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ABSTRACT

This study investigates the potential of regionally sourced natural fibers (NF) as sustainable feedstocks for
coreless filament winding (CFW), an innovative and resource-efficient composite fabrication method for con-
struction. As the sector moves towards bio-based materials, flax has emerged as a benchmark due to its
compatibility with CFW and favorable mechanical properties. However, supply chain vulnerabilities and price
volatility highlight the need for regional alternatives to flax fibers. By assessing hemp, miscanthus, lavender,
nettle and wheat straw cultivated in Baden-Wiirttemberg (BW), this paper links crop sustainability and fiber
suitability with the broader aim of strengthening local biomass utilization within the bioeconomy. A multi-stage
evaluation framework compares environmental, economic, social, and technical indicators against flax, focusing
on biomass availability, input intensity, ecosystem services, land-use competition, and fiber properties. The
results identify hemp as the most promising alternative due to its high fiber output, low cultivation inputs,
beneficial ecosystem services and mechanical performance. Nettle offers strong mechanical performance but
faces agronomic limitations, while lavender presents niche potential under integrated production systems.
Miscanthus and wheat straw, while unsuitable for direct CFW due to fiber morphology, may serve as supple-
mentary feedstocks through modified processing. These findings underscore the role of local biomass streams in
creating robust regional value chains, contributing to the resilience and sustainability of the bioeconomy. While
the focus of this study is on BW, the framework can be transferred to other regions and may serve as a practical
tool for policy, industry, and research seeking to advance circular approaches in bio-based construction.

1. Introduction

manufacturing technique used to create lightweight, material-efficient
composite structures without the need for a core or mandrel. Fibers

The construction industry is seeking ways to minimize its environ-
mental impact. Two key strategies are the increase of material efficiency
and the reduction of the environmental footprint of raw materials.
Research by the Integrative Computational Design and Construction for
Architecture cluster (IntCDC) at the University of Stuttgart, Baden-
Wiirttemberg (BW), Germany, has successfully combined both ap-
proaches by manufacturing natural fiber based structures with coreless
filament winding (CFW) (Carosella et al., 2024). CFW is an advanced

impregnated with resin are wrapped around clusters of spatially ar-
ranged anchor points (Mindermann and Gresser, 2023) in a controlled
sequence (Mersch et al., 2025), gradually building up a structure layer
by layer. Once cured, the result is a load-bearing component with
minimal material waste (Gil Pérez and Knippers, 2023). A key advantage
of CFW is its ability to reduce material consumption by strategically
placing fibers only where they are needed for structural performance
(Gil Pérez, 2024). By eliminating excess material and reducing reliance
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on energy-intensive molds, the process contributes to overall sustain-
ability in composite manufacturing. Moreover, the method is compatible
with a wide range of fibers (Mindermann et al., 2022b), including both
synthetic and natural options.

Past projects using natural fibers (NF) have primarily relied on flax
fibers due to their fabrication suitability and mechanical performance
(Mindermann et al., 2022b). However, supply chain constraints and
price volatility (CELC, 2024) raise concerns regarding future material
availability and cost. While flax remains an established reference, the
long-term development of bio-based composites in construction will
require a broader set of fibers. Current studies on NF composites often
concentrate on specific parameters such as mechanical properties
(Elfaleh et al., 2023; Harish et al., 2009; Summerscales et al., 2010),
life-cycle impacts (Deng and Tian, 2015; Gomez-Campos et al., 2021;
Ramesh et al., 2022), and general application potential (Ahmad et al.,
2015; Dittenber and GangaRao, 2012; Gurunathan et al., 2015), without
a multi-dimensional sustainability assessment. In addition, these studies
primarily examine globally prominent fibers such as flax, hemp, jute,
sisal, and coir, overlooking region-specific availability (Bogard et al.,
2022; Chang et al., 2020; Dicker et al., 2014). Local availability signif-
icantly influences the environmental performance and economic
viability of bio-based raw materials such as NF, making less common but
regionally grown fiber plants particularly relevant (Harish et al., 2009;
Ismail et al., 2011). Yet, there is a lack of systematic knowledge about
whether regionally available crops can provide sustainable and techni-
cally suitable alternatives to flax. Possible alternative fiber crops suit-
able for cultivation in BW are those that thrive in a mild climate, yet can
stand occasional heat and dry spells, while remaining resilient to cold
spells. Many of the common plant-derived fibers such as jute, sisal and
coir therefore do not present viable alternatives to flax as they cannot
grow under these climatic conditions. Flax (Linum usitatissimum L.) is
an annual crop originating from the Middle East, historically cultivated
widely in BW over the last century (Manian et al., 2021; FNR, 2008). It is
sensitive to both water scarcity and excess (Grundmann, 2009; Sazzini,
2024) and is used in textiles, food, and composite applications (FNR,
2008), with well-established commercial yarn production (CELC, 2024).
This assessment considers five alternative fiber crops:

(1) Hemp (Cannabis sativa L.) is an annual crop originating from
China, adaptive to a range of climatic conditions but moderately
drought sensitive (Adesina et al., 2020; Barth, 2015; Cherney and
Small, 2016; FNR, 2008). Hemp fibers are used in food and feed,
textiles, and composites (FNR, 2008). Commercial yarn produc-
tion from hemp fibers is well established (CELC, 2024). Cultiva-
tion in the European Union is permitted under strict regulations
regarding approved seed varieties and tetrahydrocannabinol
(THC) content below 0.3 % (BMEL, 2023).
Miscanthus (Miscanthus x giganteus) is a perennial grass origi-
nating from East Asia, propagated via rhizomes rather than seeds,
with an expected lifespan of approximately 16 years
(Lewandowski et al., 2000; KTBL, 2024a; Witzel and Finger,
2016). It is robust across a wide range of climatic conditions but
thrives especially in temperate climates. It is primarily used for
biomass and bioenergy and does not have established commercial
yarn production.
Lavender (Lavandula angustifolia Mill.) is a perennial crop native
to the Mediterranean region, preferring warm, dry climates with
little frost and well-drained soils (Bashyal, 2024; McCoy and
Davis, 1999). Cultivated mainly for essential oil, ornamental,
cosmetic, and pharmaceutical purposes (Lesage-Meessen et al.,
2018), fiber extraction from residues of essential oil production is
feasible, but commercial yarn production is not yet established
(Biopro, 2023).
(4) Stinging nettle (Urtica dioica L.) is a perennial European fiber crop
that grows best in temperate climates on moist, nitrogen-rich
soils (Bacci et al., 2009; TLLLR, 2021). It is used in textiles and
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pharmaceuticals and is related to ramie, a fiber commonly used in
biocomposites (Bogard et al., 2022; Koronis et al., 2013; Dicker
et al., 2014; Gurunathan et al., 2015). While nettle is a histori-
cally well-established textile crop, its commercial yarn produc-
tion today is limited to small-scale operations (Vogl and Hartl,
2003; TLLLR, 2021).

(5) Wheat straw (Triticum spp.) is an annual crop originating from the
Middle East, growing under temperate conditions but sensitive to
drought and heat (Becker et al., 2025; Curtis et al., 2002; Veli-
mirovic et al., 2021). It is primarily used for food and feed,
biomass, and paper production (Panthapulakkal et al., 2006). Its
potential as a fiber source is being researched, since it is a widely
available resource (BIOCOM, 2022).

This study applies a multistage framework that integrates economic,
environmental, social, and technical criteria. The specific aim is to
identify regional fiber crops that can serve as alternatives to flax fibers in
CFW for construction applications, with the evaluation grounded in
intrinsic fiber properties rather than existing processing maturity and
infrastructure. To this end, the study compares the suitability of fiber
crops regional to BW, Germany, while also developing a methodological
approach that links sustainability performance with technical process-
ability. In doing so, the study clarifies which fibers represent viable al-
ternatives and how such assessments can be carried out in a systematic
and transferable way.

2. Method

A systematic approach to assess the sustainability and suitability of
regional NF is employed, see Fig. 1. The assessment focuses on cultiva-
tion and the intrinsic properties of the fibers. Extraction and processing
are beyond the scope of this study, as little to no regional processing
infrastructure currently exists for any of the considered fiber crops,
regardless of their maturity or commercial use. The main aim is to
identify suitable alternatives to flax, including under-researched crops
with potential for future development.

The methodology consists of the following steps: (1) identifying fiber
crops suitable for cultivation in BW, (2) selecting sustainability and
suitability criteria based on an extensive literature review, (3) compiling
a refined set of evaluation metrics for data collection, and (4) bench-
marking the selected fibers against flax as a reference material.

2.1. Fiber crop selection

The first step in the framework is the selection of fiber crops to be
included in the assessment. This establishes the scope of the study and
ensures that the analyzed crops are both regionally relevant and
potentially suitable for use in CFW. In this context, the term natural fiber
refers to plant fibers only, excluding mineral and animal fibers. The
suitability of potential fiber crops is primarily based on the agro-
ecological conditions in BW, which determine both climatic feasibility
and expected cultivation performance.

The state of Baden-Wiirttemberg (BW) in Germany is situated in
Central-Western Europe within the temperate climate zone (Pfeifer
et al., 2021). Average temperatures have risen from 8.4 °C in the
reference period 1971-2000 to 9.3 °C in the years 1994-2023, with
further warming expected (Pfeifer et al., 2021; UMBW, 2023). This
development is accompanied by an increase in the number of hot days
above 25 °C and tropical nights. Frost days still occur but have become
less frequent (UMBW, 2023). The long-term annual mean precipitation
was approximately 957 mm between 1971 and 2000 (Deutscher Wetter
Dienst, 2024). Considering climate change, winters are projected to
become milder and wetter, whereas summers are expected to be drier
and hotter. In addition, the frequency of extreme weather events, such as
droughts, heavy rainfall and hail, is increasing. The changes in climate
present both opportunities as well as challenges for agricultural
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1. Fiber crop selection
A) Development of NF overview
B) Selection based on:
* Climatic requirements

* Processing
* Data availability

4. Benchmark comparison

A) Performance comparison
with flax

B) Relative ranking of fiber
alternatives
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2. Criteria selection

A) Development of criteria
catalog

B) Selection based on:

* Data availability
* Applicability

3. Data collection
A) Literature review of metrics

B) Data processing

Fig. 1. Overview of the applied framework.

activities and influence crop choices. Warmer temperatures and longer
vegetation periods (Pfeifer et al., 2021) can support crops with higher
heat requirements. At the same time, the combination of summer
drought risk, uneven precipitation, and more frequent weather extremes
raises the importance of crop robustness. Since frost events continue to

Natural Fibers

occur, crops grown in BW still need a certain level of frost tolerance,
particularly in early growth stages.

Soil conditions vary, with BW being divided into 26 large soil regions
that reflect geological and climatic patterns as well as long term land use
(LGRB, 2025). Loess derived soils dominate many lowland areas. They

Mineral Animal Plant
I
I I 1 T I 1
Asbestos Silk | Bast Leaf Stalk Fruit Grass Seed Wood
Basalt | Wool | ~| Flax | ~| Abaca | ~{ Wheat | Coir | Bamboo Cotton Soft Wood
Jute Sisal Rice Palm Miscanthus Kapok Hard
Wood
~| Hemp | ~| Banana | ~{SugarCane
Other
~| Kenaf | ~| Agave | ~{ Cereals |
~| Ramie ~|Pineapple

Fig. 2. Overview of Natural Fibers. Based on Gurunathan et al. (2015); Shadhin et al. (2023); Thakur et al. (2014); Zwawi (2021).
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are deep, well aerated and have strong plant available water capacity,
which supports stable yields under increasingly uneven rainfall (LGRB,
2025). Clay rich soils occur in several upland and foreland areas and are
more compact but provide marked buffering and filtration capacity,
which enhances nutrient retention and resilience to intense rainfall
(LGRB, 2025). In the higher elevations of the Black Forest coarse
textured and often shallow sandy soils are common, which are nutrient
poor with limited water holding capacity and therefore more sensitive to
drought stress (LGRB, 2025).

Against this background the selection of fiber crops follows a multi-
step elimination process. First, climatic feasibility restricts the set of
global fiber crops depicted in Fig. 2 to those that can be cultivated under
regional conditions, which initially includes flax, hemp, miscanthus,
lavender, nettle, wheat, bamboo and several woody species. Second,
processing considerations exclude crops that require conversion into
regenerated fibers, which removes softwood and hardwood species.
Third, data availability excludes crops for which no reliable regional
cultivation data exist, such as bamboo despite partial climatic suit-
ability. From the remaining options five crops fulfil the selection
criteria. The study therefore focuses on hemp, miscanthus, lavender,
nettle and wheat straw, with flax serving as the benchmark due to its
established role in biocomposite applications and its relevance for CFW
(Dambrosio et al., 2024; Mindermann et al., 2022a, 2025).

2.2. Criteria selection

The selected fiber crops are evaluated based on their sustainability
and their technical suitability, focusing on CFW applications. The
criteria are derived from an extensive literature review of both bio-
composite specific studies and of literature on sustainable biomass se-
lection for industrial applications. In total, 30 studies were reviewed
resulting in 31 criteria, see Appendix A. Out of the identified criteria,
eight were chosen to represent the economic, environmental, social and
technical dimensions as summarized in Table 1. Several initially iden-
tified criteria were excluded due to (1) insufficient empirical data for
regional fiber crops, (2) redundancy, or (3) limited relevance to CFW
applications. The performance of each crop across the defined criteria is
assessed using a set of quantitative and qualitative metrics, see Table 1.

2.2.1. Economic criteria

The economic dimension reflects the competitiveness and supply
potential of fiber crops in the regional contexts. Out of the economic
criteria identified in the literature, three were selected. First, the fiber
output in tons per hectare (t/ha) is calculated. It serves as a basis on
which quantitative metrics can be compared across crops and reflects
the land-use-efficiency regarding fiber production targets. The current
supply capacity is the sum of the crop’s fiber output multiplied with
current (2013-2023) land allocation data for BW. The supply capacity
directly determines the availability of feedstock for CFW applications
ensuring that fibers are evaluated by their capacity to provide sufficient
material volumes at scale. The price of biomass and fibers was selected
as complementary criteria to capture the market dimension. Prices in-
fluence competitiveness, land allocation and adoption in construction
applications.

2.2.2. Environmental criteria

The literature review revealed a wide range of environmental pa-
rameters used to evaluate NF, see Appendix A. However, many of these
criteria are difficult to apply consistently at a regional scale, either
because empirical data is scarce or because the indicators are highly
context specific. For this reason, the framework focuses on two envi-
ronmental criteria that are both widely referenced in the literature and
feasible to assess for the selected crops.

Input intensity captures the direct environmental pressures of culti-
vation. Fertilizer, pesticide, and water and energy required for the
cultivation directly shape the ecological profile of the fiber crops. A low
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Table 1

Selected sustainability and suitability criteria and metrics.
Dimension Criteria Description Metric
Economic Fiber Output ~ Amount of the fiber W Biomass yield

output per hectare W Fiber content
and year as the

product of biomass

yield and fiber

content.

Supply Represents the W Fiber output

capacity current supply M Cultivation area
potential of the fiber
crops as the product
of fiber output and
cultivated area in
BW.

Price Price of fiber crop M Biomass price
biomass and fiber W Fiber price
products.

Environmental Input Quantity of inputs M Fertilizer input
intensity needed for fiber crop W Water requirement
cultivation including M Energy requirement
fertilizer, M Plant protection
plant protection, requirement
water and energy.

Ecosystem Comprises ecosystem M Soil impact

services services related to M Phytoremediation
biodiversity impacts, capability
regulating services W Habitat services
and impacts on soil M Pollinator support
quality. W Plant protection

requirement
Social Food Captures the W Provisioning
security competition between services

impact fiber crops and food/ W Soil requirements
feed crops for arable
land.

Technical Physical Physical appearance W Fiber length
properties of the fibers M Fiber diameter
expressed by fiber M Density
length, fiber
diameter, and
density.

Mechanical Contains tensile Tensile strength

properties strength, Young’s Specific tensile

|
||
modulus, and strength
elongation at break, MW Young’s modulus
which characterize W Specific Young’s
modulus
M Elongation at break

the mechanical
behavior of the fibers.

input requirement is therefore regarded as environmentally more sus-
tainable. For dual use crops, such as lavender and wheat, a weight-based
input allocation is applied. The allocation is based on literature data on
wheat cultivation (Borrion et al., 2012; Ingrao et al., 2018; Wang et al.,
2013) and essential oil production (Aprotosoaie et al., 2017; Lesage--
Meessen et al., 2018; Zheljazkov et al., 2013).

The criterion "ecosystem services" is included to reflect both positive
and negative contributions of crops, such as soil fertility improvement,
carbon sequestration or the negative impact of plant protection on
biodiversity. While these effects are more difficult to quantify than input
levels, excluding them would overlook relevant co-benefits.

2.2.3. Social criteria

For the social dimension, food security impact was selected as the
sole criterion. It reflects the competition between fiber crops and food or
feed crops for arable land. Given the fiber quantities required for CFW
production, potential trade-offs with food security must be considered,
particularly in a region, such as BW, where agricultural land is limited.

2.2.4. Technical criteria
Successful implementation of bio-based materials in CFW depends
on several key processing parameters, underscoring the complexity of
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implementing bio-based systems within CFW and highlight the need for
an integrated approach to material selection, processing optimization,
and performance evaluation.

The technical dimension reflects both the processability of individual
fibers into semi-finished products and the achievable quality of the
finished components. Physical properties include fiber length, diameter,
and density. These parameters determine the physical appearance of the
fibers and strongly influence processability. Fiber length and diameter
affect bundle coherence and hairiness, which are central to performance
in CFW. In general, longer fibers enhance yarn performance due to
greater overlap per unit length, reducing the need for force transfer
across fiber interfaces. Fiber diameter, when considered relative to
length and at a constant yarn cross-section, primarily informs process-
ability rather than mechanical performance. Density is used to calculate
specific material properties as well as the achievable composite archi-
tecture. High bundle coherence enables fibers to withstand the tension,
abrasion, and bending stresses during winding, but may reduce matrix
impregnation. Conversely, excessive hairiness can lead to yarn
breakage, contamination of the matrix, and blockages in the system,
undermining processing stability and fiber volume ratio (FVR) accuracy.
Consistency in these parameters is therefore essential to avoid issues
such as matrix leakage or irregular winding tension.

Mechanical properties include tensile strength, Young’s modulus,
and elongation at break. These determine both the handling of fibers
during winding and the performance of the final composite. The tensile
strength characteristic value is the maximum tensile force that can be
applied in relation to the initial cross-section and thus expresses the
load-bearing capacity of the fibers. In turn, this defines the total amount
of fiber required. For comparability between crops of different densities,
specific tensile strength as the quotient of the tensile strength and the
density is used. Young’s modulus is the proportionality factor between
the force applied to the initial area and the resulting deformation and
reflects stiffness. It likewise affects the required fiber quantities and final
component design, with a specific modulus calculated for consistency
across crops. Elongation at break is defined as the permanent percentage
change in the length of the material at the moment of failure, relative to
its initial length. It describes the ability of the material to deform before
failure, increasing the probability of detecting damage before collapse.

Fiber-matrix bonding is a decisive factor for the structural perfor-
mance of CFW composites, but it was excluded from the criteria in this
study. For the uncommon fiber crops considered here, no representative
samples were available for testing, and literature data are insufficient to
provide reliable values. Since bonding strongly depends on surface
chemistry and processing conditions, it cannot be reasonably compared
across crops at this stage.

2.3. Data

The evaluation relies on data from diverse research fields, including
biodiversity studies, agronomic reports, life-cycle assessments, market
analyses, and material sciences. Data collection faced two main chal-
lenges. Firstly, since the focus lies on BW, the objective was to gather
region-specific cultivation data that reflect local climate and soil con-
ditions. To supplement peer-reviewed sources, industry reports and grey
literature (e.g., cooperative reports, government publications) were also
included. However, data availability varies considerably between crops.

Secondly, the availability of data on fiber content, biomass and fiber
prices and lastly mechanical characteristics depends on the existence of
commercial fiber production. To ensure comparability of physical and
mechanical properties, values were extracted from as few sources as
possible. Nevertheless, differences in testing conditions, such as load
case or testing speed, made it unavoidable to combine heterogeneous
sources. In some instances, values were obtained indirectly, for example
from composite or fiber testing. Since the study covers fiber crops with
limited research coverage and no established production processes, data
for all metrics could not be obtained consistently across the entire crop

Cleaner and Circular Bioeconony 13 (2026) 100199

selection. For the fiber output criterion, uncertainty in biomass yield and
fiber content data was addressed by applying a Monte Carlo simulation.
The simulation is based on 10k random draws from uniform distribu-
tions defined by reported minimum and maximum values for yield and
fiber content. For miscanthus and wheat straw, no crop-specific fiber
content values were available in the literature. To enable their inclusion
in the analysis, a range of 5-20 % was applied to reflect a low to medium
fiber content (Bogard et al., 2022; Martz et al., 2024). Region-specific
price data is only available for wheat straw. Price data for flax, hemp,
miscanthus, and nettle is obtained from the European market. As lav-
ender fiber production remains limited to research initiatives, no price
data for lavender stems is available.

2.4. Benchmark comparison

The evaluation of alternative fiber crops in this study follows a
benchmark comparison approach, with flax used as the reference ma-
terial. Flax is not necessarily the optimal fiber across all sustainability
dimensions, but its widespread use, especially in CFW, and established
supply chain in Europe make it a suitable baseline for assessing alter-
natives. The study applies a relative comparison rather than an absolute
ranking. Each fiber crop is assessed against flax across the selected
sustainability and suitability criteria, highlighting areas where alterna-
tives demonstrate superior, comparable, or inferior performance. A
relative ranking is derived from these individual comparisons to identify
crops with the highest potential as alternatives to flax. The four di-
mensions, economic, environmental, social, and technical, are consid-
ered equally, with no weighting applied, to ensure a balanced
assessment. Crops that perform positively across all criteria are consid-
ered more suitable than those that excel in only one dimension,
reflecting the value of consistent, well-rounded performance.

3. Results and discussion
3.1. Economic sustainability

The economic analysis evaluates the fiber output per hectare as well
as the overall supply capacity in BW considering land allocation and
price dynamics. Table 2 shows the annual fiber output as the product of
biomass yield and fiber content, referring to the amount of raw, un-
processed fibers that can be obtained per hectare. The crops can be
grouped into those with higher fiber output compared to the benchmark,
and those with lower output. Considering mean values, miscanthus and
particularly hemp outperform flax with respectively more than double
(2x) and triple (3x) its fiber output. Lavender, nettle and wheat straw
show a lower mean output, although nettle and wheat are close to the
1.1 t/ha benchmark of flax. Taking the minimum and maximum values
into consideration, the high land-use efficiency of hemp becomes even
more apparent, while nettle shows the potential of a higher fiber output
than flax.

When current land allocation is taken into account, the ranking shifts
considerably. Wheat straw is the most abundant fiber source, with an
estimated mean annual output of approx. 192k t/a. This outcome is
primarily the result of the extensive wheat cultivation in BW
(Statistisches Landesamt BW, 2024). Hemp and miscanthus follow at a
significantly lower supply capacity, with mean annual outputs of 1511 t
and 914 t respectively. Despite its competitive per hectare output, there
is no reported cultivation (See n.d. in Table 2) of flax in BW and
therefore no statement on the regional supply capacity can be made. The
annual outputs of nettle and lavender remain negligible under present
conditions. These findings highlight the importance of distinguishing
between land-use efficiency in terms of fiber output per hectare and fiber
supply based on the allocated land. The latter being determined by land
allocation decisions, which are influenced by market dynamics such as
demand and price fluctuations. Fig. 3 establishes a price hierarchy for
the different fiber crops, enabling an assessment of their attractiveness
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Table 2

Literature data and calculations on biomass availability of fiber crops in BW.

Main Ref.

Wheat

Nettle Main Ref.

Lavender Main Ref.

Miscanthus Main Ref.

Hemp Main Ref.

Flax Main Ref.

Metric

Straw

KTBL (2024a, 2024b)

5.9

6.9
7.9

5.0

Bogard et al. (2022);
Vogl and Hartl (2003)

0.4

Demir et al.

Lewandowski et al. 0.5

0.0

1

Grégoire

10.0

Agrargenossenschaft BC (2014);
Coon et al. (2014); FNR (2008)

min.

Yield

5.7
11.0
6.0

(2022); Flanagan

(2020)

(2000); Moll et al.

(2020)

20.0
3

et al. (2021)

12.5

mean 4.3

[t/ha]

0.0

15.0

6.0

max.
min.

Bogard et al. (2022); Martz

Bogard et al. (2022);
et al. (2024)

Biopro (2023)

5.0

Bogard et al. (2022);
Martz et al. (2024)

FNR (2008) 5.0

28.0

18.0 Gomez-Campos et al. (2021);

mean 25.4 Grégoire et al. (2021)

Fiber

12.6

Schneider and Beckhaus
(2020)

14.1

7.5
10.0

12.5

28.0

Content
[ %]
Fiber

20.0

22.0
0.0

20.0
0.5

28.0
2.8
3.5

4.2

33.0
0.5

max.

min.

calculated

calculated

calculated

calculated

calculated

calculated

0.2

2.5
6.0

mean 1.1

Output

[t/ha]
Cultivation Area

1.6

2.4

n.d.

0.3

2.0

max.

Statistisches Landesamt

222,000

Biopro (2023)

1.8

Ministerium fiir

366

BLE (2021)

432

n.d.

Baden-Wiirttemberg(2024)

calculated

Ernahrung (2013)

calculated

[ha]
Supply

67,333

calculated

n.d.
n.d.
n.d.

calculated

0.1

198
913

calculated

1209
1511

calculated

n.d.

mean n.d.

min.

192,079
348,988

0.3

Capacity

[t/a]

0.6

2180

1814

n.d.

max.
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to both producers and consumers, in this case, farmers and manufac-
turers of NF biocomposites. The hierarchy is derived from observed
market prices of biomass crops over the past decade, adjusted for
inflation with 2020 serving as the base year (Eurostat, 2022). This
standardization enables consistent comparison of biomass and fiber
prices across different years.

The price distribution shows clear differences between crops.
Biomass prices have fluctuated strongly over the past decade due to
changing demand and weather-related yield shocks (Alliance for Euro-
pean Flax-Linen and Hemp, 2024). Flax in particular shows volatility
with a coefficient of variation (CV) of 0.73. The CV measures the relative
variability of a dataset by expressing the standard deviation as a pro-
portion of the mean. Hemp, by contrast, has maintained more stable
prices, with a median price above flax and a CV of 0.16. For producers,
this stability makes hemp an attractive crop choice compared to flax.
Miscanthus biomass and wheat straw are priced significantly lower,
reflecting their predominant use in low-value applications such as bio-
energy (Witzel and Finger, 2016). With a CV of 0.62, both crops show a
better price stability than flax. In the case of wheat straw, low prices are
feasible since straw is a byproduct of more profitable grain production.
Reliable data for nettle prices is scarce, but available values suggest
prices around 1.6 x higher than flax and a CV of 0.67. This wide range
may not reflect market dynamics, as in the case of flax, but rather the
very limited number of observations (Viotti et al., 2022). Higher nettle
prices could create opportunities for small-scale suppliers, though
limited cultivation experience and more complex agricultural practices
persist (Institut fiir Pflanzenkultur e.K., 2019). Lavender faces similar
challenges, intensified by uncertainties in processing and market
development.

However, for CFW applications fiber prices, not biomass prices,
determine economic viability. There is no established market for fiber
products from miscanthus, lavender, nettle, or wheat straw. The
assessment of these crops is hence limited to biomass prices. In contrast,
flax and hemp fibers are already available on the market, allowing direct
comparison. Fig. 2 shows that flax fibers average about 2.8 €/kg,
roughly twice the median hemp fiber price. Yet this gap is overstated, as
CFW applications primarily use lower-grade flax fibers (Graupner et al.,
2020).

3.2. Environmental sustainability

Fig. 4 illustrates the differences in input requirements per ton of fiber
output across the examined crops. Hemp exhibits lower fertilizer needs
than flax, except in the case of potassium, whereas most other alterna-
tive fiber crops generally require higher levels of input. This can be
attributed to two different reasons: While lavender requires significantly
less fertilizer than flax, its fiber output per hectare is around 80 % lower
than that of flax, resulting in a high relative requirement. Wheat straw
and nettle, in contrast, have a considerably higher absolute fertilizer
demand leading to a weaker performance despite their medium to high
fiber output. Miscanthus presents a more nuanced case as nitrogen and
phosphorous demands are lower than those of flax, while its potassium
and lime demand exceed the benchmark.

A similar pattern can be observed when energy and water re-
quirements are compared. Hemp remains the best performing crop fol-
lowed by miscanthus, while lavender and wheat straw are above the
benchmark of 3200 MJ/t and 340mm/t, indicating an inferior perfor-
mance. There is no available data on the energy or water requirements of
nettle. Since the crop is generally regarded as water-loving and associ-
ated with moist habitats such as riversides (Viotti et al., 2022; Vogl and
Hartl, 2003), a relatively high water demand may be assumed. However,
the water requirements of all selected crops are currently covered by
rainfall in BW. Considering the increasing frequency of extreme weather
events such as droughts (Imbery et al., 2024), this criterion can be
considered primarily forward-looking.

Plant protection requirements can be taken into account for the input
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Fig. 3. Biomass (left) and fiber prices (right), presented in real terms with 2020 as the base year. See Appendix B for references.
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Fig. 4. Fertilizer (top), energy (bottom-left) and water requirement (bottom-right) per ton of fiber output per crop. *weight-based allocation based on the residue
weight compared to the full plant. (See 2.2.2. for details). See appendix B for references.

intensity criteria as well as for their impact on the surrounding
ecosystem. The literature findings in Table 3 emphasize hemp, as the
only fiber crop not requiring plant protection measures as its fast growth
suppresses weeds. Miscanthus, Lavender and Nettle share similar re-
quirements: Mechanical or chemical weed control can be necessary in
the establishment phase but can be considered low. Flax and particularly
wheat require chemical weed control due to the open crop structure.
Regarding ecosystem services, hemp stands out for its positive

impacts such as soil erosion prevention, high carbon sequestration,
phytoremediation capabilities as well as habitat services and particu-
larly pollinator support due to late flowering (European Environment
Agency, 2007; FNR 2008). These consistently positive characteristics
also largely apply to nettle and miscanthus (Sa et al., 2020; Viotti et al.,
2022). Literature data on lavender ecosystem services is limited to re-
ports of positive habitat services and pollinator support (Kozuharova
and Vereecken, 2024). Wheat performs least favorably, with high
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Turunen and Van
Der Werf (2007)

Table 3
Overview of literature results on ecosystem services of fiber crops.

Metric Flax References Hemp References Miscanthus References Lavender References Nettle References Wheat Straw References

Soil Impact Alleviates soil ~ CELC (2022); Deep roots Adesina et al. High biomass European n.d. High biomass Viotti et al. Intensive European
compaction; FNR (2008); prevent soil (2020); accumulation Environment accumulation (2022) rooting Environment
Prevents soil Turunen and Van compaction Biswakarma improves soil Agency (2007); improves soil alleviates soil ~ Agency
erosion; Der Werf (2007) and erosion; et al. (2023); quality; Lewandowski quality compaction; (2007); Sun
High carbon High carbon Cherney and Prevents soil et al. (2000); Limited soil et al. (2020)
sequestration sequestration Small (2016); erosion McCalmont erosion

FNR (2008); et al. (2017); prevention
Kaur and Tsalagkas et al.
Kander (2023) (2021)
Phytoremediation n.d. Remediation Biswakarma Remediation Saetal (2020)  n.d. Remediation Viotti et al.  n.d.
Capability of heavy- et al. (2023); of heavy-metal of nitrate and (2022)

metal Cherney and polluted soil phosphate

polluted soil Small (2016); overloaded
Kaur and soils
Kander 2023;
Meffo Kemda
et al. (2024)

Habitat Services Open crop European Provides European Provides Lewandowski Promotes Kozuharova Promotes FNR Direct European
structure Environment shelter Environment shelter and et al. (2016); high and biodiversity of (2024); impacts of Environment
allows weed Agency (2007) Agency fodder during McCalmont species Vereecken local floraand  Viotti et al.  plant Agency
growth as (2007); Meffo winter etal. (2017); Sa richness (2024) fauna (2022); protection (2007);
fodder Kemda et al. et al. (2020) Vogl and requirement Halpern et al.

(2024) Hartl on habitat (2022)
(2003) quality
Pollinator Support  n.d. Late Adesina et al. Little to no European Promotes Kozuharova Host plant of FNR Dense cover European
flowering (2020); impact on Environment high and several (2024); suppresses Environment
supports European pollinators Agency (2007);  species Vereecken butterfly Viotti et al.  weeds Agency (2007)
pollinators Environment Lewandowski richness (2024) species (2022);
Agency etal. (2016);Sa  especially Vogl and
(2007); Kaur et al. (2020) in bees Hartl
and Kander (2003)
(2023); Meffo
Kemda et al.
(2024)
Plant Protection Requires CELC (2022); Fast growth Barth (2015); Chemical plant ~ European Chemical Bashyal Requires Sadik Requires European
Requirement chemical FNR (2008); suppresses FNR (2008); protection Environment plant (2024); mechanical (2019) extensive Environment
plant Gomez-Campos weed thus no Kaur and measures can Agency (2007); protection Flanagan weed removal chemical and Agency
protection et al. (2021); plant Kander (2023); be necessary in KTBL (2024c¢); measures (2020) in the first mechanical (2007); KTBL
measures Rohricht (1998); protection Scalabrin et al. the first few McCalmont can be year plant (2024b
Stavropoulos necessary (2024) years et al. (2017) necessary protection 2024a);
et al. (2023); measures Meisterling

et al. (2009)
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fertilizer and pesticide demands lowering habitat quality and a dense
canopy reducing nesting opportunities (European Environment Agency,
2007; Halpern et al., 2022).

3.3. Social sustainability

The large-scale cultivation of NF crops has social implications
beyond direct economic aspects. In particular, the link between fiber
crop production and food security deserves closer attention, given
resource constraints and land-use competition. A main distinction can be
made between crops that directly compete with food production and
those that can grow on marginal land.

Flax and hemp are often incorporated in conventional crop rotations
(Adesina et al., 2020; CELC, 2022), reducing direct competition for land.
However, when cultivated at larger scales, both may still pose trade-offs
with food production. In this context, hemp offers a comparative
advantage due to its higher raw fiber yield per hectare, which translates
into more efficient land use. Hemp as well as miscanthus can moreover
be cultivated on marginal land (Sa et al., 2020; Scalabrin et al., 2024),
further alleviating pressure on arable land. Miscanthus' perennial
growth cycle and long establishment phase may however reduce flexi-
bility in short-term land allocation. Other crops such as lavender and
nettle also tolerate lower soil fertility (Viotti et al., 2022), potentially
minimizing land competition with food crops, although lavender’s
relatively low yield and fiber content limit its efficiency. Wheat straw
stands out as a byproduct of grain production and thus does not require
dedicated land, making it the least likely to affect food security
negatively.

3.4. Technical performance

While economic, environmental and social aspects are important in
evaluating NF crops, the potential of fibers for CFW ultimately depends
on their suitability for processing into semi-finished products and their
technical performance. Table 4 summarizes the physical and mechanical
properties. Products from flax and hemp are commercially available and
can be tested directly, while data for the other fibers must be estimated
based on reported physical and mechanical properties from sources
around the world. These values depend on many factors, including
climate, cultivation, harvest, and processing (Fuchs and Albrecht,
2012). The following statements therefore reflect a qualitative com-
parison of individual fiber properties. Composite properties depend on
yarn production and winding and may differ from the order presented
here.

This comparison does not replace real-world testing but provides an
overview of available data. The decisive criterion for yarn production is
fiber length, as it determines friction transfer between fibers. Lavender
shows the longest fibers ranging from over 50 mm to 300 mm (Eyupoglu
and Merdan, 2021; Stegmaier et al., 2024), exceeding flax (Charlet et al.,
2010). Nettle (Bacci et al., 2009) and hemp (Charlet et al., 2010) are in
the same range as flax, while wheat straw (Kasmani and Samariha, 2011;
Pan et al.,, 2009) and miscanthus (Bourmaud and Pimbert, 2008;
Lundquist et al., 2004), with fibers in the low millimeter range, are too
short for further processing. Fiber diameter is also important, since
larger diameters increase bending stiffness, making fibers harder to
process, and are more prone to defects. At 295 ym (Eyupoglu and
Merdan, 2021), lavender fibers are far thicker than flax (Bodros and
Baley, 2008; Charlet et al., 2010; Zwawi, 2021), which complicates
spinning. Extraction methods such as bacterial, enzymatic, and alkaline
treatments, as well as combinations of these methods, are being inves-
tigated (Stegmaier et al., 2024), and blended yarns with fineness be-
tween 12 and 20 dtex already exist (Sarsour et al., 2023). These methods
reduce diameter but also shorten fibers. Miscanthus fibers (Bourmaud
and Pimbert, 2008; Lundquist et al., 2004) also exceed the flax reference
(Bodros and Baley, 2008; Charlet et al., 2010; Zwawi, 2021), while
hemp (Bodros and Baley, 2008; Charlet et al., 2010), nettle (Bacci et al.,
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2009; Bodros and Baley, 2008; Zwawi, 2021), and wheat straw
(Kasmani and Samariha, 2011) are similar. Density is approximately 1.5
g/cm® for flax (Bodros and Baley, 2008; Zwawi, 2021), hemp flax
(Bodros and Baley, 2008; Zwawi, 2021), miscanthus (Lundquist et al.,
2004), and nettle (Zwawi, 2021). Lavender has a lower density of 0.87
g/cm?® (Eyupoglu and Merdan, 2021). No value was found for wheat
straw. The tensile strength of hemp (Bodros and Baley, 2008; Charlet
et al., 2010; Zwawi, 2021) and nettle (Bodros and Baley, 2008; Zwawi,
2021) falls within the range of flax (Bodros and Baley, 2008; Charlet
etal., 2010; Zwawi, 2021), with nettle at the upper end and hemp at the
lower end. Lavender (Eyupoglu and Merdan, 2021) has lower tensile
strength than flax (Bodros and Baley, 2008; Charlet et al., 2010; Zwawi,
2021) and miscanthus (Lundquist et al., 2004), but it has higher tensile
strength than wheat straw (Pan et al., 2009). In terms of Young’s
modulus (Bodros and Baley, 2008; Charlet et al., 2010; Eyupoglu and
Merdan, 2021; Lundquist et al., 2004; Pan et al., 2009), the classification
of the fibers corresponds to their tensile strength classification.
Considering density, lavender performs slightly better in specific tensile
strength and specific Young’s modulus due to its lower density, while
the others show little difference.

3.5. Ranking of flax alternatives

Flax serves as the benchmark fiber in this assessment. However, its
established position reflects not only its agronomic and technical attri-
butes but also the cumulative effects of long-term optimization and
infrastructure development. This historical advantage may distort per-
ceptions of its relative competitiveness, especially when compared to
less established alternatives that have not yet benefited from similar
levels of investment or adaptation. Nevertheless, the assessment shows
that flax performs well in both sustainability and technical criteria. From
a land-use efficiency perspective, its lower yield and the absence of
current cultivation in BW limit the available fiber supply. The economic
assessment further identifies considerable price volatility, which may
constrain the potential for future expansion. In this context, the results
provide the basis for a comparative ranking of flax fiber alternatives.
While each crop demonstrates context-specific advantages and trade-
offs, the data indicate a clear pattern in relative performance across
the evaluated dimensions.

Hemp is the highest-performing alternative to flax. In addition to its
low input requirements, hemp contributes positively to ecosystem
functions, including pollinator support and soil enhancement. Its limited
reliance on plant protection measures offers a particular advantage over
flax. From an economic perspective, hemp demonstrates strong poten-
tial, with a mean fiber output approximately three times greater than
that of flax. Furthermore, stable market prices and continued efforts to
expand regional cultivation (BLE, 2021; MLE, 2024) indicate that hemp
production is likely to grow in the coming years. If this expansion is
directed toward marginal land rather than displacing food or feed crops,
the risk of negative impacts on food security can be minimized. Lastly,
the physical properties allow further processing, with performance
somewhat lower than flax but still technically sound. The tensile
strength and Young’s modulus ranges for flax and hemp overlap, but
flax's average values are higher in both cases. Experiments have already
proven that, at the material level, flax has higher strength and stiffness
(Mindermann et al., 2022a). Similar to flax, semi-finished products are
available, and initial applications have been reported.

Nettle represents another viable alternative to flax, as it performs
well across the range of criteria. Its favorable mechanical characteristics,
including fiber strength and spinnability, support its suitability for fiber
applications and imply a performance comparable to that of flax.
Although large-scale cultivation is not currently practiced, its high
biomass and fiber content still suggest potential as a fiber crop. From an
environmental and social perspective, nettle offers advantages such as
the ability to grow on degraded land and its preference for moist soils,
which could support cultivation on marginal sites and reduce
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Table 4
Physical and mechanical properties.
Metric Flax Main Ref. Hemp Main Ref. Miscanthus ~ Main Ref. Lavender ~ Main Ref. Nettle Main Ref. Wheat Main Ref.
Straw
Fiber length 4-80 Charlet et al. 5-55 Charlet et al. 0.5-1.2 Bourmaud and > Eyupoglu and 43-58 Bacci et al. 0.3-1.1 Kasmani and
[mm] (2010) (2010) Pimbert (2008); 50-300 Merdan (2021); (2009) Samariha (2011);
Lundquist et al. Stegmaier et al. Pan et al. (2009)
(2004) (2024)
Fiber diameter 5-76 10-51 Charlet et al. 13-230 Bourmaud and 295 Eyupoglu and 19-80 Bacci et al. 19 Kasmani and
[um] Charlet et al. (2010) Pimbert (2008); Merdan (2021) (2009); Zwawi Samariha (2011)
(2010); Zwawi Lundquist et al. (2021)
(2021) (2004)
Density 1.5-1.53 Bodros and Baley 1.48 Bodros and Baley 1.53-1.54 Lundquist et al. 0.87 Eyupoglu and 1.51 Zwawi (2021) n.d.
[g/cm3] (2008); Zwawi (2008); Zwawi (2004) Merdan (2021)
(2021) (2021)
Tensile strength 345-2000  Charlet et al. 270-1100  Bodros and Baley 743-913 Lundquist et al. 227 Eyupoglu and 650-1594  Bodros and 43 Pan et al. (2009)
[MPa] (2010); Zwawi (2008); Charlet (2004) Merdan (2021) Baley (2008);
(2021) et al. (2010) Zwawi (2021)
Specific tensile 225-1333  calculated 182-743 calculated 482-597 calculated 261 calculated 430-1056  calculated n.d.
strength
[MPa*cms/g]
Young’s 30-110 Charlet et al. 19-70 Bodros and Baley 60 Lundquist et al. 5-8 Eyupoglu and 87 Bodros and 3 Pan et al. (2009)
modulus (2010) (2008); Charlet (2004) Merdan (2021) Baley (2008)
[GPa] et al. (2010)
Specific Young’s ~ 20-73 calculated 13-47 calculated 39 calculated 6-9 calculated 58 calculated n.d.
modulus
[GPa*cms/g]
Elongation at 1.2-3.3 Bodros and Baley 0.8-1.8 Bodros and Baley 0.8-2 Bourmaud and 1.1-4.7 Eyupoglu and 1.7-2.6 Bodros and 3.8 Pan et al. (2009)

break
[ %]

(2008); Charlet
et al. (2010)

(2008); Charlet
et al. (2010)

Pimbert (2008)

Merdan (2021);
Stegmaier et al.
(2024)

Baley (2008);
Zwawi (2021)

Note: This table contains values for elementary fibers and fiber bundles.
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competition with conventional crops. However, its specific growing
requirements and the lack of standardized cultivation practices may
limit its feasibility for commercial production. Moreover, its historical
decline and repeated, unsuccessful attempts to re-establish cultivation
(Schneider and Beckhaus, 2020) suggest that a significant expansion of
nettle cultivation in BW is unlikely. Yet, from a mechanical standpoint,
nettle fibers are the most interesting alternative to flax in this selection.
Fiber length and diameter indicate that nettle can be processed similar
to flax without the need of adapted technology. The tensile strength and
Young’s modulus are comparable to those of flax, which is why suffi-
cient mechanical potential for CFW applications can be assumed.

Lavender is a largely unexplored fiber crop. It is well adapted to dry
conditions and requires relatively low input. However, its low biomass
yield, limited fiber content, and the absence of regional cultivation
result in an annual fiber supply capacity of less than 1 t. Combining fiber
provision with the economically viable production of essential oils may
offer a complementary use case in regions of traditional lavender
cultivation, but its overall contribution to regional fiber supply is ex-
pected to remain limited. From a process engineering perspective, it is
primarily the large diameter of the fibers compared to flax that would
make processing difficult, but this could be overcome by alternative
fiber extraction processes. Blended yarns with fineness between 12 and
20 dtex already exist. Since the density of lavender is nearly half that of
the other fibers in this selection, its specific tensile strength and specific
Young’s modulus improve in comparison. Lavender's specific tensile
strength values reach the lower range of flax, but its specific Young’s
modulus remains below the range of flax. Nevertheless, lavender re-
mains of interest as a potential fiber crop for CFW applications.

The technical performance assessment highlights the importance of
fiber length for spinnable fiber products, which excludes miscanthus
and wheat straw as suitable fiber suppliers for CFW applications.
Nonetheless, their potential for use in composite technologies remains a
point of interest e.g., as fillers in the form of particles. Wheat straw
appears particularly promising due to its widespread availability in BW.
As a byproduct of wheat cultivation, its use does not require additional
land resources, thereby reducing potential conflicts with food produc-
tion. Similarly, the high biomass yield of miscanthus suggests a land-
efficient fiber supply. However, further research into processing tech-
nologies for both wheat straw and miscanthus is necessary to clarify
their potential as fiber sources in the regional context. Alternative op-
tions for producing textile semi-finished materials for CFW when indi-
vidual fibers are too short for classical spinning (e.g., miscanthus,
wheat) include:

M Partially breaking down plant material, as opposed to completely
breaking it down to elementary fibers, and spinning agglomerates of
elementary fibers using conventional spinning processes.

W Using a sliver, a fluffy fiber band that is an intermediate product of
the yarn production process. Slivers have been successfully used in
CFW (Mindermann et al., 2022b). Processing slivers requires higher
linear density to ensure sufficient bundle coherence, reducing the
number of layers and interlocking and thus usually leading to a lower
FVR and reduced mechanical properties. Slivers processed so far with
CFW have been crocheted to increase bundle coherence, although
processing slivers without such measures may also be possible.

M Layering mesoscopic fiber strips (Doubling) taken from the plant
without breakdown. For instance, bast strips from hemp have been
layered with overlaps to form a fibrous material for CFW, requiring
additional measures to enhance bundle coherence. Initial tests with
such fiber semi-finished products using CFW confirm their sufficient
processability.

B Combining individual fibers into a tape with a binder material, often
thermoplastic. Flax tape, successfully used in CFW, exemplifies this
process (Mindermann et al., 2022b). The additional binder reduces
the matrix content of the thermoset matrix but improves behavior
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during impregnation and layering compared to highly twisted yarns,
owing to a better surface-to-volume ratio.

M Producing a wet-laid nonwoven and cutting it into a continuous strip,
which could be used as fibrous material for CFW processing. How-
ever, there is currently no experience with this approach, and
nonwoven materials are expected to have lower material properties,
but better impregnation characteristics compared to yarns.

The bundle cohesion of the textile semi-finished products mentioned
above can be insufficient and therefore enhanced through additional
intermediate processes such as crocheting, wrapping, or braiding uti-
lizing another secondary fiber material. Secondary fiber materials often
include yarns made of polyester or cotton, affecting the sustainability of
the material.

4. Conclusion

This study offers a comprehensive assessment of regional fiber crops
in BW, Germany and examines their potential as sustainable fiber
sources for bio-based composite materials, with a particular focus on the
application in CFW. Hemp, miscanthus, lavender, nettle and wheat
straw were evaluated and benchmarked against flax using economic,
environmental, social and technical performance criteria. The results
identify hemp as the most viable and readily available alternative to flax
for CFW applications, due to its favorable environmental profile, high
fiber yield and promising market prospects. Nettle and lavender show
more limited, context-specific potential, yet they remain attractive and
sustainable options for practitioners when capacity for spinning trials is
available. Wheat straw and miscanthus are not suitable for direct use in
CFW because their fiber length is insufficient. These fibers require
additional fundamental research on extraction methods. Given their
considerable availability, research that aims to generate high quality
yarns would be particularly valuable. Translating these findings into
practical outcomes requires addressing critical gaps in both cultivation
and processing. The potential of these crops as sustainable fiber sup-
pliers can only be realized through targeted efforts that build a resilient
and regional fiber value chain. Two areas of action are particularly
important:

(1) Expanding hemp cultivation could significantly improve fiber
availability while maintaining land-use efficiency and economic
viability. Strengthening the regional cultivation and processing
capacity, by supporting local fiber processing facilities, would
reduce dependence on external supply chains and support local
economic development. In addition, providing farmers with
guidance and training on cultivation, harvesting, and post-
harvest processing, alongside clear rules on THC levels, certifi-
cation, and market access, would lower barriers for first-time
growers and encourage longer-term investment.

Beyond hemp, exploring the role of alternative fiber sources such
as wheat straw may contribute to a more diversified and stable
raw material base for bio-based composites. As a widely available
byproduct, wheat straw can serve as a supplementary fiber input,
expanding the biobased resource supply. Further research on
spinnability and fiber processing methods is essential to deter-
mine its technical suitability. On the supply side, providing in-
formation on quality demands, logistics, and market
opportunities could facilitate greater residue valorization and
unlock broader material options for bio-based construction, ul-
timately contributing to a more diversified and resilient
bioeconomy.

(2)
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