be in the shape
of carbon capture and storage. As the production of cement inherently
emits CO2, it can be sought to reduce the environmental impacts of these
emissions by storing these emissions.

[t must be noted that some of the improvement pathways that were found,
are also effective at reducing the impact of the direct emissions during
the calcination step. For instance, reducing the amount of clinker means
that less calcination needs to take place and thus less direct emissions of
CO2 take place. Besides, the carbon capture can mitigate the detrimental
effects of the inherent emissions during the calcination step.

c. Look for interplay

For this step, it is evaluated whether an improvement pathway can result
inincreased environmental impact elsewhere, whether that be within the
manufacturing phase, or another module entirely. These insights will be
included in the final development of the design tool.

Firstly, the two pathways to reduce the impact of the production process
itself conflict. Alternative fuels tend to have a lower calorific value and a
higher moisture content. This results in a lower efficiency of burning the fuel
in the kiln. Besides, some alternative fuels contain substances that are not
present in typical fuels, but are harmful for the environment.

Next, reducing the clinker-to-cement ratio by using more furnace slag, can
increase the electricity consumption during the manufacturing stage. As
furnace slagis a much harder material, it takes more energy to grind. In
other words, the electricity consumption during the milling step is higher for
the furnace slag thanitis for clinker. This can be evaluated with a quick-
LCA, getting an idea of how the numbers resulting from a change relate to
each other.

Lastly, the clinker-to-cement ratio can also affect the durability of the
concrete (Schneider, 2015). If a cement fails quicker and thus has a
shortened lifespan, the impacts of the manufacturing phase are more
pronounced when a specified amount of time is compared.

d. Define quick-LCA moments
As previously stated, the use of alternative fuels can result in a reduced
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efficiency and the emission of harmful substances. Therefore, it is important
to understand how the benefits of the alternative fuels weigh up to the
disadvantages. When different fuel options are considered, a quick-LCA
can be performed to assess the environmental impacts and select the most
beneficial option.

In order to perform the LCA, the energy sources and efficiencies must be
specified. For this, research needs to be performed into the availability
and chemical characteristics of the fuel types. It must also be investigated
whether kilns used for traditional fuels can be used for alternative fuels,
and what the specifications of those kilns are. The LCA is then performed
selecting the energy sources from the database, and specifying the
amount of each fuel, based on the efficiencies. The results from the LCA
assess how the benefits of selecting an alternative fuel weigh up to the
losses due to lower efficiencies, or trade-offs in other environmental
impact categories.

Another situation where a quick-LCA can prove useful, is for defining the
clinker content of the cement. With an LCA, the differences in raw material
extraction and manufacturing impact can be compared for clinker and the
alternative materials. That way, an optimal composition can be found. This
would also be useful to assess the adverse effects of the reduction of the
clinker content as stated in the previous section.

The LCA for determining the clinker composition is similar to the LCAs
specified for the Aalberts IPS design tool. First, the clinker types need to
be specified, as well as the cement composition, specifying the weights of
each of the clinker types. The LCA should then be analysed by evaluating
what cement composition is the most beneficial, and how the relative
impact of each clinker option compares.

In the interplay, the relation between clinker type and electricity
consumption during the milling step, and the durability of the cement is
mentioned. This interplay can be considered, however it must be ensured
that this does not overly complicate the analysis.

e Combine into design tool

The above findings are combined into a design tool suiting the cement
case, presented in Figure 6. It must be noted that the level of detail in this
design tool is much lower than a design tool that will be used in practice,
due to the limitations previously addressed. However, it provides a good
insight of what a design tool could look like for the cement case. The top of
the design tool shows the steps during the product development process,
the bottom shows in more detail the steps that need to be taken to perform
the LCAs.

Figure 8: Suggested design tool for cement case (displayed on the right)
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The design tool shows how the three improvement pathways are defined
in consequential steps during the product development process. The
production process is defined by first choosing a sustainable energy
source in the idea phase, using LCA to guide the decision. Next, the specific
equipment is selected based on the choice for the energy source, and
finally the processes are defined in more detail, aiming to increase the
thermal efficiency. The product composition is determined by first setting
rough clinker composition in the conceptual phase. Here LCA can be used
to evaluate the differences in impact across environmental indicators for
the clinker alternatives. External synergies are also investigated, first by
evaluating possible relations in the idea phase, working them out in the
concept phase.

As is the case with the Aalberts IPS design tool, the focus lies in the product
development steps up to the development phase. After that, no useful
analysis and development steps could be found.

5. Use

The design tool will be used, where all people that are involved in the
decision-making process are educated on how the design tool must be
used.

é. Evaluate

After using the design tool for a while, it can become necessary to re-
evaluate and improve the design tool based on the changing situation.
This section shortly discusses the three ways in which the design tool
can become obsolete, and how likely it is to happen for the design tool
suggested for the cement case.

Itis expected that the LCA results will change based on the improvements
suggested in the design tool, which could result in a shift in which module
the largest impact lies. Changing out the share of clinker in the cement

can change the impact of the raw materials extraction phase, alongside
the desired change in impact in the manufacturing stage. This could mean
that the materials phase ends up as the largest contributor to the total
score. The design tool should then be completely replaced by a design tool
focussing on the materials module.

The improvement potential is less likely to deem the design tool outdated.
Where the main focus on improvement of the production processes now
lies on using (renewable) waste materials as fuels, the discussion about
using renewable electricity is only just starting. In other sectors, with
admittedly lower demands for the system, renewable electricity sources
have already been implemented to a much larger degree. However, also
in other high-demand sectors, changes are made to switch to renewable
energy sources. Exemplary are the efforts by ArcelorMittal to develop
kilns running in 100% renewable electricity (ArcelorMittal, 2022). It can be
concluded that the improvement potential for the proposed improvement

pathways will continue to be relevant.

Lastly, the design tool can require an update based on changing
improvement pathways. Increasing focus on sustainability and regulation
will continue to push companies and researchers to find new improvement
pathways. These should continuously be evaluated and where relevant,
added to the design tool.

G.2. LED luminaire

The second case-study is performed for a Planar LED Downward

light, produced by TRILUX GmbH & Co. The production process is fairly
straightforward. Materials are sourced for the electronic and structural
components, as well as the packaging. Within the production facility,

the circuit board is assembled, as well as the entire lamp. During the use
phase, energy is used to fulfil its function of providing light. In between,
transportation steps take place, and at the end of the useful life, the
product is disposed of. The EPD by TRILUX GmbH & Co (2023) presents the
environmental impact of the LED, and will be used to develop a design tool.

1. Calculate LCA-results

The results as presented in the EPD will be the starting point for analysing
the environmental impacts. Similar to the cement case, more LCAs from
literature will be used to get anidea of what causes the emissions. The EPD
covers the modules according to ‘cradle to grave’. All modules, from raw
material extraction up to disposal and recovery are covered. However,

the impacts from modules Al-A3 are presented in a combined score. The
declared unit is one downward light. Not all of the environmental indicators
for which a weighting factor was available were declared, no values

were available for the impact categories of particulate matter, ionising
radiation, ecotoxicity, human toxicity (cancer and non-cancer) and land
use.

The results from the EPD are presented in the figures below. Figure 7 shows
the characterised results per environmental indicator for each module,

all scaled to add up to 100%. Figure 8 shows the weighted indicator score,
where the impact of each environmental indicator is added together for
each module.
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Figure 9: Characterised EPD results for LED luminaire. Data from TRILUX GmbH & Co
(2023)
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Figure 10: Weighted EPD results for EPD LED luminaire, cumulative impact per module
displayed in PEF indicator

2. Analyse LCA-results

From the EPD results, it can be seen that an overwhelming majority of

the impact is caused in the B6 module, the operational energy use. This is
true for all of the environmental indicators, with an average of 96%, and a

B6

Use -
operational Yes
energy

lowest value of 83% for resource use, minerals and metals. Here 17% of the
impact is caused by the combined modules of A1-A3. From Figure 8 it can
be seen that most of the impact caused by the B6 module, is caused by the
climate change category (40%), followed by the use of fossil fuels (17%) and
minerals (16,8%). The second most impactful phase is the combined score of
Al-A3 with 4%, mostly caused by the minerals and metals consumption and
climate change.

These findings correspond with findings in supplementary sources
(Casamayor et al,, 2017; Principi & Fioretti, 2014; Wang et al., 2020), and
these studies showed that the impact in the operational energy use phase
are caused by the electricity usage.

3. Follow decision tree

Knowing where the impacts lie within the product’s lifecycle, the decision
tree can be followed. The steps that were followed to find what design tool
and/or recommendation are suitable are as follows:

In what module lies the biggest impact?

Does the (relative) performanceB] decrease over the product’s lifespan?

Design tool B6.1: Lifespan-energy consumption
A roadmap using LCA to reduce the impact of the use phase,

by optimising the lifespan and energy consumption. See case
LED.

Figure 1I: Steps from decision tree for LED case, based on EPD and LCA

The second question could not be answered by the analysis of EPD and
LCA data, hence literature was studied. If this analysis were performed
within a company, it is likely that this information would already be present
within the company.

It was found that the lumen efficiency of LED lights is known to degrade
over its lifespan (Lumileds, 2016). Its relative performance also decreases, as
the efficiencies of newer LED technology are stillincreasing, even though
this increase is slowing down (Pattison et al., 2022). Knowing that the
(relative) performance decreases over the product’s lifespan, means that
overall energy savings might be achieved by reducing the lifespan of the
LED luminaire.

In the end, the decision tree yields a design tool that serves to find the
optimal balance between lifespan and energy consumption during the use
phase.

4. Develop design tool
Having pointed out what type of design tool could be useful for the LED
light, further analysis should be performed of the product development
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process. As stated before, for the cases that were studied, there was no
access to real company data. Therefore, literature was studied.

a. Study decision-moment

Itis assumed that the product development process at TRILUX involves
the design of the LED package, selecting LED and driver technology

as developed in other companies. Other aspects of the LED package,
such as the structural components of the luminaire are fully designed by
the company. In the EPD it is specified that their facility mostly concerns
assembly, so it is assumed that they outsource the production of the
structural components. This means that they have limited control over
the raw materials and production of the electronic components, and the
production of the structural components. They do have control over the
raw materials going into the structural components and the production
processes at the assembly site.

Regarding the steps that are taken during the product development
process, the experience from within Aalberts proved unhelpful, as the
products considered at Aalberts IPS have no environmental impact during
their use phase. However, the general idea of defining characteristics in
multiple steps does still apply. Evaluating the improvement pathways will
provide a better insight on what decisions are taken. This will then be
taken into account and used to form the design tool.

b. Search improvement pathways
In areport by Pattison et al. (2022), the following improvement pathways
were found.

- Light source efficiency
> Thermal efficiency
> Driver efficiency
> Optical efficiency
- Light application efficiency (LAE)
> Optical delivery efficiency
> Intensity effectiveness
> Spectral efficiency

Light source efficiency (LSE) measures how effectively the LED can
generate a certain amount of light. Several factors impact light source
efficiency, including thermal efficiency, where the generation of heat
reduces the overall efficiency of the light source. To maintain optimall
efficiency, cooling mechanisms are necessary to regulate the temperature.
Another factor is driver efficiency, which involves the conversion of high-
voltage AC to low-voltage DC for LED usage, resulting in energy loss during
the process. Lastly, optical efficiency plays arole, as lenses, reflectors, and
other methods used to transform a single LED into a functional lamp can
reduce the total amount of emitted light. As it is assumed that the company
does not develop LED technology in-house, these improvement pathways

should only be considered in selecting the best technology to use in the
LED package.

Light application efficiency (LAE) focuses on the efficiency of the light
source to fulfilits function of making the right things visible. Optical
delivery efficiency measures the proportion of emitted light that actually
reaches the intended illuminated area, aiming to minimize light scattering.
Intensity effectiveness refers to emitting only the necessary amount of light,
adjusting the intensity in response to the available daylight conditions.
Spectral efficiency is another aspect of LAE, which involves emitting only
the wavelengths of light that are useful for the given task while avoiding
the emission of invisible or less useful wavelengths. As this pillar has
become of interest only recently, there is still a lot of improvements that can
be made here (Pattison et al., 2022)

The design tool not only aims to improve the energy efficiency, but also
intends to find the optimal lifespan based on reducing efficiency over

its lifespan, and increasing efficiency of newer technologies. In most LED
lights, the lumen efficiency has reduced to 70% after a lifespan of 50.000
hours (Lumileds, 2016). For the relative efficiency, compared to newer
technologies, the forecast by Yamada et al. (2019) was used. As can be
seen in Figure 10, these efficiencies will continue to increase in the coming
years, but slower than in the years before.
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Figure 12: LED Luminaire efficiency trends for large downlight application (source:
Pattison et al. (2022)).

c. Look for interplay

Within the scope of reducing the energy consumption during the use
phase, two variables conflict. Increasing the application efficiency means
the light will need to be directed to where the light is necessary. This
involves more lenses and reflectors and other optical systems, reducing the
optical efficiency of the light source.

Besides, the design tool following from the decision tree inherently points
at another conflict: that of reduced efficiency versus impact of production.
A'longer lifespan means less total impact on the manufacturing steps,

as only one product will be used. However, this comes with an increased
energy consumption as the product is less energy efficient than the
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replacement product.

d. Define quick-LCA moments

For the design tool found in the decision tree, it is specified that an LCA
can be useful during the product development process. This LCA will help
evaluate whether the extension of the lifespan is preferrable or not. The
LCA that will be performed is similar to the study described in Richter et
al. (2019), comparing different replacement scenarios. For example, one
scenario without replacement for a specified lifespan, and one replacing
the product halfway. The data that is required for the LCA is firstly the
efficiency of the original product, and a forecast of increased efficiency
for the replacement product based on Pattison et al. (2022) (see Figure
10). Besides, a general estimation of the impact of the production and
installation steps is needed (modules Al-A5). This will be based on the
LCA of the portfolio. The scenarios are then modelled, filling in the overall
energy consumption based on the efficiency, as well as the total impact
of production, based on the number of replacements. The results will then
present which scenario is more beneficial, which can be evaluated based
on the different environmental indicators and the overall indicator score.

It must be noted that this type of LCA only accounts for the decreasing
relative efficiency, looking at the difference between the original product
and the new, improved technology. It does not account for the reduced
lumen efficiency over the lifespan of the product. In this case, it is deemed
too complex to quantify the recline in efficiency over the lifespan,
complicating the performance of the LCA. However, if the company

is interested in investigating the effects of this decreased efficiency, it
could be included. To do so, more research is required into the decline

of efficiency of the product in study, as well as calculations of the total
energy consumption based on different lifespans according to the decline
of lumen efficiency that is found.

e Combine into design tool

The design tool is developed based on what was found in the steps
described above, and presented in Figure 1. Again, this design tool is of
alower level of detail than it would be in practice but provides is a useful
illustration of what a design tool could look like nonetheless. It follows the
same structure as the suggested design tool for the cement case, where
the top suggests steps to take during the product development phases,
and the bottom specifies how the LCA should be performed in more detail.

Figure 13: Suggested design tool for LED case (displayed on the left)

The relevant decisions, as highlighted in the improvement pathways, are
assigned to the lifecycle phases in which they occur. The choice of LED and
driver technology happens in two steps, first researching the technological
advancements, so that in the next step, the most efficient technology can
be selected. To increase the light application efficiency, the requirements
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are setin the idea phase, specifying where the light is wanted, and what
intensity and spectral range is most suited for the task. This is then used

in the concept phase to work out an intensity control system. The chosen
light technology and intensity control system will be combined into the
final electronic circuit design. The LCA takes place in the concept phase,
considering the different options for LED and driver technology, with their
cumulative efficiency.

5. Use

Having developed the design tool, it is put into practice. It is made sure that
all people that are involved in the steps mentioned in the design tool know
how to use the design tool.

6. Evaluate

While the design tool is being used, it is constantly evaluated if the it
continues to fit the situation. The step-by-step guide describes three ways
in which the design tool can become obsolete, in this section it is shortly
considered how likely itis that the design tool needs to be updated based
on those.

Firstly, the results from the LCA of the portfolio can change. As the impact
within the B6 phase currently accounts for 6% of the total impact, across
all environmental impact categories, it is unlikely that the impact will shift
to another module. Therefore, based on the LCA results, the design tool is
estimated to be useful for an extended period of time.

The improvement potential is more likely to deem the design tool outdated.
As can be seen in Figure 10, the trend of increasing efficiency slows down.
Therefore, replacing the product with a new product becomes less likely
to be beneficial. This means that based on the relative efficiency, the
decision tree would yield another result. Where the lumen efficiency is

left out of scope for the purpose of this demonstration, this is likely to stay
relevant. Changes to the design tool are likely to be in the form of adding a
recommendation, or removing a step.

Next, the design tool can require an update based on improvement
pathways. As the light application efficiency was only recently added as
a focus for reducing the energy consumption in LED technology, it is likely
that new technologies and insights arise from that research topic. Besides,
another focus can be discovered, next to LSE and LAE. For this, small
adjustments to the design tool will suffice as well.

G.3. Aalberts IPS

As stated previously, the case-study for Aalberts IPS has been performed
in a different way than the cases of cement and LED. The situation at
Aalberts IPS has already been studied in order to develop a design tool,
which is used to develop the framework. In other words, before the steps
of the framework were formulated, the design tool for Aalberts IPS was

ible.
A1 N possible

material Al.2:

already defined. The following evaluation steps are performed to find out
if the steps of the framework would lead to a different resulting design tool
than the steps that were used in the first place. It also provides additional
insight as in contrast to the other cases, this case was performed within
the company. That means that it more closely resembles the use of the
framework in practice.

The steps below are described in a concise way, as it is mostly already
discussed in Section 3.2 of the report. Only the differences between the
process described there and the findings from following the framework
are discussed.

1. Calculate LCA-results

The results of the LCA of the product portfolio of Aalberts IPS is presented
in Section 3.2.3, showing graphs of the total impact of the products
expressed per lifecycle phase (Figure 7), the relative impact of materials
per ton (Figure 8) and a comparison of the contribution of subparts to the
total mass of the product compared to the environmental impact (Figure 9).

2. Analyse LCA-results
The conclusions that are drawn from the LCA of Aalberts’ portfolio are also
discussed in Section 3.2.3. A short summary of the conclusions is as follows:

- The vast majority of the impact is in the raw material supply phase (Al),
on average across the different products this phase accounts for 90%
of the total impact.

- The environmental impact of the material differs greatly for different
alloy families. Brass has a much larger environmental impact per unit
of mass than for instance stainless steel. Of the products compared,
carbon steel has the lowest relative impact.

- Subparts that comprise only a fraction of the weight of the product
can have alarge impact on the total environmental impact of a
product.

3. Follow decision tree
Based on the analysis of the LCA results, the decision tree could be
followed:

Aalberts IPS

In what module lies the biggest impact?

Is a different percentage of recycled content available for
the different material options?

Recommendation
Al.1:

Use as little
material as

Is a different end-of-life scenario to be expected for the
different material options?

Raw ;
SOEEHEIE E D Design tool Al.3: Material-weight

A roadmap using LCA to reduce the impact of
NI 2 the material, by comparing the impact of the

material and weight for the material options. See

No
Use as much

recycled material

as possible.

case Aalberts.
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For the follow-up questions, further analysis was required. It was found
that the percentage of recycled content is expected to vary between
options. However, suppliers of the material currently provide limited insight
into the recycled content that is used. Therefore, the second question was
answered with ‘no’. This lead to another question, about whether different
end-of-life scenarios are to be expected. This is indeed the case, but the
uncertainty of the end-of-life scenarios would greatly compromise the
outcomes of the analyses. More about this is discussed in Section 5.1.2. This
lead to the design tool A1.3 ‘material-weight’ to be most suitable.

4, Develop design tool
The recommendation and design tool are further defined in the next steps.

a. Study decision-moment
The decision for the material of the product is taken in the following steps
(asis also discussed in Section 3.2.4):

- Main body — alloy family
- Main body — specific alloy
- Subpart — alloy family

- Subpart — specific alloy

With each step, the level of detail increases, from general alloy family to
the specific alloy of the largest part of the product (the main body). The
same steps are followed for the smaller parts.

b. Search improvement pathways

The improvement pathways that have been implemented into the design
tool for Aalberts IPS before the framework was developed are the
following:

The material choice focusses on using materials that are less
environmentally straining. This improvement pathway is based on
the conclusion from the portfolio LCA, showing great differences in
environmental impact per mass of a product for different materials.

The next improvement pathway is to reduce the amount of alloying
elements that have a great environmental impact whenever the specific
alloy is custom-made for the situation. As the material decision is defined in
two levels of detail, an analysis was performed of the differences between
potential options in the step of defining the specific alloy. It was found

that different alloying elements also show great differences in relative
environmental impact. If these differences are known, a specific alloy

can be defined to contain less of the environmentally straining alloying
elements.

Following the steps from the framework, an additional study was
performed of possible improvement pathways. According to Raabe et al.
(2019), the sustainability of metal products can be improved by designing
for longer lifespan, designing for reuse, designing for including recycled

content in the products, and lastly choosing alloys from a limited spectrum
for easy recycling.

Most of these improvement pathways have already been considered in
the initial development of the Aalberts IPS design tool, but not added due
to the following reasons. The lifespan of AIPS’ products is highly dependent
on the lifespan of buildings, therefore a focus on increasing the lifespan is
considered to be of limited effect. Most of the fittings that are produced
within AIPS are currently irreversibly pressed to connect to the pipelines.
It would be valuable to consider reusable alternative designs. However,

it has not been included in the initial design tool because of the higher
complexity of the design considerations. Next, as already mentioned,

the suppliers currently do not provide sufficient insight into the recycled
content of their materials. This makes designing for recycled content
impossible.

The last improvement pathway would be interesting in the context of the
current design tool. An overview of alloys that are considered recyclable
could be used to assess the recyclability of the alloying options in
consideration.

C. Look for interplay

The current design tool accounts for two types of interplay. Firstly, when

a different material requires different manufacturing processes, this is
accounted forin the step ‘consider processes’. Second, the difference

in recycling percentage between material options is considered in the
step ‘consider recycling’. Where Table 2 in Section 3.2.2 presents more
instances of interplay, the low impact in these lifecycle phases makes them
negligible.

d. Define quick-LCA moments

The decision tree suggests the use of quick-LCA for the assessment of

the influence of material and weight on the environmental impact of the
product. In the design tool for Aalberts IPS, this is implemented on all levels
of the decision-making process of the material. Firstly, to compare the alloy
family options for the main body, then the specific alloy for the same part.
Next, the alloy family is chosen for the subparts, followed by an analysis of
the specific alloy of the subparts.

e Combine into design tool

The findings from following the steps of the framework would not require
a structurally different design tool than the one that is presented in Section
3.1of the report. The only change that could be suggested would be to
introduce some recommendations based on the improvement pathways
that were found in Raabe et al. (2019).

What could be noted from the design tool for Aalberts IPS, is that the
design tools that were initially found but dismissed due to the complexity
of performing further analyses, were used as recommendations
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instead. Where the intention of design tool AlT1and A12is to include the
respective recycled content and end-of-life scenarios into the quick-LCA
calculations. This was considered too complex and the uncertainty too
high to provide useful insights. However, the recycled content is indirectly
taken into account in the step ‘consider supplier options’, and the end-of-
life ‘scenarios is similarly accounted for in the step ‘consider recycling’

5. Use
The evaluation steps described in Section 3.3 suggest easy application of
the design tool.

é. Evaluate
Given the current LCA results it is considered unlikely that the results for
new products will have the largest portion of the environmental impact in

another module. Even materials with a low material impact, such as carbon

steel, have alarge majority of the impacts in the raw material extraction
phase. Therefore it is expected that despite using the design tool to
develop more sustainable products, the focus on the materials module will
remain.

The focus on the material decision is also likely to remain relevant based

on the improvement potential. In the current product development process,

no attention is paid to the environmental impact of material options.
Therefore, it is expected that much improvements can be made on this
topic still.

Lastly, it is possible that new improvement pathways will emerge. However,
these are expected to require only limited changes to the design tool.
Instead of re-evaluating every step of the framework, steps could simply
be added to the current design tool to consider other improvement
pathways.



Overview of possible scenarios
for design tool

Within Within Value
Module Variable PDP Complexity influence LCA
Al - raw
material material
supply type Yes High Yes +
(Case Aalberts
IPS)
weight Yes Medium Yes Low
recycled
input Yes High Yes Low
A2 - transport
to gate + A4 -
transport to Not
site distance quite Low Not quite Low
(combined
due to great mode of Not
similarity) transport quite Medium Not quite Medium
weight Yes Medium Yes Low
load Not
efficiency quite Medium Not quite Low

Type Explanation possible design tool
Design tool Use quick-LCAs to determine the most sustainable
(A1.3) material option (Case Aalberts IPS)

Recommendation
(A1l.D)

Design tool
(A1l.D)

General recommendation to reduce weight, not useful to
develop into its own design tool

Here a quick-LCA can be used that compares the initial
environmental impact of the material types with the
recycled content of the options. That way a fair
comparison can be made of the material options.

Recommendation
(A2.3)

Recommendation
(A2.4)/design
tool (A2.1)

Recommendation
(A2.1)

A recommendation would be useful for the supply chain
department (outside the product development process)
to lower the transportation distances. For A4 this would
be a bit different, the target market should be closer to
the production site

There are a lot of modes of transport, so it might be
helpful to evaluate the environmental impact of the
options. If they are always selected from the same list,
one calculation suffices (instead of calculating it
repeatedly in a desgin tool)

Not too relevant on its own, as the product design and
the transportation steps are defined in such different
parts of the development process. However, it would be
interesting to see how the weight affects both the
material impact and transport category, so a design tool
of that interplay might be relevant.

There is a logical relation between load efficiency and
environmental impact, an LCA wouldn’t be very helpful
here. Also not so complex that a design tool is required.
Might be interesting to look at the interplay between all
factors of transport
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Within Within Value
Module Variable PDP Complexity influence LCA
A3 - energy
manufacturing source No Low Yes Medium
(Case cement)
energy
consumption | Yes Medium Yes Low
material,
waste Yes Low Yes Medium
direct Not
emissions quite High Not quite High
material
AS - (type and Not
installation amount) quite High Yes High
energy (type
and amount) | No N/A No Low
Bl - emissions direct Not
during use emissions quite High Not quite High

*This judgement is based on the situation at Aalberts IPS, where the options for the
energy source are grey or green energy. In that case it is indeed a matter of finding
a supplier for the alternative energy and signing a contract. However, in other
instances a switch to another energy source can be more complex. For a switch
from a coal-powered kiln to an electricity-powered kiln a complex set of changes is
required to the machinery and infrastructure. More about this flawed judgement is
discussedin Section 5.2.3.

Type

Explanation possible design tool

Recommendation

(A3.1)

Recommendation

(A3.2)/design
tool (A3.1)

Recommendation

This decision is not so complex that you need a design
tool for it, this is usually just a matter of finding an
alternative and implementing it.*

Depends on whether the machine is simply chosen or if
the processes are also tailored to the company. For only
choosing a machine, a recommendation would suffice, but
if the processes are also defined then this adds
complexity, making a design tool more useful.
Considering this could be really relevant, as the choice for
a type of processing defines the amounts of ancillary
materials and wastes generated. It will also be defined in

(A3.3, A3.4) multiple steps.

It really depends on the situation if the company can

influence the emissions, sometimes they're inherent to the

process steps (e.g. CO2 emissions for calcination). If the
Design tool company does have an influence it is complex and
(A3.2) therefore requires a design tool.

If most of the impact is in this variable, the decision
Design tool requires more attention that it is traditionally given. A
(A5.2) design tool is a good way to provide structure to that.

If most of the impact is in this variable, the decision
Design tool requires more attention that it is traditionally given. A
(A5.1) design tool is a good way to provide structure to that.

Similar to the direct emissions in the manufacturing

phase, the use of a design tool depends on whether the

company can influence the emissions or if they are

inherent to the process. Again, if the company can
Design tool influence it, it is a complex decision, requiring a design
(B1.1) tool
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Within Within Value
Module Variable PDP Complexity influence LCA
frequency Yes High Yes Low
material
(type and
amount) Yes High Yes High
waste Yes High Yes High
B2 -
maintenance
B3 - repair water
B4 - consumption | Yes High Yes Low
replacement
BS5 - energy (type
refurbishment and amount) | yes High Yes Low
B6 -
operational energy
energy use source No Low No Low
(Case LED)
energy
consumption | Yes High Yes Low
lifespan Yes High Yes Low
B7 -
operational
water use amount Yes High Yes Low
C1 - de-
construction, energy
demolition source No N/A No Low

Type Explanation possible design tool
The maintenance frequency is interesting and complex to
consider, as more maintenance could increase the
lifespan, but the maintenance actions do have their own
environmental impact. A thorough study could be done to
evaluate the most beneficial option. However, it should be
Design tool evaluated if this level of detail is desired for a quick-LCA
(B2.1, B2.2) during the product development process
Inquiring the impact of different material options is
Design tool relevant, as is the trade-off between more material (and
(B2.2) thus higher impact) and longer lifespan
Design tool Relevant to consider alongside the use of material for the
(B2.2) maintenance steps
Design tool Again, the trade-off between impact of a maintenance
(B2.2) action versus the benefits in increased lifespan
Design tool Again, the trade-off between impact of a maintenance
(B2.1) action versus the benefits in increased lifespan
Typically, the producing company has no influence over
- the energy source that the users use for their product.
Design tool This is a complex improvement, where the structure of a
(B6.1, B6.2) design tool can be helpful

Recommendation
(B6.1)/design
tool (B6.1, B2.1,
B2.2)

Lifespan is relevant not only within the B6 module, but
also all of the maintenance modules. Within the
operational energy use it is also interesting if the (relative)
energy efficiency of the product decreases over time. In
that case, it might be better for the environment to
replace the product than to use it for longer periods of
time.

Design tool
(B7.1D)

The water consumption during the usephase is defined in
multiple steps of the decision-making process, thus a
design tool is useful

So far out of the influence of the company that design
tool nor recommendation are useful
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Within Within Value
Module Variable PDP Complexity influence LCA
energy
consumption | No N/A No Low
C2 - transport
to waste
processing distance No Low No Low
mode of
transport No N/A No Low
weight, load
efficiency No N/A No Low
C3 - waste
processing for
reuse,
recovery or energy
recycling source No N/A No Low
energy
consumption | No N/A No Low
weight of
C4 - disposal  waste Yes N/A Yes High
D - reuse,
recovery
and/or weight per
recycling eol
potentials treatment Yes N/A Yes Low

Type

Explanation possible design tool

So far out of the influence of the company that design
tool nor recommendation are useful

So far out of the influence of the company that design
tool nor recommendation are useful

So far out of the influence of the company that design
tool nor recommendation are useful

So far out of the influence of the company that design
tool nor recommendation are useful

So far out of the influence of the company that design
tool nor recommendation are useful

So far out of the influence of the company that design
tool nor recommendation are useful

Design tool
(Al.2)

End-of-life scenarios are interesting to consider alongside

material impact

Design tool
(A1.2)

Intesting to consider alongside the material impact, in

order to compare the initial material impact of a product

with the recycling percentages (and other recovery
scenarios).




	4. Framework

