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Abstract
This licentiate thesis explores the goals and scopes of life cycle assessment
(LCA) studies in the field of carbon dioxide capture and utilisation (CCU),
within the context of technology development. In LCA, the goal of a study
guides method choices, thus aligning the assessment and the interpretation
of results to its purpose. This is especially important for emerging technolo-
gies like CCU, where early-stage LCA studies can influence development in
stages characterised by uncertainty. Understanding the goals and scopes of
LCA studies is essential, particularly if results are to effectively inform tech-
nology development. For this, the research builds on a methodological review
of published LCA studies of CCU systems, focusing on their goal definitions
and scope definitions. In addition, a case study was performed via an LCA
study on a specific CCU system, the PYROCO2 process. In this case study,
there was an emphasis on goal definition and its relation to knowledge needs
in technology development. The results of the methodological review indicate
that LCA studies of CCU systems often have unclear goal definitions, making
results difficult to interpret. The LCA case study sets clear goals to address
knowledge gaps in technology development and points to a need for multiple
LCA studies to better inform on the many aspects considered during technol-
ogy development. These findings suggest that separating goal definition from
scope definition is useful, but current practices and guidance on defining and
linking them are weak. Improving goal definition and its connection to scope
is necessary for better methodological choices and clearer communication of
outcomes.

Keywords: Life cycle assessment, goal and scope definition, carbon dioxide
capture and utilisation, emerging technologies, technology development.
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CHAPTER 1

Introduction

In life cycle assessment (LCA), it is often said that method choices depend on
the goal of the study. The goal definition is important because it outlines the
purpose of the LCA study, which the LCA practitioner needs to understand
in order to make relevant methodological choices (Baumann & Tillman, 2004;
Lindfors et al., 1995). If the goal of an LCA study is not clear, the subsequent
LCA modelling and analysis will not be aligned with the intended purpose
of the study. Consequently, the LCA results are not necessarily useful in the
intended application without a clear goal with the LCA study.

When assessing emerging technologies, the goals become even more impor-
tant due to the many questions about the new technology that can be asked.
Furthermore, there are different method choices the LCA practitioner can
choose from to answer these questions. Consequently, different types of LCA
studies can be performed during the (long and complex) technology devel-
opment process. Since a distinct goal for an LCA requires its own method
choices, it is crucial to better understand how to match them to the knowledge
needs during the technology development process by studying the goal and
scope.
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Chapter 1 Introduction

LCA can also guide the technology development at the early stages and
consequently influence what direction the development takes. One issue with
the assessment of emerging technologies, however, is the lack of information
and real data, which leads to limitations in what can be said with certainty in
the assessment. However, assessment in the early stages of development have
high uncertainty but can have higher influence on technology development
than later when design choices are locked (Arvidsson et al., 2017). It is known
that there are different goals and uses of LCA in technology development
(e.g., Bergerson et al., 2020; Gavankar et al., 2014; Hetherington et al., 2013;
Thomassen et al., 2019), but there are not enough details provided on how
to perform these assessments for specific purposes. Hence, LCA studies of
emerging technologies could be more useful for technology development if the
studies are done with purposes fitting the knowledge needs of the technology
development process.

One emerging technology for carbon abatement and replacement of fossil
resources is carbon dioxide capture and utilisation (CCU). CCU is one of the
carbon-reducing or carbon sink technologies said to be needed in industry to
fulfil the Paris Agreement (IPCC, 2023; UNFCCC, 2016). CCU systems are
technologies that convert captured CO2, in captured industrial flue gases or
directly from the atmosphere, into new products, such as chemicals, fuels and
materials (IPCC, 2018). In contrast to carbon capture and storage (CCS)
or carbon capture, utilisation and storage (CCUS), the carbon is only stored
for the time the product is kept in use as opposed to permanent storage
underground or in minerals (IPCC, 2018). From a life cycle perspective,
the carbon abatement of CCU technologies depends on where the carbon
originally comes from and how the CCU product is used and for how long.
Hence, these aspects need to be considered when assessing CCU technologies
from the environmental perspective.

Given the complexities of the CCU system, including the various elements
of the industrial system and the time aspect of carbon retention time, ap-
propriate environmental assessment is important for guiding CCU technology
development towards climate mitigation effectively. LCA has become an im-
portant tool (e.g., Aresta & Tommasi, 1997; Langhorst et al., 2022; von der
Assen et al., 2013) in the development of CCU technologies to evaluate their
effectiveness in reducing carbon dioxide emissions. Since different perspec-
tives and methodological choices lead to different assessments, each serving
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1.1 Aim and research questions

its purpose and use, it is essential to improve understanding on uses for LCA
in technology development and the related goals and scopes in these assess-
ments.

The goals of the assessments determine the method choices, and all choices
should be stated in the scope definition. Thus, the goal and scope are the
starting points and the basis for understanding the types of LCA studies ap-
plied in the field of CCU. Goals and scopes are important for any LCA study,
and particularly in the emerging field of CCU. This is because CCU systems
are complex, and there are different knowledge needs during technology de-
velopment. These knowledge needs determine different goals with the LCA
studies. Therefore, CCU is a suitable empirical field to investigate goals and
scopes in detail.

1.1 Aim and research questions
The focus of this licentiate thesis is on the goals and scopes of LCA studies,
utilising the CCU domain as the field for examination and exploration. It
aims to provide better understanding of the goal and scope definition phase
in LCA, and insights into CCU assessments for technology development. The
following research questions will help to achieve the aim of the research:

1. What is the current methodological practice of defining the goal and
scope, respectively, in LCA studies of CCU? What are the different
types of LCA studies applied in the field of CCU?

2. What are the different goals in LCAs of CCU for addressing different
knowledge needs during technology development?

1.2 My introduction to the research
My doctoral studies started as a project focused on performing prospective
LCA on a CCU process, the PYROCO2 process in an EU-funded project.
The initial research questions were focused on the environmental performance
of the process as well as what it means to have a "positive" impact (which
the project claims to have, producing so-called "climate-positive" products).
Before doing any LCA, I started reading about how to do LCA on CCU
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Chapter 1 Introduction

systems, which there were several guidelines for (e.g., Langhorst et al., 2022;
Müller et al., 2020; von der Assen et al., 2013). I also searched for all LCAs
performed on CCU systems and started a literature review. In the beginning,
I was mapping their results, products studied and system boundaries. In
combination with the CCU-specific gudielines available, I was hoping to inform
myself on which LCA methods to use in LCA studies of CCU, but could not
find any clear answers.

Very early in my PhD studies, I also attended The International Confer-
ence on Negative CO2 emissions, where I soon understood that this commu-
nity’s view on CCU was that it is not at all a negative emissions technology
like bioenergy with carbon capture, direct air capture, afforestation, miner-
alisation etc. I saw a conflict with the results of the LCAs in my review,
where net-negative emissions were sometimes presented. Similarly, the issue
of falsely accounting for negative emissions in LCA studies had been previ-
ously discussed, by e.g., Tanzer and Ramírez (2019). Consequently, I tried to
understand the different perspectives and choices of modelling the same CCU
system that result in perceptions of negative emissions.

In the process of trying to understand the reviewed studies, their method-
ologies and communication of results, their goal definition came into focus.
Knowing that everything in an LCA study depends on the goal definition, that
should help explain the differing methodologies and results of the reviewed
studies. So, that became the focus of my literature review and following case
study.

1.3 Thesis outline
This chapter has specified the issue of goals and scopes investigated in this
licentiate thesis. The following chapter (Chapter 2), offers a background on
LCA as a methodology and CCU as a technology. Readers not familiar with
LCA will find a short introduction to the methodology in section 2.1. Of
interest to all readers, this section also specifically presents goal definition
and scope definition, as well as LCA of emerging technologies, which are in
focus in the licentiate thesis. For those not familiar with carbon capture,
section 2.2 differentiates between various concepts in the field and provides
explanations on what a CCU system entails in the context of this licentiate
thesis.
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1.3 Thesis outline

Chapter 3 presents the research design of my project and the methods used
to address the research questions. Chapter 4 summarises the results presented
in the included papers. These results are analysed in Chapter 5 in relation
to the research questions of this licentiate thesis. Chapter 6 discusses these
findings in relation to existing knowledge about goal and scope in LCA, and
Chapter 7 provides the final conclusions.
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CHAPTER 2

Background

In this chapter, the theoretical background of the life cycle assessment (LCA)
methodology and the carbon capture and utilisation (CCU) concept are ex-
panded.

2.1 Life cycle assessment
Life cycle assessment is a method developed to understand the environmental
impacts of a product or service (Baumann & Tillman, 2004). The different
steps of the method are defined by the standard as goal and scope defini-
tion, inventory analysis, life cycle impact assessment and interpretation (ISO,
2006), see the LCA procedure in Figure 2.1. In the goal and scope definition,
what will be assessed, for whom and how it is done is defined. The inventory
analysis is the part where all the processes are mapped in a flowchart (the
life cycle model in Figure 2.1) and data are collected. The mapped resource
and emission flows are then characterised and categorised into different envi-
ronmental impacts, such as global warming, eutrophication, human toxicity
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Chapter 2 Background

etc. The results of the calculations are interpreted by the LCA practitioner
and often presented in graphs showing environmental impacts. The method
is iterative and it is not uncommon that the goal and scope is adjusted after
collection of data or impact assessment.

Raw material 
acqusition

Processes

Transports

Manufacture

Use

Waste 
management

The LCA procedure The life cycle model

Goal and scope 
definition

 Inventory analysis

Impact assessment

Interpretation

Figure 2.1: The LCA procedure and the life cycle model used in LCA.
Adapted from (Baumann & Tillman, 2004).

The goal and scope definition is the first step of the LCA according to the
ISO standard (ISO, 2006). Before the introduction of the standard, the first
step was referred to as goal definition (Guinée et al., 1993) or goal definition
and scoping (Lindfors et al., 1995). In both cases, it was directly followed by
the inventory step, as in the current standard. The subtle difference between
goal and scope definition and goal definition and scoping indicates that the
current ISO standard treats the goal and the scope more as one unit (goal
and scope) than previous terms suggest.
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2.1 Life cycle assessment

Although the standard and other guidelines provide direction for defining
both the goal and the scope, they generally provide a list of items to consider
without much detail on how to determine these considerations. A compiled
list of these items is summarised in Table 2.1. The guidelines suggest that the
scope should align with the goal of the study. However, they do not specify
how the LCA practitioner should achieve this alignment, leaving much to the
practitioner’s judgement and expertise.

Table 2.1: Items of goal definition and scope definition. Based on
Baumann and Tillman (2004), Curran (2017), and ISO
(2006).

Goal definition Scope definition
Purpose of the assessment The studied product system(s)
The intended application The studied system’s function
The intended audience The functional unit
Whether the results are for pub-
lic comparisons

Choice of impact categories and
impact assessment methodology
Interpretation to be used
Type of LCA
Geographical system boundaries
Time horizon
System boundaries between tech-
nical and natural systems
System boundaries relative capi-
tal goods
Allocation procedures
Data requirements
Assumptions
Limitations
Type of critical review
Type of reporting
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Chapter 2 Background

Goal definition
According to several guidelines, the goal definition step is the first and most
critical part of LCA (e.g., Baumann & Tillman, 2004; Klöpffer, 1997; Lindfors
et al., 1995). The LCA practitioner needs to understand the specific and
detailed purpose of the study, in order to make relevant methodological choices
(Baumann & Tillman, 2004; Lindfors et al., 1995). The goal definition outlines
the purpose of the study and its intended application (Baumann & Tillman,
2004; Bjørn et al., 2018; Lindfors et al., 1995).

To understand the purpose of the study, the LCA analyst needs to under-
stand the needs of the commissioner. One way to define the goal of a study
is to formulate the question(s) of the commissioner (Baumann & Tillman,
2004). The question(s) can be vague in the beginning of the study, but the
study needs to have a specific purpose and the goal definition can be refined
later (Baumann & Tillman, 2004). It is then the practitioner’s role to decide
the appropriate methodological choices, i.e., to determine the scope for the
LCA model and analysis (Baumann & Tillman, 2004; Curran, 2017).

Bjørn et al. (2018), in their guidance on how to define the goal of an LCA
study, distinguish between three types of decision-contexts (micro-level deci-
sion support, meso/macro level decision support and accounting). These dif-
ferent contexts inevitably lead to at least three different types of LCA. Types
of purposes for LCA or uses for LCA have been categorised by Baumann
(1995), depending on decision-making contexts (strategic decisions, construc-
tion and design, procurement and sales) and actors (authorities, companies,
individuals, NGOs).

Scope definition
According to ISO (2006), the scope of an LCA study is defined in the same
phase as the goal, during the goal and scope definition. The scope defini-
tion contains the specifications of the modelling, which should be consistent
with the goal of the study (Baumann & Tillman, 2004). These specifications
direct the following LCA work and include the choice of impact categories,
time horizon, system boundaries, functional unit, data quality requirements,
assumptions, limitations, type of review and reporting. Hence, the scope
specifies how the whole LCA study is conducted.
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2.1 Life cycle assessment

LCA of emerging technologies

Technologies with radical novelty and fast growth are referred to as emerging
technologies (Rotolo et al., 2015). LCA of emerging technologies is different
from that of mature technologies (e.g., Hetherington et al., 2013; Moni et al.,
2019). Due to uncertainties, data availability, smaller scale and comparability
to conventional alternatives, LCA of emerging technologies becomes challeng-
ing and these complexities need to be considered (Hetherington et al., 2013).

LCA studies of emerging technologies are sometimes called prospective (e.g.,
Arvidsson et al., 2017; Thonemann et al., 2020) or ex-ante (e.g., Buyle et al.,
2019; Cucurachi et al., 2018). In prospective LCA studies, the emerging
technology is modelled at a future scale in a future time (Arvidsson et al.,
2017). Other types of ex-ante LCA were listed by Cucurachi et al. (2018)
as consequential, dynamic, anticipatory and mixed. Furthermore, Baumann
and Tillman (2004) suggested different LCA approaches at different stages of
product development, e.g., abridged LCA matrix for trend analysis or LCA-
derived proxies for evaluation of components and details. Hence, there are
several types of LCA studies that can be performed when assessing emerging
technologies.

LCA of technologies at early development stages, i.e., at low technology
readiness level (TRL) can be used to anticipate and detect possible environ-
mental issues (Gavankar et al., 2014). The technology readiness levels (TRLs)
is a scale from 1 to 9, ranging from basic principles observed to actual sys-
tem proven (European Commission, 2017). While LCA at early development
stages can be challenging due to uncertainty and lack of data, it can provide
insights and guide decisions in the development (Hetherington et al., 2013).

It is suggested that LCA can have different uses at different TRLs (Berger-
son et al., 2020; Gavankar et al., 2014; Thomassen et al., 2019) and can have
different roles in technical research and development (R&D) (Sandin et al.,
2014). The different LCA approaches listed by Baumann and Tillman (2004)
can be applied at different stages of product development.

Consequently, the literature points to the existence of several types of LCA
and various uses and roles of LCA in technology development. However, these
types and uses are generally expressed and the guidance does not specify how
to perform these assessments for the specific purposes.
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Chapter 2 Background

2.2 Carbon capture and utilisation

Carbon capture, utilisation and storage (CCUS) is a group of technologies
developed to reuse or store carbon dioxide to mitigate climate change impacts.
Carbon capture and utilisation (CCU) is the process of capturing carbon
dioxide (CO2) and using it in the production of a product (IPCC, 2018). If
the product stores the carbon for a "climate-relevant time", the process can
be called carbon capture, utilisation and storage (IPCC, 2018). There are
also carbon capture technologies not aimed at creating products that instead
transport the carbon dioxide to storage sites for long-term storage, carbon
dioxide capture and storage (CCS) (IPCC, 2018).

A central part of environmental evaluations of CCU is whether carbon diox-
ide emissions in the atmosphere are reduced. In carbon capture contexts, the
terms CDR and NET are sometimes used. CDR stands for carbon dioxide
removal and can be used when referring to technologies that (durably) store
carbon originating from biogenic carbon sources or direct air capture (DAC)
(IPCC, 2018). These technologies result in negative emissions, defined as "Re-
moval of greenhouse gases (GHG) from the atmosphere" (IPCC, 2018) and are
consequently also negative emissions technologies (NETs). Since the removal
of carbon dioxide depends on both carbon source and storage time, not all
carbon capture technologies are NETs resulting in CDR. Thus, in LCA studies
of CCU, it is essential to consider the carbon source and storage time in order
to assess whether carbon in the atmosphere is reduced.

CCU systems can have three possible sources of carbon, atmospheric, bio-
genic and fossil and different products with various uses can be produced (see
Figure 2.2). An atmospheric carbon source follows its own path of DAC, while
biogenic and fossil carbon both originate from inputs to an industrial process.
This industrial process is the one where the flue gas is captured, and also this
process produces some product or function (e.g. heat and electricity, cement,
waste incineration). Generally, the captured flue gas is treated in a capture
process to produce CO2 (of purity depending on the requirements of the fol-
lowing use). Regardless of whether the CO2 is captured from an industrial
point source or directly from the atmosphere, the conversion step follows in a
CCU system (this is where a CCS system would follow a different path). The
conversion step produces a new product, using the carbon in the CO2. As
with any product, it is then used and treated at its end of life.

14



2.2 Carbon capture and utilisation

Process A Process BCapture

DAC

Use End of lifeFossil

Bio

Air

Product A

Product BFlue gas
CO2

Figure 2.2: The general industrial system of a CCU system. Prod-
uct B is a product that can also be delivered by another
(conventional) process.

Technology development of CCU technologies
Carbon capture projects, including CCS projects, have increased recently.
According to IEA (2023), the number of CCUS projects in development has
increased from fewer than 100 in 2020 to around 400 by mid-2023. Considering
urgent climate goals such as the Paris Agreement of limiting the temperature
increase to below 2 °C above pre-industrial levels (UNFCCC, 2016), envi-
ronmental evaluations of these technologies can play a role for the ongoing
development. The need for LCA of CCU was discussed already by Aresta and
Tommasi (1997), who highlighted the need for comparative analysis of CCU
to the existing processes or products, to evaluate whether CCU reduces car-
bon dioxide emissions. To guide the development of CCU systems, the LCA
studies need to be understandable and in line with the climate goals.

Main challenges with LCA of CCU systems
CCU systems are complex systems and it is not straightforward how to han-
dle issues like carbon flows, multifunctionality or allocation in LCA of such
systems. Several guidelines have been published specifically for LCA of CCU,
e.g., Langhorst et al. (2022), Müller et al. (2020), Raadal and Modahl (2022),
Ramirez et al. (2020), Skone et al. (2022), and von der Assen et al. (2013,
2014). These guidelines differ, and some recommend specific method choices
when performing LCA of CCU (Langhorst et al., 2022; Müller et al., 2020;
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Raadal & Modahl, 2022; Skone et al., 2022; von der Assen et al., 2013). Oth-
ers give more general advice (Ramirez et al., 2020; von der Assen et al., 2014).
However, this raises a question whether these guidelines are used in practice,
in LCA studies of CCU systems.

Previous reviews of LCA of CCU have found methodological issues and
diverging results, to which they propose harmonisation as a solution (Garcia-
Garcia et al., 2021; Thonemann et al., 2022). However, the diversity of CCU
technologies under development and the possible products produced from
these systems implies that all LCA studies of CCU can not be the same.
Given the variety of LCA studies that can be conducted for different pur-
poses, and the diverse LCA approaches that can be used to assess emerging
technologies, these studies can not and should not be directly compared.

2.3 Synthesis of background
The goal definition is the foundational step in LCA, setting the direction
for the entire study. The goal and scope phase of LCA involves defining
what will be assessed, for whom, and how. Better understanding the current
practices in goal and scope definition in the context of CCU is important for
the environmental assessments so that these inform technology development
towards mitigating climate change in an effective way. This points to a need
to look more closely at different types of goals and scopes and see how these
align with each other. This could eventually help ensure that LCA studies
address the specific needs of the commissioner and the intended application.

For emerging technologies, such as CCU technologies, LCA can guide their
future development. The goals and scopes in LCA studies are particularly
important for addressing knowledge needs in early technology development
stages. This requires clearly defined goals with appropriately tailored scopes
of the studies, ensuring that the assessments are relevant and comprehensive
despite the inherent uncertainties and data limitations at early development
stages.

There is thus a need to better understand what constitutes good practice in
definition of goal and scope, and the different types of LCA studies supporting
technology development. Studying the goals and scopes in LCAs of emerging
CCU technologies, can help improve methodological guidance of LCA which
in turn can improve LCA application in technology development.

16



CHAPTER 3

Methods

This chapter outlines the methodology used to address the research questions
with the aim to improve understanding of goals and scopes in life cycle as-
sessment (LCA) studies of carbon capture and utilisation (CCU) systems.
The research design includes the different research studies, their type of data
and approach for analysing their results. Lastly, limitations with the research
design are discussed.

3.1 Research context
The research is performed in the context of the PYROCO2 project, which
has received funding from the European Union’s Horizon 2020 research and
innovation programme under grant agreement No 101037009. The PYROCO2
project is used as the practical case for empirical study of LCA of CCU, both
for performing the analysis and also for learning about the LCA work from
the LCA practitioner’s perspective.

In the PYROCO2 project, the conversion of carbon dioxide (CO2) and hy-
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Chapter 3 Methods

drogen (H2) into acetone through a fermentation process will be demonstrated.
Using industrial CO2 and green H2, the project aims to produce climate pos-
itive acetone (PYROCO2, 2024a). The acetone can be further upgraded into
different products, chemicals, synthetic fuels and polymer materials with a
negative carbon footprint (PYROCO2, 2024a). The conversion process con-
sists of a two-step thermophilic fermentation, illustrated in Figure 3.1.

Fermentation 1
H2

Electrolysis 
(PEM)

O2
Water 

Other inputs 

Electricity 
Off-gas

Fermentation 2

Wastewater

Acetone

Heat 

O2 

CO2

Acetic acid

Figure 3.1: A simple flowchart of the foreground system of the stud-
ied PYROCO2 system.

Several activities are performed within the frames of the PYROCO2 project,
for instance feedstock preparation, bioprocess development, process design
and chemo-catalytic development (PYROCO2, 2024b). The LCA work is
done within the work package for process integration and sustainability as-
sessment. Within this work package, techno-economic, environmental and
social assessments will be performed. Before the LCA presented in Paper
B, two master thesis projects have been conducted in the PYROCO2 project
connected to LCA of the PYROCO2 process, by Jiresten and Larsson (2022)
and Carlsson and Barclay (2023).

In the 5 year project, the technology will be developed from technology
readiness level (TRL) 4-5 to TRL 7, through the engineering and building
of a demonstrator plant. The demonstrator plant will be built at Herøya
Industrial Park in southern Norway, but in the project several CCU hubs
throughout Europe are possible future implementers of the technology. Hence,
the PYROCO2 project provides a CCU system under development, planned
to be implemented in the future, that can be studied via LCA studies.
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3.2 Conceptualisations
There are a few concepts that are central in my research, these are:

• Goal definition and scope definition becomes the way of referring
to goal and scope definition to separate their respective meanings.

• LCA types and LCA uses are two distinct concepts. LCA types refer
to LCA studies utilising different methods, thus studies with different
scopes. On the other hand, LCA uses refer to the application of the
LCA study or how the audience can use it, thus directly connected to
the goals. Additionally, one LCA type can have multiple LCA uses,
and one LCA use can be addressed by multiple LCA types.

• Technology development is in this licentiate thesis simplified as the
technology readiness levels (TRLs) in sequence. While there are more
elements to the process, these are not studied in detail.

3.3 Research design
This section outlines the research design employed to achieve the aims of this
licentiate thesis, which focuses on the goals and scopes of LCA studies within
the CCU domain. To address the research questions, this research employed a
mixed-methods approach, involving a literature review and a case study. The
literature review aims to provide insights on LCA studies of CCU, especially
on the characteristics of goal and scope (RQ 1) by investigating published
LCA studies. A case study is used to explore the methodology first-hand
by performing an LCA of a CCU system. This aims to investigate if better
attention to defining the goals and scopes in LCA studies is possible and
useful, particularly in the context of a project in technology development (RQ
2). The case study is performed within the PYROCO2 project, where the
research has been performed.

The relationships between the papers and the research questions is visu-
alised in Figure 3.2. The results of Paper A influenced the design of the LCA
study in Paper B. While RQ 1 is connected mainly to Paper A, RQ 2 is
connected to Paper B but also insights from RQ 1.
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RQ 1

RQ 2

Paper A

Paper B

Figure 3.2: A visualisation of the relationships between the papers
and the research questions (RQs).

Literature review (Paper A)
For RQ 1, a literature review was the main research method, used to gather
knowledge on the goal and scope in LCA, find reviews of LCA methodology,
reviews of LCA of CCU, CCU-specific LCA guidelines and centrally gather
the LCA studies on CCU systems for a review of methodological practice. The
literature review presented in Paper A examined the current practices in LCA
of CCU, and the types of assessments conducted. It also explored the rele-
vance and alignment of these methodologies with the aim of decarbonisation,
particularly in the context of climate urgency.

A systematic search and review was the main method for data collection
and analysis. The reviewed articles were found in Scopus, Web of Science and
Google Scholar through searches of the concepts of life cycle assessment and
carbon capture and utilisation. The collected articles were reviewed on their
objects of study (sources of carbon and products created) and methodological
features. The coherence between the defined goal and the scope, reported
results, and handling of time aspects were also reviewed.

To identify the scopes of the models in the LCA studies, a framework was
developed to locate the system boundaries of the LCA studies. Different
starting points were marked in an illustration of the industrial system focused
on the flow of carbon. For these starting points, a new terminology was
introduced, with the three distinct "cradles" source, capture or feedstock (see
Figure 3.3).
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Process A Process BCapture

DAC

Use End of lifeFossil

Bio

Air

Product A

Product BFlue gas
CO2

Source Capture Feedstock Gate Grave

CCU: product and industry system

Modelled part of system in LCAs of CCU

Figure 3.3: Industrial system framework with vertical lines for start-
ing and ending points in modelling an industrial system
in LCA of CCU systems.

Case study (Paper B)
To explore the importance of the goal and the scope in LCA practice first-
hand, an LCA study was performed within the PYROCO2 project. The LCA
study was conducted with particular attention to goal definitions and their
respective scope definitions following insights from Paper A. To better under-
stand the goal and scope definition phase in LCA, goal definition and scope
definition were considered separately but sequentially. Furthermore, how these
goals address knowledge needs in technology development (as in relevance per
TRL stage) was analysed.

The LCA study presented in Paper B was done within the frame of the EU
project and results were delivered in an internal report in March 2024. The
goals of the LCA study were set in collaboration with the project consortium,
and results presented and discussed at project meetings.

The project consortium also provided information about the PYROCO2
process. For the LCA study of acetone production from the PYROCO2 pro-
cess, partners in the consortium provided simulations, calculated data and
assumptions on the PYROCO2 process. Data was also retrieved from litera-
ture and databases (Ecoinvent) for processes not developed within the project
consortium. LCA results were calculated and analysed using the tool Activi-
tyBrowser in combination with Python and Brightway2.
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3.4 Limitations
This research focuses on LCA for technology development but is limited to
the field of CCU. Moreover, the case study is limited to a specific CCU system
within a particular project context. Consequently, the learnings are limited to
what can be explored within this single project. This is also restricted by the
PYROCO2 project, particularly the development of the system in the project
and the partners involved in this.

Since the case study is restricted to the PYROCO2 project, the exploration
of LCA during technology development is limited to this particular technology
development context. This might still be generalisable to similar technology
development projects, but maybe not to all types of technology development
projects.

This licentiate thesis is focused on issues regarding goals and scopes of
LCAs. However, research conducted and presented in the included papers also
concerns other subjects. For instance, the environmental impacts of CCU, in
particular in the case of the fermentation process in the PYROCO2 project.
Furthermore, the review of published LCA studies was not solely focused
on goals and scopes, but understanding LCA studies of CCU systems and
thus also handled aspects like CCU-product, carbon sources, reported results
and discussing the time aspect. Consequently, this licentiate thesis does not
exhaustively present all the research conducted.
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CHAPTER 4

Results

This chapter presents the main results and contributions from the included
papers. The results cover some key features of the current methodological
practice for goal and scope definition in life cycle assessment (LCA) studies of
carbon capture and utilisation (CCU). The results also present initial findings
on how the diversity of goals in LCA of CCU inform different knowledge needs
during technology development.

4.1 LCA of CCU practice: findings from
the literature

106 published LCA studies of CCU systems were found and reviewed (Paper
A). It was found that CCU systems presented in the LCA articles varied
greatly regarding what technologies and products were studied and the extent
of the scope of the industrial system that was modelled in the LCA studies.
Most common were studies that modelled the capture of fossil carbon and
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conversion into C1 chemicals. For these and the others, cradle to gate was
often the stated system boundary, but upon closer inspection there was a
greater variation in the scope of the LCA models in these studies (see Figure
4.1). It is worth noting that there is a considerable discrepancy between the
stated system boundary of the LCA models in the papers and the identified
system scope of these studies. In short, the published LCA studies showed
a diversity of industrial production and consumption systems within CCU
systems and a diversity of LCA types.

Process A Process BCapture

DAC

Use End of lifeFossil

Bio

Air

Product A

Product BFlue gas
CO2

Source Capture Feedstock Gate Grave

19

39

29

2

8

9

CCU: product and industry system

Modelled part of system in LCAs of CCU

Cradle

Cradle-to-gate (53)
Cradle-to-grave (15)

Gate-to-gate (1)

Figure 4.1: A schematic representation of the modelled part of the in-
dustrial system in the reviewed LCA studies, in relation to
the industrial system. Above: stated system boundaries
in the reviewed LCA studies. Below: identified bound-
aries with new terminology.

When looking at the stated goals for the published LCA studies, an issue of
ill-defined goals was found. In half of the studies the goal of the LCA was not
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found and in most of the remaining studies the goal with the LCA was vague,
e.g., "determine the environmental impacts" or compare a CCU product to
a conventional alternative. The purpose of an LCA study or for whom the
study was done was seldom identifiable in the articles. However, many studies
presented different types of comparisons, either of different types of variations
of a CCU system or of the CCU-based product with conventional alternatives.

The results of the reviewed LCA studies focused on climate change impact
and the majority of the studies reported a reduced climate impact in favour
of the studied CCU. In around a quarter of the studies, net-negative climate
change impacts were reported. In contrast, only 7% of the studies reported
that the studied CCU system was less favourable than the conventional alter-
natives.

The reviewed articles dealt with CCU systems at various stages of devel-
opment, but very few of these handled or explained the time aspect at all.
A handful of studies modelled a future background system (Al-Qahtani et
al., 2020; Marbaix et al., 2020; Quéheille et al., 2021; Rosental et al., 2020;
Rumayor et al., 2020) and a few modelled changes in the foreground sys-
tem and/or scale-up of the investigated process (Cuéllar-Franca et al., 2019;
Guzmán et al., 2021; Paulillo et al., 2021; Rumayor et al., 2019; Thonemann
& Pizzol, 2019; Thonemann & Schulte, 2019). Only a handful of the studies
discussed the time of carbon storage in the studied products, permanent or
temporary (Fernández-Dacosta et al., 2019; Kashefi et al., 2020; Kätelhön et
al., 2019; Ostovari et al., 2020; von der Assen et al., 2015), but did so without
calculations. None of the studies indicate the point in time for construction of
each CCU plant or the carbon payback time for such constructions. Given the
intention of CCU for climate impact mitigation, such insufficiency of climate
relevant modelling and analysis was surprising.

To better understand the LCA studies, a more detailed analysis was per-
formed on a smaller group of studies within the reviewed articles (9 studies
with the same system boundaries). From this detailed analysis it was possible
to infer that a seemingly similar group of studies actually consisted of dif-
ferent types of LCA, i.e., studies with different goals and types of functional
unit. The identified types were: studies for identifying process design im-
provement, studies about production route alternatives, comparison of prod-
uct uses, comparison of processes cradle-to-gate and studies supporting an
investment decision for the emitter.
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It was also found that the reviewed LCA studies did not refer to using any
of the available guidelines for method guidance. In the case of referring to any
guidelines, around half of the reviewed studies cited some of the CCU-specific
LCA guidelines but mainly for background information or at best, in a quarter
of the reviewed studies, a specific method choice (e.g., justifying the choice of
functional unit or allocation method).

Generally in the reviewed LCA studies, most method choices were described
but not explained. When it came to descriptions of goal and scope definitions,
the emphasis was clearly on scope definition and not on goal. This lead to
difficulties to understand and interpret the results of the studies.

4.2 Case study findings
Informed by the methodological review of the LCA studies on CCU, the goal
and scope was given particular attention in the LCA study performed in the
PYROCO2 project (Paper B). This was done by discussing various goals with
partners in the project consortium and then articulating these for the LCA
study. This resulted in three goals, but a broader purpose of providing in-
formation and learnings about the system for the PYROCO2 consortium and
external actors was also stated. The three more specific goals were about
finding hotspots for technology developers, exploring locations and other vari-
ables for future implementation and comparing to conventional alternatives
to inform prospective investors. These goals were elaborately stated in the
report and the paper. Next, the scope corresponding to each goal was not only
presented but also explained. Method choices in the scope definition were also
explained, in relation to the specific goals of the LCA study. It became clear
that the specific method choices for the performed LCA study were influenced
by the purpose to inform and learn about the system, and were adjusted to
the audience of primarily the PYROCO2 consortium. Therefore, the scope
was kept to what was relevant for the consortium at this stage in the project
(at TRL 4-5) and meant to inform the further development of the PYROCO2
process.

Regarding LCA for technology development, Paper B presents an LCA
study performed within one particular technology development process. The
different knowledge needs of the actors in the project were addressed by the
three goals of the study. Thus, the conducted LCA study had multiple goals
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and fulfilled different roles within the technology development process of the
PYROCO2 project. It was difficult to fulfil all goals equally well with the single
LCA study. This means that since there are several questions posed about
the system and its future implications, there is room for more LCA studies
to address the diverse knowledge needs during the technology development
process further.

4.3 Summary of findings
In summary, LCA studies of CCU systems have been found to study diverse
technologies, products, and use methodologies with poorly defined goals. This
made it difficult to interpret the results of the reviewed LCA studies. In
turn, this has implications for the interpretation of the climate impacts for
CCU. The reviewed studies reported predominantly reduced climate change
impacts, and some even net-negative impacts, but then without any explicit
consideration of the time aspect of carbon storage.

Paper B, informed by the review in Paper A, emphasised clear goals de-
fined. The study had three specific goals to address several knowledge needs
in the technology development and the method choices and results were tai-
lored to these. The paper also highlighted the need for multiple LCA studies
to fully understand the system’s future implications and support technology
development.

The next chapter will analyse these findings in the context of the research
questions.
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CHAPTER 5

Analysis

The findings presented in Chapter 4 are analysed in relation to the research
questions. The research questions concern the current methodological practice
of goal and scope in life cycle assessment (LCA) studies of carbon capture and
utilisation (CCU) and different goals in LCA of CCU for addressing knowledge
needs during technology development.

5.1 Current practice of goal definition and
scope definition in LCAs of CCU

It was found (in Paper A) that the purpose of an LCA study was rarely,
or not clearly, stated in the goal definition of the reviewed LCA studies of
CCU systems. Instead there was mainly a description of the defined scope in
the form of key method choices. When any explanations are not given, the
reader of the LCA article must develop their own interpretation of the study.
The majority of the reviewed LCA studies reported favourable climate impact
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results, but the unclear goals and limitations in climate-relevant modelling cast
doubt on the reliability of these findings. There is thus room for improving
the practice of goal definition in LCA, or at least improve the reporting of it
in LCA articles.

These insights on the goal definition and scope definition from the review
(Paper A), affected how the LCA case study (Paper B) was performed. Be-
cause of this, more emphasis was given to the goal definition and the goals’
meaning for the scope definition and representation of the LCA results. Re-
garding the scope, this was also affected by the results of the review of LCA
studies. The same model of the industrial system as in the framework (in
Paper A) was used to show which parts of the system were modelled in the
LCA study (in Paper B).

The review (in Paper A) showed clearly that the scopes of modelled sys-
tems in the reviewed LCA studies differ considerably and that terminology
was inconsistent. The LCA studies included different stages of the industrial
system in their LCA model, often with the same system boundaries stated,
e.g., "cradle-to-gate". When sorting the reviewed LCA studies according to the
industrial system framework, several categories of studies were found, distin-
guished by modelling the "cradle" at different places in the industrial system.
Nevertheless, upon closer inspection, one category of seemingly similar stud-
ies (all with the same system boundaries) consisted of very different studies.
There is therefore also room for improving scope definition in LCA practice,
partly to better describe the scope of the modelled system and partly to better
explain (and not just state) method choices in relation to the defined goal(s).

5.2 Identifying types of LCA studies of
CCU

The current practice for LCA of CCU was found (in Paper A) to be diverse in
both the systems studied and the methodologies used. It became impossible
to identify the types of LCA studies from reading a study’s goal, since this
was often not identifiable or understandable. Instead, the goal or purpose
of an LCA study had to be inferred from its chosen methods and reported
results. This was done for a small group of studies in Paper A which lead
to the identification of five distinct types of LCA studies. These types of
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LCA studies of CCU were made, for example, from the perspectives of pro-
cess design, industrial production routes, product use, product cradle-to-gate
comparison or investment decision whether to implement CCU in an existing
system. These LCA studies with different perspectives were presumably done
with specific purposes for different actors, which should be stated in the goal
definition. Instead of relying on inference, clear reporting of goal(s) for an
LCA study would help improve understanding of what types of LCAs exist
and are applied.

It was possible to identify a few types of LCA studies from Paper A. Most
likely, more types of LCA studies are possible when assessing CCU systems.
Since these types identified were only inferred from studying a subset of arti-
cles in detail, some information regarding these types might be missing. This
identification could only study what had been reported, not what the under-
lying intentions or actual situations were.

In the case study (in Paper B), the types of LCA studies of CCU was further
explored through performing one LCA study and reflecting on the purposes
and uses of this study. This exploration particularly focused on the types of
LCA for technology development as that was the context of the case study.
This resulted in further insights regarding types of LCA studies and their
goals, adding to the five types already found from reviewing nine studies in
detail.

5.3 Conducting LCAs of CCU for
technology development

Conducting the LCA study (in Paper B) allowed for a comparison between
activities performed for carrying out the study with those describing the pro-
cedural phases in LCA methodology. Two key aspects to highlight are the
procedure for defining goal(s) for the LCA study and the usefulness of having
an overview of the industrial system before deciding which parts of it should
be included in the LCA model. These two aspects will be further elaborated
on in the following.

In the case of the LCA study in Paper B, goal definition was conducted
through interactions with the partners in the technology development project
PYROCO2. This led to the identification of thee different goals to be investi-
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gated with LCA. These three goals addressed knowledge needs in technology
development in different ways. The first that focused on finding hotspots ad-
dressed knowledge needs of the technology developers considering the design
of the process and configurations of the system. The second goal, that was
handled by analysing scenarios of different future circumstances, reflected the
need for knowledge on where and in what industrial systems a future version
of the PYROCO2 system could be environmentally beneficial. The third goal
was about comparing the produced product to conventional alternatives, di-
rected towards marketing of the process towards possible investors. Hence,
the three goals addressed distinct knowledge needs and distinct actors in the
project consortium.

The types of LCA studies identified in the review of LCA studies of CCU
in Paper A can be compared to the types of goals in the LCA study in Paper
B. The first goal of the LCA case study can be categorised as process design
improvement and the third goal is similar to the product-focused "cradle-
to-gate comparison". On the other hand, the second goal does not fit into
any of the types identified in Paper A and thus adds a sixth type of LCA
study: comparison of locations and circumstances. It is similar to the type
"investment decision", but that is from the perspective of the emitter, which
was not included in this particular study.

These types of goals, hence types of LCAs, can tentatively be placed on the
technology readiness level (TRL) scale to show which stages of the technology
development process they can support. This is visualised in Figure 5.1.

32



5.3 Conducting LCAs of CCU for technology development
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Figure 5.1: Technology readiness levels (TRLs) and the identified
LCA types placed along them.

The overview of the industrial system (as illustrated in Figure 2.2, 3.3 and
4.1), was used in the PYROCO2 project to describe the industrial system of
CCU and the scope of the LCA study conducted. This visualisation helped
identifying which processes are generally included in a CCU system and which
were studied in the LCA study. Hence, it clarified which parts of the industrial
CCU system were not included. During presentations within the PYROCO2
project, this overview helped explain the extent and the limitations of the
LCA study.

Since one LCA study with three goals could not answer all the posed ques-
tions fully, other LCA studies on the same system within the technology de-
velopment are needed. These LCA studies might address different knowledge
needs, have different goals and thereby different scopes. The multiple types
of possible LCAs highlight the importance of contextual understanding for
identifying goals in LCA of CCU, and understanding their roles in addressing
knowledge needs during technology development.
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Discussion

The review in Paper A revealed that the goal definition in goal and scope def-
inition is often missing or insufficient, in life cycle assessment (LCA) studies
of carbon capture and utilisation (CCU) systems. The guidelines state that
the goal definition should include the purpose of the assessment, the intended
application, the intended audience and whether the results are for public com-
parisons (e.g., Baumann & Tillman, 2004; Curran, 2017; ISO, 2006). However,
this has not been covered in the descriptions of goal and scope definitions in
any of the reviewed LCA studies of CCU. The reasons for this are still unclear
from the conducted research and require further investigation. However, it
also raises questions about how goal definition and scope definition, respec-
tively, are understood and handled.

The historical differences in the naming of the first phase of LCA, either
as only goal definition (Guinée et al., 1993) or goal definition and scoping
(Lindfors et al., 1995), in contrast to the current ISO standard where it is
called goal and scope (ISO, 2006), points towards two separate methodolog-
ical activities of somewhat different character. There is a difference between
defining the goal and scope, or defining first the goal and then doing the scop-
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ing. The latter approach was tried in the case study in Paper B, where the
goal definition and the scope definition were handled separately.

Handling goal and scope separately proved to be useful for the understand-
ing of the LCA study and its use in technology development. A representation
of this LCA procedure is given in Figure 6.1. The goals with the LCA study
proved to each have different purposes and be directed towards different actors
and different stages of the technology development process.

In the published LCA studies, there was an imbalance between the goal
definition and the scope definition. Even though both steps are mentioned in
LCA guidelines, and LCA studies transparently report what they have done,
there was a heavy focus on the scope definition. Separating the goal and the
scope definitions and treating them as two distinct but related activities, in
guidelines and in practice, would help improve LCA practice.

Scope definition

 Inventory analysis

Impact assessment

Interpretation

Goal definition

Figure 6.1: The LCA procedure of the performed LCA in Paper B.

It is known that there can be different goals and uses of LCA in differ-
ent technology development stages of emerging technologies (Bergerson et al.,
2020; Gavankar et al., 2014; Hetherington et al., 2013; Thomassen et al.,
2019). The listed goals are typically generally formulated goals, such as the
main goals with techno-economic and life cycle assessments at different tech-
nology readiness levels (TRLs) presented by Thomassen et al. (2019) or the
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common types of decisions being informed using LCA for emerging or ma-
ture technologies in emerging or mature markets (Bergerson et al., 2020). A
common type of decision is whether or not to introduce emerging technologies
into mature markets. For this, Bergerson et al. (2020) propose comparison to
incumbent and hotspot analysis. This decision was also the case in the LCA
study in Paper B. However, there were also other uses specific to the project
such as informing choices of future locations. Moreover, these articles state
that there can be different goals or uses for LCA, but do not provide guidance
on how to perform such LCA studies, e.g., which method choices to make.

The identification of three different goals with the LCA study in Paper B in-
dicates that at least three different types of LCA studies could be performed on
the same system, for different purposes. This points towards performing mul-
tiple LCA studies in the same project, something that is seldom mentioned.
Previous research has stated that different LCA approaches are suitable at
different stages (e.g., Baumann & Tillman, 2004; Bergerson et al., 2020; Ga-
vankar et al., 2014; Thomassen et al., 2019), but does not make clear that
several of these approaches could (or even should) be applied in the same tech-
nology development process. Sandin et al. (2014), in their discussion about
different roles of LCA studies in research and development projects, discussed
performing a screening LCA early in a project, but still to aid the LCA later
in the project. Also in the field of prospective or ex-ante LCA (e.g. Arvidsson
et al., 2017; Buyle et al., 2019; Cucurachi et al., 2018; Thonemann, 2020), the
discussion is on how to do the prospective LCA, as if this is the one and only
way to perform LCA of emerging technologies.

To conclude, LCA is a flexible methodology and it has been previously
noted that there can be different LCAs for emerging technologies. What has
become clear from the present research is that there can be multiple and
different LCAs within one technology development process to serve the many
decisions or knowledge needs during that process. For each of these, a typical
goal could be articulated and a matching scope could be developed.
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CHAPTER 7

Conclusions

This research has looked into the topic of goal and scope definition in life
cycle assessment (LCA) studies of carbon capture and utilisation (CCU), first
through a review of published LCA studies, second through an LCA case
study. The focus on goal and scope is motivated by the need to support
technology development and address climate urgency effectively.

Firstly, the research indicates that treating goal definition and scope defi-
nition as separate but related activities can lead to more understandable and
transparent studies. This approach was beneficial both in the review of LCA
studies and the LCA case study.

Secondly, there is a need for more detailed guidance on how different types of
goals should be translated into appropriate scopes. This is crucial for ensuring
that LCA studies support the specific knowledge needs of CCU technology
development projects.

Thirdly, the research highlights the importance of clearly defining goals to
address different knowledge needs within a single CCU development project.
This clarity is essential for selecting the right methodological choices and
ensuring the LCA study’s relevance and usefulness.
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However, current LCA guidelines, including those specific to CCU, lack
detailed instructions on how to link goals to methodological choices. This gap
can lead to insufficiently defined goals and weak connections between goal and
scope in practice. To improve this, both general and CCU-specific guidelines
should provide clearer guidance on defining goals and translating them into
scopes.

In conclusion, enhancing the clarity and connection between goal and scope
definitions in LCA studies is important. This will help LCA practitioners
define their goals in collaboration with commissioners and translate these goals
into scopes that yield desired outcomes and are effectively communicated.
From first-hand experience in performing an LCA of CCU during technology
development, it is evident that making method choices based on specific goals
is neither straightforward nor intuitive, underscoring the need for improved
guidance.

7.1 Future research
More research is needed to improve guidance on different goals and what
their related scopes look like, especially within technology development such
as CCU systems. Conducting diverse LCA studies on the same system with
varying goals can further enhance the understanding of goal and scope. This
requires exploration through various types of LCA studies (on the same sys-
tem) with distinct purposes. Additionally, more LCA studies on the same
system can provide deeper insights into the goal and its implications by ex-
amining how the scope changes with different goals. The case study presented
in this licentiate thesis can serve as a practical example for empirical investi-
gation through multiple LCA studies.

The industrial system framework that was presented in Figure 3.3 and later
used in Figure 4.1 (from Paper A) could be used when performing an LCA
to map the modelled system in the industrial system. To be of more use
for the LCA practitioner and the audience of the LCA results, such types of
frameworks would need further development. What parts of the industrial
system is included in the LCA model is one dimension of the LCA modelling
but there are more dimensions which could be included in this framework.
For example, the actors involved or the actor from which perspective the
LCA is performed could be another dimension, to communicate the purpose
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of the LCA better. Furthermore, the perspective of time would ideally be
represented in such a representation of an LCA study.

7.2 Recommendations to practitioners
From the research so far, treating the goal definition and scope definition as
separate but related activities in the goal and scope definition phase in LCA
is recommended. This allows for more emphasis on the goal definition and
helps making the scope definition and LCA results appropriate to the purpose
of the study. It can also improve transparent reporting of LCA studies. That
said, more guidance is needed on how to make these appropriate choices as
these are not explicit in the current guidelines.

Additionally, it is advisable for LCA practitioners to conduct LCA studies
with various goals. Accepting different types and roles of LCA within a tech-
nology development project and carrying out multiple LCA studies can better
address the knowledge needs in the project, leading to more meaningful and
useful outcomes.
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