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Abstract: Bio-based composites offer potential environmental benefits over fossil-based materials,
but limited research exists on manufacturing processes with varying material combinations. This
study performs a cradle-to-grave Life Cycle Assessment of five composite types to evaluate the role
of fully and partially bio-based composites, focusing on the manufacturing stage. The composite
materials include glass or flax fiber-based reinforcements embedded in polymer matrices based on a
fossil epoxy, a partially bio-based epoxy or epoxidized linseed oil, fabricated using vacuum-assisted
resin infusion. Flax fibers in a partially bio-based epoxy achieve lowest environmental impacts in
most categories when assessed at equal geometry. Glass fiber composites exhibit higher fiber volume
content and material properties, and thus, demonstrate competitive environmental performance at
equal absolute and normalized tensile strength. Composites using epoxidized linseed oil are least
advantageous with the manufacturing stage contributing a majority of environmental impacts due
to comparatively long curing times. These results are based on methodological choices and technical
constraints, which are discussed together with benchmarking against previous studies. While
partially bio-based materials can provide a middle-ground for enhancing composite environmental
performance, further optimization of bio-based material functionality regarding material properties
and processability is pivotal to exploit the full potential of bio-based composites.

Keywords: environmental impact assessment; bio-based composites; flax fibers; epoxidized linseed
oil; composite manufacturing; vacuum assisted resin infusion; functional unit; Ashby equivalence

1. Introduction

Bio-based materials derived from renewable resources are gaining importance in the composites
industry due to concerns about fossil resource limitations and adverse effects on the environment
associated with their use. A bio-based product is an organic material derived from renewable
biogenic resources, such as plants [1]. While there is scientific and technical progress and increasing
market availability of natural fibrous (NF) reinforcements such as flax, hemp, and kenaf, the
combination with fully bio-based polymer matrix materials is still rare and proves difficult. Next to
bio-based material availability, processability and material properties represent challenges that need
to be addressed in order to promote bio-based composite usage in various applications [2,3].
Additionally, the potential environmental benefits of using biogenic raw materials, especially the
reduction in greenhouse gas emissions, can be cancelled out by adverse effects of raw material
production and processing. Many biogenic materials are derived from agricultural cultivation which
can emit harmful substances and lead to ecosystem degradation [4]. Therefore, anticipated
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environmental benefits of bio-based composites require verification through a suitable methodology,
such as Life Cycle Assessment (LCA) [5].

The main aim of previous LCA studies on bio-based composites has been to compare
environmental impacts of bio-based composite materials to their fossil counterparts. The emphasis
laid mostly on the raw material acquisition and processing phases, such as textile production from
biomass and chemical synthesis from oils derived from vegetable and woody biomass [6-9]. Few
studies investigate additional life stages, such as use phase [10] or the treatment of the bio-based
composite at End-of-Life (EoL) [11].

Given the often comparative nature of LCA, most studies assess the potential advantage of NF
over glass fibers (GF) embedded in a fossil thermoplastic or thermoset matrix [12-15]. Comparing
natural fibers to carbon fibers is rare [16] as these exhibit significant differences in material properties
which makes substitution unlikely. Few studies investigate bio-based polymer matrix options to
achieve a fully bio-based composite [9,17,18].

Nevertheless, the following gaps were identified when reviewing LCA studies of bio-based
composites: In several studies, the life cycle inventory, which lists the exchanges with the technical
and natural environment, is incomplete, e.g., because hardener usage is omitted [16]. When
comparing materials with different properties, multiple studies use varying component thickness
calculated via Ashby equivalence [19] to reach the same level of quality. Different properties are
considered, e.g., equal tensile strength and stiffness [20]. There are many factors influencing
composite properties such as textile architecture, process selection and process parameters [21,22].
These specifications are often overlooked in LCA evaluation of composites although they influence
environmental impact assessment results. In addition, there is a lack of studies investigating the
environmental impacts of the composite manufacturing process, as accurate and reliable data is
missing [23].

While the advantages and drawbacks of bio-based composites have been discussed, this work
aims to discuss the role of partially bio-based composites as a middle-ground in the interplay of
materials from fossil and renewable sources. Contrary to most existing studies, the focus of this study
lies on composite manufacturing, composite property analysis and suitability for Ashby analysis
within LCA rather than the synthesis of (innovative) resin systems or the production of textile
reinforcements. Two different GF textiles with different architecture embedded in a fossil epoxy
matrix serve as the benchmark for comparing two partially and one fully bio-based composite. All
data on composite manufacturing was collected during laboratory experiments with the aim to depict
this stage detailed and complete. The contribution analysis of different inputs to the process and
processing wastes aims to identify optimization potentials to reduce the environmental impacts of
the composite manufacturing.

2. Materials and Methods

The methodology includes the description of the material selection, and experimental
conduction to manufacture the different composites as well as the definition of the methodological
parameters of the LCA to analyze the environmental impacts of the manufactured composites.

2.1. Material Selection

In order to investigate the influence of fiber type and textile architecture on composite properties
and on environmental impacts, two GF and NF textiles are selected. Information on the textile
reinforcements and their properties can be found in Table 1. Epoxy resins have been chosen as matrix
systems due to their ubiquity in more advanced technological applications [24]. Epoxies are often
crosslinked with amine hardeners, such as Triethylenetetramine (TETA).

The naming of the five composites investigated in this research is composed of abbreviations
stating the type of textile reinforcement, the resin plus the hardener plus the catalyst use. The two GF
composites (namely GF1/EP+TETA and GF2/EP+TETA) use a fossil epoxy resin (EP) and amine-
based hardener (IR 77.32 and IH 77.11 of bto-epoxy GmbH, Austria), while the NF textile reinforces
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the partially and fully bio-based composites with varying matrix systems. In NF/bEP+TETA, the
partially bio-based epoxy (bEP) resin IR 78.31 of bto-epoxy GmbH, Austria has a biogenic C-content
of 37.58%. It is chemically equivalent to the fossil one with the biogenic content derived from
substitution of fossil constituents in the Bisphenol A production. The fully bio-based system
NF/ELSO+IA is based on Epoxidized Linseed Oil (ELSO) that is cured with Itaconic Anhydride (IA).
The NF/ELSO+IA+Zn adds Deca Zinc 11/12 (Borchers, USA) as a catalyst to the ELSO-IA matrix
system in order to enhance the reactivity of the resin system. The catalyst consists of a Zinc-based salt
(Zn) derived from neodecanoic acid and naphthenic acid dissolved in fossil paraffinic mineral oil.

Table 1. Textile reinforcements and their properties.

GF1 GF2 NF
Fiber type Glass Glass Flax
Textile name WRS Interglas 92130 FK144 ampliTexTM 5042
Company Glasscom, Spain Porcher Industries, Bcomp, Switzerland
Germany
Textile architecture 2x2 twill weave Plain weave 4x4 twill weave
Areal weight [g/m?] 580 395 500

2.2. Composite Manufacturing

All composites were manufactured using Vacuum Assisted Resin Infusion (VARI), which is an
industrially relevant process to impregnate the textile preform with the resin employing negative
pressure difference generated by a vacuum pump E2M28 (Edwards Limited, United Kingdom).
Figure 1 displays the VARI process as well as the manufactured plates which have the identical
geometry (a flat plate of 270 mm width and 269 mm length). Table 1 depicts the material amounts
per manufactured plate. The number of layers of textile reinforcement were selected to reach a similar
theoretical fiber volume content (FVC) of approximately 40% assuming the same composite
thickness, which will be verified and critically discussed in Section 3.1. The FVC ¢ is calculated using
Equation (1):

y
__Pr )
YT A &

where my is the mass of the fibrous reinforcement, pr is the fiber mass density, Atexis the area of the
preform, and t the (theoretical or measured) thickness of the composite [25]. The total matrix mass
for one plate in Table 1 was calculated by considering the mass in the plate as well as the losses during
processing, e.g., in the tubes. Other visible differences between the manufactured composites are the
need for drying the NF textile, and preheating of the ELSO-based matrix systems to ensure full
melting of the IA hardener. Additionally, the reactivity of the resin system differs regarding
temperature settings and curing times, which are significantly longer in the composites using ELSO

(compare Table 2).

GF1/ . GF2 1 NF/ NF/ELSO NF/
EP+TETA EP+TETA | bEP+TETA +A+Zn ELSO+IA

(b)
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Figure 1. VARI processing for the ELSA+IA resin system (a) and sample specimen of the five composites

produced (b).

Table 1. Material amounts (number of layers and masses) for the five different composites manufactured.

Materials GF1/ GF2/ NF/ NEF/ NF/
EP+TETA EP+TETA bEP+TETA ELSO+IA+Zn ELSO+IA
Layers [no] 9 13 6 6 6
Textile! [g] 376 366 204 204 204
Matrix? [g] 320 320 320 264 264
Hardener? [g] 80 80 80 136 136
- - 4 -

Catalyst? [g] -
TAfter drying for 30 min at 120°C for the NF. ?Total mass of matrix material prepared for one plate including

processing losses.

Table 2. Process parameters for the five different composites manufactured.

Materials GF1/ GF2/ NF/ NF/ NF/
EP+TETA EP+TETA  bEP+TETA ELSO+IA+Zn ELSO+IA
Resin pre- 30 min at 30 min at
heating i i i 80°C 80°C
Matrix 2 min at 2 min at 2 min at 30 min at 30 min at
mixing ambient air ambient air  ambient air 80°C 80°C
Matrix 6 min at 6 min at 4 min at
degassing  ambientair ambientair ambient air i i
Infusion 240 s at 100°C 200 s at 100°C 230 s at 100°C 680 s at 100°C 360s at 100°C
Curing 30 min at 30 min at 30 min at 600 minat 1,200 min at
100°C 100°C 100°C 120°C 120°C

2.2. Life Cycle Assessment

Environmental impacts of the different composites are analyzed from cradle to gate, starting
with the raw material acquisition to the incineration of the components at EoL. The processes and
materials considered in the LCA over the entire composite life cycle are depicted in Figure 2. A
passive field of application, such as in the construction sector is considered with the assumption that
no resources are consumed and no harmful substances are released to the environment during the
use phase [26]. This choice represents a simplification in order to focus on the manufacturing stage

and will be discussed in Section 5.
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Figure 2. Flow chart and system boundary for the LCA to compare fossil, partially and fully bio-based
composites from cradle to grave.

As the focus lies on the manufacturing of the fossil, partially and fully bio-based composites,
inputs and outputs to the composite manufacturing stage are differentiated per life stage and their
contribution to overall life cycle impacts is discussed. Only a part of the composite materials that
enter the VARI processing constitute the final component, which is also the reference flow of the
LCA. Composite materials that become processing waste are preform scraps after cutting and matrix
that remains in the tubes. VARI processing requires several single-use materials for process
conduction, such as vacuum foil, peel ply, inlet and outlet tubes, release agent and cleaning chemicals
and materials. Although the amount of consumables is constant for all composites, they are displayed
to analyze their contribution to overall environmental impacts. Together with the composite
materials waste, the consumable wastes are treated by means of incineration with energy recovery,
which is a likely scenario for these type of non-hazardous and calorific wastes [14]. Electricity
consumption comprises the sum of the electric energy necessary to operate the equipment, namely
the heating plate and the vacuum station as well as the oven to dry the NF preforms. The usage of
machinery is included in the LCA despite an often low influence of infrastructure on overall results
[27] because it varies among the composites manufactured according to the respective curing cycles.

While the manufacturing took place at laboratory facilities in Austria, the LCA geographical and
temporal scope is current Europe for two reasons: This study aims to be representative for the
European composites industry and wants to avoid under- or overestimate location specificities, for
example in regards to environmental impacts associated with energy consumption [28]. Most
chemical products and materials are derived from the European or global market, which limit the
gain in accuracy of geographical precision.

2.2.1. Functional Units

A two-pronged approach has been chosen to discuss the different functions of the composite
plate. In the first functional unit (FU1), environmental impacts are calculated per a composite plate
of equal geometry as manufactured using the VARI process. Other parameters of functionality, such
as material properties, quality or duration of service life are omitted as they are deemed sufficient for
the unspecified passive application. In the second functional unit (FU2), Ashby indices are used in
order to compare the manufactured composites at equal material properties by means of varying
composite thickness and thus, material inputs. Equation (2) is used to calculate the thickness ratio Riar
between target and reference material assuming a flat rectangular panel as the component geometry
[29]:

Sl

Eref) g 2)

Riar = (£
tar Etar

where Eryis the respective material property (e.g., Young’s modulus) of the reference material, Er is
the respective material property of the target material to be compared, and A is the design material
index, which depends on the specifications of the component. The different composites are compared
regarding tensile properties (strength and modulus), flexural properties (strength and modulus) and
Interlaminar Shear Strength (ILSS). All properties are measured using universal testing machine Z250
(Zwick Roell AS, Germany. The testing procedure follows the same specimen dimensions,
preparation and testing parameters as described in [21]. The design material index A can vary
between one and three depending on the field of application. A value of two has been chosen for this
case to provide a balanced view when the specific field of application of the product is unknown.
Nevertheless, this value choice can influence LCA results [30]. Out of the five composite properties
the ones with the most and least pronounced differences between the composites are chosen to model
the environmental impacts of FU2.
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2.2.2. Life Cycle Inventory

Inventory data was retrieved from various data sources, namely measurements in the
laboratory, the ecoinvent 3.9.1 cutoff database [31], and literature to model materials not existent in
the database. The amount of composite materials and consumables, as well as machinery
requirements and energy consumption have been measured in the laboratory. The measured
electricity consumption for the five plates is shown in Figure 3. The quantity of electricity varies based
on the inclusion of energy required to heat the oven and heating plate from ambient temperature to
the specified temperature for preform drying and infusion. For this LCA, the net energy consumption
(excluding the electricity consumed for experimental preparation) is selected as the baseline due to
the experimental character of the study and uncertainty of the heating up values considering
reproducibility. However, it is important to note that this choice gives a competitive edge to the GF-
based and the NF/bEP+TETA composites.

40 T
B Vacuum station - infusion
M Vacuum station - Gross: 16.31 kWh
degassing Net: 14.31 kWh
30 4+ | ®Heating plate - curing

Heating plate - infusion

Heating plate - heating up

20 1 Gross: 29.81 kWh
Net: 27.81 kWh

Electricity consumption per plate [kWh]

10 +
Gross: 3.98 kWh
Gross: 2.72 kWh Gross: 2.69 kWh Net: 1.27 kWh
Net: 0.85 kWh Net: 0.83 kWh —
] —
0
GF1/EP+TETA GF2/EP+TETA NF/bEP+TETA NF/ELSO+IA+Zn NF/ELSO+IA

Figure 3. Electricity consumption of the machinery needed for the manufacturing of the five different composite
plates differentiating between electricity consumption for experimental preparation, textile drying, matrix
degassing, infusion and curing,.

Figure 4 represents a simplified and incomplete overview of the origin and synthesis routes for
the composite materials used in order to increase the understanding for the multiple processing steps
required to turn fossil and bio-based raw materials into composite constituents. Especially oil refining
and steam cracking are complex, multifunctional processes [32]. To facilitate the graphical overview,
they have been reduced to the production of the main chemicals needed to synthesize this study’s
matrix materials. Furthermore, processes in the foreground system are shaded in turquoise in order
to increase transparency and replicability of the modelling [33].
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Figure 4. Flows and processes in the foreground system to model the inventory of the different matrix systems,

comprising the different resins, hardeners and catalyst, and glass and flax fiber textile reinforcements.

Not all materials constituting the reference flow are available in the ecoinvent database.
Therefore, the textile production process from glass and flax fibers is based on data of [34]. The Zinc-
based catalyst solved in mineral oil is represented by a dataset with similar composition and field of
application, lubricating oil. The fossil epoxy resin is synthesized through the reaction of bisphenol-A
and epichlorohydrin in presence of a base catalyst (such as sodium hydroxide), for which a dataset
from ecoinvent was used. The partially bio-based resin is chemically equivalent to the fossil epoxy
resin but uses bio-based propylene to synthesize the acetone and phenol required to produce
bisphenol-A. There exist different options to produce bio-based propylene from renewable resources,
such as syngas made from sugarcane-ethanol and woody-biomass [35,36] and hydrotreatment of
vegetable oils [37]. The latter was chosen to model the bio-based propylene as the inventory data
reported are industrially representative.

While for ELSO inventory is also based on literature [8], IA and TETA are based on
stoichiometric calculations. The pyrolysis process to obtain IA from citric acid is based on data from
[38]. It is assumed that TETA is produced from ethanolamine and ethylene dichloride in equal
quantities. The chemical modelling follows the recommendations of [27] to increase accuracy for
these data gaps [39]. It is nevertheless important to note that this data represents proxies and is subject
to uncertainty. Both, the processing waste treatment and the composite incineration at EoL have been
approximated using data from [40] for waste transport and size reduction, ecoinvent data for the
incineration process and values from [41] for energy and heat recovery from organic waste
incineration. Glass fiber waste treatment is modelled separately using mineral wool disposal as a

proxy.
2.2.3. Allocation and Biogenic Carbon

Allocating input and output flows of a process or product system among multiple outputs of
this process or system is a highly debated topic in LCA generally and in LCA of agri-food co-products
and food waste valorization systems in particular due to the influence on results [42]. In order to be
consistent with the attributional nature of this LCA, the multi-functionality of processes in the
foreground system has been resolved as recommended by [37], where the used cooking oil comes
burden-free from its first life and the environmental impacts of hydrotreatment and steam cracking
are attributed according to energy content. The steam generated in the latter process is modelled as
substitution to depict physical causality. The economic allocation principle was applied for the ELSO
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synthesis following the narrative of [8]. The data in the background system use default allocation as
implemented by the ecoinvent cut-off approach.

In addition to partitioning among multiple outputs, the uptake of atmospheric carbon by the
biomass used in the bio-based materials can have a potential benefit on the environmental impacts
of these composites, especially concerning the Global Warming Potential (GWP) [43,44]. Different
approaches to model carbon uptake (and release) exist but are subject to on-going research. The
consequences of shifting from fossil to biogenic resources require not only biogenic carbon
consideration over dynamic time frames but also other system changes, e.g., in regards to land use
[45,46]. As biogenic carbon modelling is not at the center of this research but should be considered as
a key difference between biogenic and fossil materials, a simplified carbon modelling using the -1/+1
approach is used. The CO: uptake (-1) is calculated considering the biogenic carbon content for the
composite materials in the component only, which is released during incineration at EoL (+1).

2.2.4. Life Cycle Impact Assessment

The Life Cycle Impact Assessment (LCIA) method selected for this study is Environmental
Footprint (EF3.1) as implemented in ecoinvent 3.9.1 due to its political relevance for Europe [47].
Furthermore, the display of 16 midpoint impact categories provides a more differentiated picture and
trade-offs between different environmental impacts. This is especially important because a change
from fossil to biogenic materials can lead to a shift in damage pathway, e.g., to a reduction in GWP
but an increase in eutrophication [48]. While the unit of the different impact categories is usually in
reference to the main substance emitted (e.g., COz-equivalent for GWP) the results are divided by
normalization factors [49] to identify the categories most pertinent in regards to global environmental
impacts. LCIA is carried out using OpenLCA 2.3.0 [50].

3. Results

This section presents the material testing results to determine the functional equivalence of the
five different composites before analyzing the environmental impacts for the two functional units.

3.1. Functional Equivalence of the Composites

Tensile, flexural and ILSS tests have been conducted to compare the composites environmental
performance regarding their expected level of quality within FU2. Table 3 summarizes the test results
for all five composites. The FVC in the composites varies from 58% in the GF1/EP+TETA to 40% in
the NF/bEP+TETA and NF/ELSO+IA composites using measured thickness data in Equation (1). The
composite density ranges from approximately 2 g/cm? in GF1/EP+TETA to around 1.2 g/cm? in the
ELSO-based composites. Similarly, there exist large differences in material properties. GF1/EP+TETA
exhibits highest values for all five properties, whereas the ELSO-based composites show a decrease
in performance of up to 85%.

Textile architecture and yarn properties, such as yarn spacing length, yarn count and yarn twist,
influence composite properties [51] and explain differences between the GF-reinforced composites
and NF/bEP+TETA, as the resin systems in all three cases are chemically equivalent. Laminate
pressure and compaction response of the textile reinforcement have a significant influence on
composite thickness, FVC and ultimately, composite properties [52]. Furthermore, the remaining
water content in the NF decreases composite properties and processability [53].

Next to textile characteristics, variations can be attributed to the choice of the manufacturing
process and processing challenges. Other processes with higher consolidation and compaction of the
textile, such as Resin Transfer Molding (RTM), lead to a higher FVC and comparatively better
material properties also for NF composites [54]. Achieving a full saturation of the NF textile and
minimizing void content with the ELSO-based resin systems proved difficult in the experimental
work due to the omission of the degassing step for reactivity reasons as stated in Table 2.
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Table 3. Fiber volume content (FVC), tensile properties, flexural properties and Interlaminar Shear Strength

(ILSS) for the five manufactured composites.

Tensile Young's Flexural Flexural
ILSS
strength modulus strength modulus [MPa]
[MPa] [GPal [MPa] [GPal
GF1/EP+TETA
FVC: 58% 659£17 30.0£1.7 694+35 29.2+0.7 46.3£1.0
GF2/EP+TETA
FVC: 53% 441413 27.8+1.0 486+11 26.8+0.3 41.6+1.4
NF/bEP+TETA
FVC: 40% 114+9 15.1+0.9 183+10 12.4+0.8 27.3+£1.3
NF/ELSO+IA+Zn
FVC: 42% 92+3 11.1+0.6 99+4 8.0+0.5 10.0£0.2
NEF/ELSO+IA
FVC: 40% 100+8 9.2+1.2 113+7 5.1+1.5 14.1+0.9

Tensile strength has been selected as the upper benchmark property for FU2 because it exhibits
the highest difference in absolute numbers with a decrease of 85% in tensile strength when comparing
GF1/EP+TETA and NF/ELSO+IA+Zn. While this approach is suitable for the experimental data
collected using the VARI process, it includes constraints of the manufacturing process to control the
textile compaction behavior. To emphasize on the material potential regardless of process selection,
material properties normalized to the FVC are used for the lower distinction of FU2. Considering
normalized values, tensile strength exhibits least variance among the five composites with 20%
difference between GF1/EP+TETA and NF/ELSO+IA+Zn.

3.2. Environmental Impacts per Composite Plate

The environmental performance of the five composite plates manufactured is in a similar order
of magnitude when comparing absolute numbers for the 16 impact categories, which is partially
caused by the limited comprehensiveness of the units for the majority of impact categories. Therefore,
Figure 5 depicts environmental impacts normalized to the annual impacts of an average global
citizen. It can be observed that NF/ELSO+IA leads to comparatively highest impacts in most
categories, while NF/bEP+TETA exhibits the lowest scores in 13 impact categories. Compared to
NF/ELSO+IA the difference in impacts varies from 33% for human toxicity, cancer to 85% regarding
land use. For ecotoxicity and ozone depletion, NF/ELSO+IA+Zn is most while GF1/EP+TETA is least
environmentally advantageous with 22% and 30% higher scores respectively. Manufacturing the
NF/ELSO+IA plate causes comparatively lowest water use, whereas GF2/EP+TETA is most impactful
in this category. Additionally, it is visible from the results that there exist only marginal differences
between GF1 and GF2 when comparing plate geometry only.

Despite the different scores in the respective impact category, the significance of most impact
categories compared to average annual impacts of a global citizen is similar for the five plates. Using
these normalization factors, freshwater eutrophication, and material and energy resource depletion
exhibit the highest normalized scores across all plates followed by ecotoxicity, GWP100 and human
toxicity, non-cancer. On the other hand, land use and ozone depletion are the least significant on the
normalized scale for all five plates. There are two potential explanations for the rather low normalized
land use results:

1. The relatively small amounts of biogenic materials needed per plate require a limited extent of
agricultural activity;

2.  The magnitude of land use impacts is also a consequence of choices undertaken in the
background database, where the land requirement is divided by the crop cultivation period.
Generally, a comparison of impact categories using (global) normalization factors is debatable

as normalization factors neither depict geographical specificities nor do they consider natural
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resource constraints [55]. Therefore, no conclusion should be drawn from these normalization results
on which impacts are more or less important when talking about optimization potentials for the
respective composites. The predicament of prioritizing impact categories according to normalization
factors becomes dispensable for this LCA study as most impact categories show similar trends when
performing contribution analysis per composite. Figure 6 shows the contribution of the different
input and output flows to the overall GWP100. In addition to the flows defined in Figure 2, biogenic
carbon uptake (CMc_Uptake) and waste treatment processes for waste occurring during processing
(wt) and for the component at EoL (CMc_EoL) are depicted separately.

GWP100

Water use Ecotoxicity

Land use Human toxicity, cancer

Human toxicity, non-
cancer

Marine eutrophication

Terrestrial
eutrophication

Freshwater

Photochemical oxidant .
eutrophication

Particulate matter Acidification

lonizing radiation

——— GF1/EP+TETA ——— GF2/EP+TETA NF/bEP+TETA

Figure 5. LCIA results per plate for all 16 impact categories normalized to the impacts of an average global

citizen per year for the five composites manufactured.
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Figure 6. Contribution analysis for the GWP100 of the five manufactured composites differentiated in composite
materials constituting the final composite (CMc), the carbon sequestration of these materials (CMc_Uptake) and
their EoL treatment (CMc_EoL), composite materials wasted during manufacturing (CMw) and their waste
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treatment (CMw_wt), auxiliary (AUX) and consumable (CS) inputs and their waste treatment (AUX-wt and
CS_wt), as well as energy consumption (E) and machinery usage (M) for VARI manufacturing.

In the NF/ELSO+IA and NF/ELSO+IA+Zn composites, energy consumption of plate
manufacturing is the main contributor in eight and six impact categories respectively. The
contribution varies from 10% (for land use in NF/ELSO+la+Zn) to 75% (for ionizing radiation in
NF/ELSO+IA) of the impacts. While this is specific for the ELSO-based composites, the materials
constituting the plate (CMc) account for a large amount of impacts across all five plates with up to
70% in water use of the NF/bEP+TETA. This comparison changes when considering biogenic carbon
uptake. Without the consideration of biogenic carbon, the GWP100 of CMc leads to a difference of
less than 4%. Adding environmental credits for carbon uptake to the CMc burden, NF/ELSO+IA
results in 13% lower GWP100 than the CMc of GF1/EP+TETA. Another process in which the ELSO-
based composites show a competitive edge over the fossil and partially bio-based composites is the
emissions from incineration at EoL due to the higher amount of material available for energy
recovery. Auxiliary material provision and their waste treatment after processing are negligible for
all five plates and 16 impact categories, accounting for less than 1% in most impact categories except
photochemical oxidant formation. Similarly, the only impact category where machinery usage has a
comparatively larger share is material resource depletion. The share in the fossil and partially bio-
based composites is still comparatively small (with 4% and 9% respectively), whereas it is more
elevated in the ELSO-based composites (with 35% of the material resource depletion impacts in
NF/ELSO+IA+Zn and 45% in NF/ELSO+IA) due to the longer processing time and thus, machinery
occupation.

3.3. Environmental Impacts per Equal Level of Functionality

Except for GF1/EP+TETA which serves as the benchmark for functionality comparison, the LCIA
results for all impact categories in the four thickness-adjusted composites increase between 3% and
39%. Following the rationale of Ashby modelling of varying thickness for all composites, the
contribution of CMc and EoL to overall impacts increases while the absolute impacts of the other
flows remain constant. Trends observed in FU1, such as the large accountability of the CMc in the
ELSO-based composites for water use, are amplified in both FU2.

Comparing the results of the LCIA of FU1 to the two distinctions in FU2 (per equal tensile
strength and per equal normalized tensile strength to the FVC as the maximum and minimum
difference in material properties respectively), three effects can be observed as visible in Figure 7:

1. The consideration of tensile strength as functionality parameter gives the GF1/EP+TETA
composite the competitive edge in environmental performance in six impact categories
compared to the other options, especially NF/bEP+TETA. FU2 using normalized tensile strength
values for Ashby equivalence provides the middle ground, where NF/bEP+TETA still exhibits
lowest scores in 11 impact categories;

2. NF/ELSO+IA remains the least advantageous composite for all three functional units regarding
environmental impacts in most categories. Nevertheless, in the two distinctions of FU2 the
differences between best and least performant option are less pronounced than in FU1. The only
three impact categories where FU2 can lead to potentially more pronounced differences among
the composite types are water use, and marine and freshwater eutrophication;

3. InFUI, the GF2 composite exhibits marginally lower environmental impacts (of maximum 2.8%
difference) than the composite using GF1. In FU2, the opposite is the case. Additionally, the
percentage variance between GF1 and GF2 is more pronounced, with GF1 outperforming GF2
by up to 9.5%.
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FU1: Per composite plate FU2: Per equal tensile FU2: Per equal normalized
strength tensile strength

| GWP100

| Ecotoxicity I

| Human toxicity, cancer i A 31.6%
| Human texicity, non-cancer i_B%
| Marine eutrophication i A 59.1%
| Terrestrial eutrophication i_z%
| Freshwater eutrophication i A 67.5%
| Acidifcation i A 56.1%
| lonizing radiation i A 71.6%
| Particulate matter 2%
| Photochemical oxidant 1%
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| Energy resources 7%
| Material resources 9%
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GF1/EP+TETA GF2/EP+TETA NF/ELSO+A+Zn NF/ELSO+A

Figure 7. Composite with the minimum and maximum environmental impacts per impact category for all three
functional units (per composite plate, per equal tensile strength and per equal normalized tensile strength) and

percentage variance between minimum and maximum values.

4. Discussion

The discussion aims to critically reflect on the LCA modelling choices implemented, and their
limitations and uncertainties, before putting this study’s results into context of previous research on
LCA of bio-based composites.

4.1. Limitations and Uncertainties

The methodological choices and inventory data of this study are subject to various limitations
and uncertainties, which affect LCIA results. An optimization of agricultural practices to produce the
bio-based constituents and renewable energy provision can improve the environmental
competitiveness of the ELSO-based composites compared to the baseline of conventional global
market data for flax fiber and the Austrian electricity grid mix. Another disputable choice is the usage
of waste vegetable oil coming burden-free from its previous life for synthesis of the partially bio-
based epoxy in the NF/bEP+TETA composite. Next to the methodological debate on partitioning
impacts for modelling recycling [56], there are also technical limitations and uncertainties: While used
cooking oil receives attention in various processes to promote green chemistry, the high-calorific
feedstock is available only in a limited quantity and quality [57,58]. Furthermore, it is important to
note that the Technological Readiness Level (TRL) of both innovative ELSO-based matrix systems is
lower than that of the fossil and partially bio-based systems, and composition ratios and process
parameters are subject to on-going research.

The environmental comparison of materials in this study is driven by resource acquisition,
manufacturing and EoL treatment as a passive field of application is assumed. In active fields of
application, such as the transport sector, the use phase accounts for a large share of impacts over the
entire life cycle. Considering use in the aerospace or automotive sector, the bio-based composites are
likely to have an advantage over the GF-based composites due to lightweight as illustrated in
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previous research [59]. Closely connected to the field of application are also the choices implemented
to calculate Ashby equivalence. Next to the selection of a case-specific lambda value, the usefulness
of this approach in LCA generally is limited as there exists a discrepancy between material properties
and end-product functionality. Nevertheless, this approach provides helpful insights for comparison
at the (intermediary) material stage [60]. Another constraint of functionality consideration within the
system boundary is the potential prospect to repair and recycle the ELSO-based composites due to
their vitrimeric function [61,62]. The consideration of alternative, circular EoL pathways was out of
scope of this study due to the focus on manufacturing, uncertainty in the context of the early stage of
resin development, and use-case ambiguity but should be subject to future research.

4.2. Benchmarking with Previous LCA Studies

Direct comparability of the findings of this study to previous LCA research in the field of bio-
based composites is restricted by technical and methodological differences. The former includes
varying technical parameters such as fiber type, matrix material, and manufacturing process choice,
while the latter comprises differences in LCA models such as system boundaries, database selection
and biogenic carbon modelling. The qualitative comparison reveals that this study agrees with some
previous findings but expands the discussion regarding processability of bio-based materials, and
the necessity of specification when using Ashby equivalence for comparisons within LCA.

Previous research focused primarily on material comparison. Many studies find that natural
fibers are environmentally advantageous compared to GF [6,10,20,63], although GF can also
outperform their bio-based counterparts [17]. The gap between these results can be bridged by the
findings of this study, which demonstrate that the bio-based materials have a competitive edge in
some impact categories when considering biogenic carbon uptake, which on the other hand is
challenged by additional manufacturing efforts (such as drying of the preform).

The comparison at equal material properties of this study contrasts previous findings: [64] found
that flax fiber outperforms GF at equal stiffness. While [14] comes to the same conclusion for stiffness,
their study found that GF leads to lower environmental impacts at equal strength in most impact
categories. The four bio-based composites (hemp woven fabric in a bio-based epoxy matrix cured
with two types of anhydride hardeners) assessed by [9] led to lower GWP than the GF composite for
both composite properties, namely equivalent flexural modulus and strength. Two conclusions can
be drawn from this discrepancy: Comparisons using Ashby equivalence should avoid generalizations
and rather emphasize on specifications of material types and properties (e.g., textile architecture, yarn
characteristics, matrix composition and treatment). Additionally, they should carefully reflect on the
manufacturing process choice and its parameters, as both factors influence component properties.
Combining LCA with experimental research on bio-based composite development to gather
complete and consistent data is pivotal in achieving meaningful results.

5. Conclusions

While bio-based fibers and epoxy systems have some advantages when compared to their fossil
counterparts, this study demonstrates that optimization of the material functionality as well as the
manufacturing process is needed in order to exploit their full potential. Partially bio-based materials
can provide a middle-ground, including some degree of environmental benefit of using biogenic
materials while also achieving comparative environmental impacts during the manufacturing stage.
Therefore, future research in material science should focus on increasing matrix reactivity (e.g.,
through catalysts and optimization of process parameters) and improving material properties, also
on NF textile production. The choice of the manufacturing process and its process parameters should
be critically reflected upon as it influences composite properties and can be a main driver of
environmental impacts, especially in passive field of applications. Further optimization potentials
concern biogenic material sourcing and upscaling of transformation and production processes, which
can be subject to prospective LCA [65].
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