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Abstract

This paper describes what type of advice life cycle assessment can provide in different parts of a material development
project. Based on experiences from a multi-year research project aiming to decrease the environmental impacts of carbon
fibre composites, we aim to show and discuss what type of input we could provide the material developers at different times.
The goal is to guide life cycle assessment practitioners and material developers on what role life cycle assessment can
play in various project parts. Cradle-to-gate data collected at different points in time throughout the project are compiled
and recalculated to the same functional unit. Assessment results from all stages clearly show that even if the carbon fibres
constitute a minor share of the composite, they are the environmental hotspot with considerable potential for improvements.
Depending on the timing of the project, advice ranges from being careful with the source of nitrogen in the production process
to using microwave heating in carbon fibre production. We recommend material developers to include life cycle assessment
as early as possible in the project. We also recommend life cycle assessment practitioners continuously work with material
developers in updating the models and inventory. Additionally, we recommend that life cycle assessment practitioners add
more details to the assessment and expand the study’s foreground system as the project progresses. This could be done in
combination with assessing the technology readiness level of the routes. By doing so, the life cycle assessment practitioner
can provide material developers insight into potential routes worth developing. It also identifies the lowest-hanging fruits
for reducing the materials’ environmental impact.

Keywords Carbon fibre composites - Prospective - life cycle assessment

Introduction

One of the main benefits of using life cycle assessment
(LCA) is identifying potential environmental improvements
throughout a product’s life cycle (Azapagic & Clift 1999).
By taking inventory of flows (such as materials, energy, and
emissions) entering and exiting the system under study, we
can quantify how much their contribution is to, e.g. climate
impact, acidification, or toxicity. While most easily done
for a well-defined and known system, there is also a need
to assess the environmental impact of technologies under
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development. This can help avoid unfavourable technology
development routes leading to increased environmental
impacts.

LCA’s role as a decision tool is debated in the literature.
Pryshlakivsky and Searcy (2021) claim that the LCA
community is divided into two camps: one aligned with
industry aiming to streamline and simplify LCA to support
the decision-making about the needs of their organisation,
and one group that seeks to expand and enhance the
abilities of LCA concerning other fields such as economics
and policies. They state that both groups must make
trade-offs to achieve their desired results. This means
that LCA practitioners within the industry need to keep
the organisation’s strategy and conditions in mind while
considering the consequences of conducting simplified
LCAs. On the other hand, academics have yet to motivate
the benefits of expanding LCAs into areas other than the
organisations’ production system. Hetherington et al. (2014)
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describe how LCA can be used as a development tool in
early research. They write that LCAs done in the early stages
of product development are essential. This is because the
potential to develop, e.g. a pilot plant for the considered
technology, depends on verifying improved environmental
impacts at, e.g. lab scale. As the stakeholders can vary from
researchers, technology developers, and internal project
managers to external project funders, the information
provided by the LCA practitioner must correspond to the
needs of each of these stakeholders.

The work presented in this paper was done within the
LIBRE project (Lignin-based carbon fibres for composites),
funded by the Bio-Based Industries Joint Undertaking under
the European Union’s Horizon 2020 Research and Innova-
tion Programme under grant agreement No 720707. We were
part of a work package that dealt with the environmental
and economic performance of lignin-based carbon fibres
for composites. Carbon fibre composites consist of carbon
fibres providing mechanical strength and a polymer matrix
distributing the load. The material is both stiff and light and
is often used to substitute conventional materials for, e.g.
lightweighting in vehicles (Tapper et al. 2020; Witik et al.
2011). However, due to the energy-intensive carbon fibre
production process, substituting conventional materials does
not always provide an environmental benefit throughout the
product’s life cycle (Witik et al. 2011). The intention of our
role as LCA practitioners in the LIBRE project was to guide
material developers in the project consortium in identifying
routes for decreasing the environmental impact of carbon
fibres by, e.g. using lignin as a precursor material.

The project, the interaction between us as LCA practition-
ers and material developers, and how the LCAs developed
over time can essentially be seen as a living lab. In living
labs, different stakeholders are brought together to gener-
ate new ideas. They are typically formed to solve societal
challenges, especially for urban areas (Hossain et al. 2019).
With this line of reasoning, we argue that by looking back
at the project, we can learn from what challenges and pos-
sibilities LCA introduces when used in different parts of the
project in an approach similar to the assessment of a living
lab. Consequently, this paper disseminates the experiences
of LCA practitioners in a multi-year material research pro-
ject and provides accumulated and generalised knowledge
on the environmental impacts of carbon fibre composite
production. To our knowledge, there are no other studies
that disseminate LCA results from different stages of such
a research project available in the literature. However, there
are studies on using LCAs as a material selection tool. One
such is the study by Tapper et al. (2020), who evaluated the
LCA framework and its abilities to determine the benefits
of closed-loop composite recycling based on the different
life cycle phases of carbon fibre composites. The aim was
to guide future material selection for recycled carbon fibre
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composites. Our paper differs as we investigate the guidance
LCA practitioners can provide at different stages of a mate-
rial development project, which depends on the available
data and guidance material developers seek.

Methodology

Three case studies from earlier work are selected and
adapted for the context of this study: (1) a case study based
on earlier LCA results found in available literature per-
formed at the start of the project, (2) a case study based on
primary data from the project performed when production
specific data had been gathered, and (3) a prospective case
study assessing the potential environmental impact of carbon
fibre composites following different technology development
routes performed during the last stage of the project. These
case studies are built on data collected during the LIBRE
project but are in this paper recalculated to the same func-
tional unit. The aim is to shed light on what decision support
the different LCAs provide to the material developers.

The functional unit of all three case studies is the manu-
facturing of 1 kg of carbon fibre composite to be used in
any application, consisting of 20 wt% carbon fibres and 80
wt% polymers. The system boundaries include raw material
extraction, materials production, and composite manufactur-
ing, i.e. cradle-to-gate. The manufacturing for case studies 2
and 3 was assumed to take place in Germany, while for case
study 1, the geographical boundaries are global because the
study gathered average literature data. The basic outline for
the composite life cycle, including the technology develop-
ment routes considered, is outlined in Fig. 1.

The impact categories assessed are climate impact and
energy use. In case study 1, assessment results derived from
different methods for determining these impact categories
were treated and compiled (see Hermansson et al. (2019)).
For case studies 2 and 3, climate impact using (IPCC 2013)
and cumulative energy demand (CED) provided by Ecoin-
vent 3.3 (Wernet et al. 2016) are used. The modelling for
case studies 2 and 3 is done using Ecoinvent 3.3 APOS
(Wernet et al. 2016) if nothing else is mentioned and imple-
mented in the OpenLCA software.

Case Study 1

The goal of case study 1 is to screen the carbon fibre com-
posite cradle-to-gate life cycle for environmental hotspots.
Based on the carbon fibre composite production meta-anal-
ysis, it aims to assess the prospective environmental impacts
of transitioning to lignin-based and recycled carbon fibres
presented in Hermansson et al. (2019). Case study 1 uses
cradle-to-gate data collected from Das (2011), La Rosa
et al. (2016), Maxineasa et al. (2015), Suzuki and Takahashi
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Fig. 1 The basic outline of

the life cycle of carbon fibre
composites with considered
technology development routes
included

(2005), Zhou (2013), and Meng et al. (2017). All data used
in the calculations are found in Hermansson et al. (2019).
The different environmental impacts are normalised to val-
ues representing 20 wt% of carbon fibres and 80 wt% other
materials (polymers and fillers). Note that various LCA stud-
ies have different system boundaries and present results in
different ways, meaning that there is likely a double counting
of impacts, primarily related to composite manufacturing
processes (such as injection moulding) and transportation
for some cases.

Case Study 2

The goal of case study 2 is to assess the environmental
impact of manufacturing carbon fibre composites in the
specific way planned in the material development project. It
is based on data presented in Hermansson et al. (2022b). The
aim is to provide material developers with critical parameters
that could decrease the environmental impact related to the
manufacturing of carbon fibre composites when some data
are available from lab experiments and similar processes.
The data for the carbon fibre production was collected within
the LIBRE project (inventory data are found in Strézyk et al.
(2023)), and the PAN precursor fibre dataset is provided by
Fazio and Pennington (2005) in the European reference life
cycle database (ELCD). The latter was adapted to fit the
terminology of Ecoinvent; see Hermansson et al. (2022a)
for details on the adaptation.

Case Study 3
The goal of case study 3 is to assess the possible future envi-

ronmental impact of manufacturing carbon fibre composites
following the implementation of three different technology
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development routes: producing the carbon fibres from lignin
(in fact, 50% lignin and 50% biopolyurethane, the latter to
reduce brittleness (Collins et al. 2019)), and using micro-
wave heating in the carbon fibre production, as well as using
recovered carbon fibres (produced using the two former
routes), Fig. 1 outlines the life cycle and in which part each
development route influences. The aim of case study 3 is to
provide material developers with information on the possible
future environmental impacts of carbon fibre composites if
implementing these routes.

The study is based on the findings in Hermansson et al.
(2022b) (inventory data for carbon fibre production are
found in Strézyk et al. (2023)). However, some adaptations
were made. They used economic allocation to partition the
impacts of the Organosolv mill between the co-products. In
this study, we instead opt for mass allocation to partition the
impacts from the Organosolv,'> mill (as lignin is always the
product of a multi-output process). This choice is based on
the argument that this approach is less sensitive to market
situations and/or changes in demand, both of which are hard
to predict (Coelho et al. 2022). Additionally, the earlier study
did not assess the use of recovered carbon fibres as a part
of changes to the foreground system. We here assume that
the recycled carbon fibre content is 82 wt%, which is used
in Hermansson et al. (2022b) as a proxy that captures the
need to compensate recycled carbon fibres of reduced qual-
ity with primary fibres. To allocate benefits and burdens, we
use the cut-off approach crediting the composite for using
recycled carbon fibres, meaning that a credit is provided for

! Resulting in an allocation factor of 0.34 for lignin.

2 The input of enzymes to the Organosolv mill is excluded due to
lack of data in Ecoinvent 3.3.
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Fig.2 The (a) energy use and 350
(b) climate impact for produc-
ing 1 kg of carbon fibre com-
posite. Case study 1 is based
on treated literature data; case
study 2 is based on primary
data from the project; and case
study 3 explores the influence
of changes that could be made
in the production process in a
future-oriented analysis based
on a mix of project and litera-
ture data as well as estimates
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using recycled materials. We assume the carbon fibres origi-
nate from a composite with the same composition recycled
through pyrolysis (assuming 30 MJ/kg energy needed (Witik
et al. 2013)). We apply the redefined cut-off approach sug-
gested by Hermansson et al. (2022a) to allocate the impacts
of the pyrolysis process between the fibres and polymer.

Results and Discussion

The results from the three case studies described in the
‘Methodology’ section are found in Fig. 2.

Figure 2 shows that the energy use and climate impact for
case study 1 are significantly higher than the results from
case studies 2 and 3. However, the higher impact compared
to the results of case study 2 is mainly connected to the poly-
mer matrix and other composite manufacturing. Differences
in polymers and composite manufacturing methods may
partly explain this. Note that system boundary differences

@ Springer
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between the studies likely contribute to the higher impact.
Another possible explanation is that impact assessment
methods were partially equivalent. This is especially true
for how the energy use has been accounted for, where the
impact assessment method used varied more than for climate
impact (Hermansson et al. 2019). For more information on
different energy use indicators and their role in LCA, see
Arvidsson and Svanstrom (2016).

Case study 1 shows that, despite possible double counting
in the polymer and composite manufacturing phase, carbon
fibre production is a hotspot in the cradle-to-gate life cycle
of carbon fibre composites. Especially when it accounts for
only 20 wt% of the composite, this illustrates the useful-
ness of using this kind of meta-analysis as an early screen-
ing tool, aiding material developers in understanding where
to focus when aiming to reduce the environmental impact
of carbon fibre composites. This approach is thus a way to
fulfil the suggestions by Ott et al. (2022), who discuss the
need for simplified evaluation approaches for identifying key
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development opportunities and hotspots. The approach, how-
ever, requires that parts of the system have been assessed,
alone or as parts of larger systems, using LCA before. While
not illustrated here, case study 1 was also useful for iden-
tifying methodological challenges for assessing technol-
ogy development routes. Two challenges identified are the
importance of the allocation approach in recycling and the
choice of allocation approach in lignin production. These
methodological choices could significantly influence the
result (Hermansson et al. 2019).

Case study 2 shows carbon fibre is a hotspot for the
composite life cycle. One major hotspot in the carbon fibre
production process is energy consumption, meaning that
material developers should aim to decrease the energy con-
sumption in stabilisation and carbonisation. Another aspect,
perhaps more easily addressed by material developers, is
connected to the nitrogen needed to create an inert environ-
ment for the carbon fibre production phase. Janssen et al.
(2019) point out that liquid nitrogen is a hotspot in carbon
fibre production. Reusing nitrogen in a closed-loop could
be an option. Another option could be using nitrogen pro-
duced through pressure swing absorption. This could sig-
nificantly reduce the specific electrical power used (Schulte-
Schulze-Berndt & Krabiell 1993). In case study 2, nitrogen
is assumed to be produced using compressed air and a minor
share of carbon fibre production’s climate impact and cumu-
lative energy demand. However, as mentioned above, other
nitrogen sources can significantly contribute more. In hind-
sight, case study 2 confirms the function of the meta-anal-
ysis used in case study 1 as a screening tool for identifying
hotspots since both case studies highlight the carbon fibre
production process as a primary contributor to the environ-
mental impact of carbon fibre composite manufacturing.

Case study 3 shows the environmental impact when three
different technology development routes have been simulta-
neously considered in the carbon fibre production process:
producing carbon fibres from lignin, using microwave heat-
ing in carbonisation and stabilisation, and using recycled
carbon fibres. The results show that implementing these
three routes could significantly lower carbon fibres’ envi-
ronmental impact, so it is no longer the primary hotspot of
carbon fibre composite manufacturing.

The resulting quality and processability of lignin-based
carbon fibres are debated. Groetsch et al. (2023) acknowl-
edge the environmental advantages of cellulose-lignin-based
carbon fibres but identify significant shortcomings regarding
processability and material properties. If the lignin-based
carbon fibres achieve good quality, the environmental impact
is lower than that of PAN-based carbon fibres (Hermansson
2020; Janssen et al. 2019). However, as was mentioned con-
cerning case study 1, the influence of the allocation approach
in lignin production can be significant, depending on the
system boundaries of the study. The climate impact of lignin

production was examined by Hermansson et al. (2020), who
found that the results varied significantly depending on the
allocation approach used, as well as the temporal boundaries
of the study.

Singh et al. (2023) suggest that microwave heating can be
used in materials processing to decrease energy consump-
tion by allowing a lower temperature and shorter processing
time. In line with this, Str6zyk et al. (2023) show that the
environmental impact of carbon fibres prepared via micro-
wave heating is significantly lower than those produced via
conventional furnaces. They also find that the mechanical
performance of the carbon fibres produced via microwave
heating is on par with those produced using conventional
furnaces. This conforms what is reported by Lam et al.
(2019), who showed that using microwave heating in pyroly-
sis of bamboo fibres to carbon fibres decreased the energy
consumption by as much as 90% compared to conventional
furnaces, primarily because of a higher heating rate and a
faster processing time.

Meng et al. (2017) compared the use of recycled carbon
fibres to the use of primary carbon fibres. They found that
using recycled carbon fibres is a viable route for decreasing
the environmental impact of composites, which is confirmed
by Hermansson et al. (2022b). Hermansson et al. (2022a)
add another challenge to assessing the recycling of com-
posites, specifically that the components of the composite
may have different recycling rates as well as different quality
degradation in the recycling process and should therefore
not be considered as a single material in the context of recy-
cling. They suggest that the recycling process in these cases
should be seen as a multi-output separation process, where
the impacts of the separation should be divided between
the components and between the product sent to the recy-
cling and the products using recycled materials. Tapper et al.
(2020) also point out that without appropriate remanufactur-
ing technologies, any benefits from the recovered carbon
fibres are not utilised.

The production of carbon fibres from lignin or using
microwave heating is still not (in 2023) industrially imple-
mented. Producing carbon fibres from lignin has, in recent
years, started to approach pilot scale production (see, for
example the press release on the production of lignin-based
carbon fibres by Deutsche Institute fiir Textil- und Faser-
forschung (2023)). Microwave heating in carbon fibre pro-
duction is still on a relatively low technology readiness level
(TRL) and is primarily done in academic or research envi-
ronments (see, for example Lam et al. (2019)). This means
that these two routes are, in combination, less likely to hap-
pen soon. Recycling the composite and recovering the fibres
through pyrolysis is a technology with a relatively high TRL
(Rybicka et al. 2016). It is thus the most likely development
route to happen in the near future. However, the recycling
of lignin-based carbon fibres produced using microwave
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technology and the quality of these recycled fibres are yet
to be researched. Since the recycling of carbon fibre com-
posites and recovery of fibres already has a relatively high
TRL, this might be the lowest-hanging fruit for material
developers who wish to decrease the environmental impact
of carbon fibre composites.

A more consistent inclusion of TRL levels in the future-
oriented LCA would be beneficial, as this would help iden-
tify the route most helpful for decreasing the environmental
impact of products and which route is likely more straight-
forward to implement in terms of technology development.
A drawback with our future-oriented approach in this paper
is that while the results look promising, it is impossible to
weigh options against each other regarding the likelihood of
happening soon. This could mean that the material develop-
ers are presented with results of combinations with technolo-
gies based on a lab scale that outperforms the results of tech-
nologies based on a pilot scale. In such a situation, a slightly
less environmentally beneficial route may be deselected
over a route requiring years of development. The technol-
ogy route might not even perform as well as first thought or
be too costly to realise. Future LCA methodology develop-
ments in terms of weighting factors based on the TRL of the
assessed development routes would be a helpful contribution
to future-oriented LCAs to mitigate this issue and to provide
another dimension to the decision support. Arguably, this
could be a compromise between the two LCA camps defined
by Pryshlakivsky and Searcy (2021), which means that the
LCA practitioner can expand the study to identify the most
beneficial route/combination of routes in an exploratory and
unconditionally manner. They can also determine the most
feasible route for the organisation to implement.

Conclusions and Recommendations

This paper describes a multi-year effort to assess carbon
fibre composites’ life cycle environmental impact. We saw
that LCA can be useful throughout the project, providing
different inputs depending on data availability and demand
from material developers and other stakeholders.

Overall, results show that the hotspot in carbon fibre com-
posite manufacturing is the production of carbon fibres, but
there is a great potential for reductions. One suggestion is
to be careful when choosing the nitrogen source to create
an inert environment. More extensive routes include using
lignin as a precursor material, using microwave heating in
carbon fibre production, or recycling the composites and
recovering the fibres. The latter route has the highest TRL
and is thus the lowest hanging fruit for material developers
but does require that the techniques for manufacturing car-
bon fibre composites from recycled materials are improved
and implemented.

@ Springer

We recommend LCA practitioners to collaborate
with the material developers throughout the project,
continuously updating the data and expanding the study to
meet the needs of the project consortium. We recommend
that material developers implement LCA early in a
material development project. This can help the material
developers identify the lowest hanging fruits to decrease the
material’s environmental impacts early on, making material
development more efficient.
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