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Abstract: The view towards a sustainable bioeconomy is increasing the interest of using renewable
natural resources in the production of composites. Until now, the production of sustainable com-
posites has been mainly examined from the point of view of material composition and structure,
by replacing petroleum-based components with those that are obtained from renewable resources
known as natural fiber composites (NFCs). The usefulness of newly acquired materials is mostly
evaluated considering their performance and economic costs, whereas the aspect of environmental
protection is underestimated. The impact of composites that are made from renewable resources is
examined within the two parts of this study—the first part compares different nitrogen (N) fertiliza-
tion scenarios for plant origin (hemp and flax) fibers. When compared, hemp crops show higher CO2

accumulation, (−1.57 kg CO2 eq) than flax (−1.27 kg CO2 eq). In addition, the environmental impact
of both fiber types is compared to polyamide composites, one of the traditionally used materials
in the automotive industry in the second part of this study. According to the conducted life cycle
assessment, Flax/PLA emits 1.19 kg CO2 eq per 1 kg composite, Hemp/PLA 1.7 kg CO2 eq per 1 kg
composite, and PA66/GF 9.14 kg CO2 eq per 1 kg composite. After the comparison, it was concluded
that bio-based composites are able to ensure lower CO2 emissions, because CO2 is accumulated and
stored in the fibers, however the traditionally used composites are able to provide a lower impact in
other environmental categories.

Keywords: life cycle assessment; hemp fiber; flax fiber; effects of growing conditions; CO2 emissions
from composite production

1. Introduction

Climate change is one of the biggest threats to the environment (weather contrasts
with extremely low or high air temperatures, increased windiness, increased flooding in
coastal areas, etc.); social environment (equal access to food and fresh water); and annual
economic losses and changes must be made to mitigate the above impacts. To reduce
the impact of climate change, the European Union has set a goal to reduce greenhouse
gas emissions by 40% by 2030 [1]. Promoting the use of renewable energy and reducing
non-renewable resources is an important means to achieve this goal.

Traditionally, composites for the automotive industry are obtained from petroleum-
based polymers (the most widespread being polyethylene, polypropylene, also poly
amide [2–5])—due to the availability of raw materials, economic viability, and constant and
predictable characteristics. EP Directive 2009/28/EC [6] determines the use of energy that
is obtained from renewable resources. Additionally—the demand for fuel consumption
reduction promotes the use of light materials in the automotive industry [7]. The use of
lightweight materials in both the exterior and interior parts of the vehicle is considered a
priority as it improves the overall energy efficiency of the vehicle by reducing the vehicle
mass. Due to their characteristics (lightness of the material, sound insulation), composites
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that are made from non-woven materials of natural origin fibers are becoming a widespread
interior decoration material [8].

The carbon footprint of hemp fibers (364–406 kg CO2 ekv t of hemp) and flax fibers
(349 kg CO2 ekv t of flax fibers) [9] is significantly less than their equivalents, for example,
glass fiber (1.8–4.6 t CO2 ekv t of glass fibers) [10]. Due to the reduced carbon footprint, the
use of hemp and flax fibers in composites contributes to greenhouse gas emission reduction
and also allows the production of a product with a lighter weight.

The amount of polymers that are traditionally used in automotive composites can be
reduced by adding fibers of lignocellulosic origin (e.g., hemp, flax, jute, and others [11]).
A recycled polymer such as recycled polypropylene or a biodegradable polymer such as
polylactide [12] can be used in the polymer matrix. The study compares the life cycle of two
different composites that were obtained by the same proportion of plant fibers (40% by mass)
and technology. The ratio of natural fibers and polymer fibers in non-woven materials
is based on previous research [13–15] in the development of plant fiber and polymer
composites. One biopolymer of biological origin is used for the matrix of both composites—
polylactide (PLA); whereas for the reinforcement—hemp fibers (Hemp/PLA) in one variant
and flax fibers (Flax/PLA) in the other. Within the framework of this study, the impact of
composites that are made from renewable resources is examined by comparing different
nitrogen (N) fertilization scenarios in the extraction process of plant-origin (hemp and flax)
fibers. Variations of fertilization scenarios are reviewed, because nitrogen application has
been shown to increase plant biomass [16] and the agricultural sector is responsible for
10.55% [1] of the total GHG emissions in the EU. The measures promoting the efficient
use of fertilizers (precise use of mineral fertilizers, planning, and direct incorporation of
organic fertilizers in the soil) are recognized as the most effective measures [17] of 17 GHG
reduction measures in the territory of Latvia. The development and implementation of a
precise fertilization plan and the purchase of appropriate equipment have the potential to
reduce CO2 emissions by 50% [18]. The energy sector accounted for 77.01% of greenhouse
gas emissions in 2019, about a third of which was created by the transport sector [17].

This study is a comparative LCA with the aim of examining the production process
of bio-based composites, in order to compare their environmental impact with analogue,
traditionally used materials with a similar function. Specifically, the aim of this study
was to evaluate a hemp and PLA fiber blend composite that was obtained from a hemp
and PLA fiber blend non-woven material and compare it with two other composites. One
of the comparable composites is a composite containing flax and PLA fiber that is made
by using the same technology. The other comparable material is a composite (used as
luggage compartment tray of passenger car) that is available on the market, which contains
polyamide 66 and 30 mas. % glass fibers (PA66/GF).

LCA publications have mainly investigated the environmental impacts of extraction
processes and alternatives to these processes separately. The environmental impacts of
composite manufacturing have also been studied separately. This study examines the
environmental impacts of both the extraction of plant fibers and the manufacture of the
composite together. By using this study, the potential manufacturers of natural origin fiber
composite can evaluate environmental impacts of hemp/PLA and flax/PLA composites,
and determine which impacts need to be mitigated and find ways for mitigating these
impacts. Fiber growers and processors can evaluate how the particular process affects the
overall characteristics of the composite and identify which of the production processes can
be technologically changed or improved. Also, designers may choose the most suitable
composites in the implementation of sustainable design solutions.

2. Methods
2.1. Goal and Scope Definition

A life cycle assessment (LCA) methodology was used for the purpose of this study,
which is a standard procedure for assessing the environmental impact of the presented
product systems [19]. The study was carried out in accordance with standards ISO 14040
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and 14044:2006 [20]. The LCA calculation model of this study on input and output systems
was created using SimaPro 8.5.2 LCA software, which is combined with the Ecoinvent
v3 database that provides process data that are required for complete calculation. The
data that were missing from the database were combined with previous studies by other
researchers and from interviews with growers and were entered manually. The overall
impact on the environment was evaluated by using the CML-IA-baseline method [21].
This method determines the potential harm on the environment from air, liquid, and solid
emissions, by using appropriate equivalence factors for the selected compounds for several
impact categories: global warming potential (GWP), acidification potential, eutrophication
potential, tropospheric ozone and photochemical smog formation potential, stratospheric
ozone depletion potential, and ecotoxicity potential. The global warming potential for the
period of 100 years has been assessed by using the IPCC 2013 GWP 100a method [22].

2.2. Functional Unit

The study examines two functional units. In both cases the functional unit is a
1000 × 500 mm large composite, the area of which is similar to an average luggage com-
partment shelf panel of a vehicle, with thickness as the variable unit. In the first case of the
functional value, the thickness of the material (Table S1), depends on the ultimate tensile
stress of comparable composites of 18.24 MPa. The particular ultimate stress was chosen,
because such ultimate tensile strength was established upon the examination of a Citröen
C5 (2007) rear parcel tray on the market after cleaning the decorative finishing layer from
the constructive layer. The composite on the market is manufactured from PA66 and 30 mas.
% glass fiber, and in both functional value cases, this composite is used for comparison
with hemp/PLA and flax/PLA composites. Data on tensile stress values of hemp/PLA
and flax/PLA composites were based on previous studies [23,24].

In the second functional value case, the assumed material thickness is 4.5 mm (Table S2),
which is similar to the thickness of an examined luggage compartment panel without the
decorative finishing layer.

2.3. System Boundaries and Quality of Data

For the comparison of the LCA calculation of hemp/PLA and flax/PLA composite,
an intermediate life cycle approach “cradle to gate” is applied (i.e., from raw material
production (“cradle”) until the output of the final product from the factory (“gate”) Figure 1).
The following production processes are included in the scope of this research: cultivation of
fiber hemp (in the case of material containing hemp fiber) and flax fiber cultivation (in the
case of material containing flax fiber), fiber processing, production of non-woven material,
and composite production. The use and end stages have not been analyzed in the study.
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Figure 1. The main stages of composite production from extraction to the output of the final product
from the factory.

2.4. Inventory Analysis
2.4.1. Data Assumptions and Description of the Inventory Data for Each Stage
Extraction of Hemp and Flax Fibers from Cultivation

The following data are given for the cultivation of hemp and flax fibers for production
from the moment of sowing to fiber extraction, assuming that the production is carried out
in the Zemgale region, Latvia. The data on seeds, use of pesticides, and fiber processing
that is used in production calculations for both fibers were taken from the research that
was carried out by Barth [25]. Inventory data in the Barth research are related to the
conditions of the agricultural system in 2013/2014. In accordance with the aforementioned
research, the seed rate that was used in the calculation is 50 kg for hemp and 110 kg for flax.
Variations of fiber plant N fertilization for flax and the expected yield was calculated taking
into account the Fertilization Standards for Field Crops drawn up by Kārklin, š [26]. Unlike
for fiber flax, there are no individual recommended N fertilization norms for crops that are
developed for fiber hemp (as well as for other hemp types) in accordance with Cabinet
of Ministers (MK) Regulation No. 834, adopted on 23 December 2014, “Requirements
Regarding the Protection of Water, Soil and Air from Pollution Caused by Agricultural
Activity”. The paragraph of the same regulations stating that the amount of nitrogen per
year may not exceed 170 kg per ha of land to be used for agriculture, is also applied for
hemp. In order to demonstrate the impact of various fertilization scenarios not only on
expected harvest, but also on the amount of CO2 emissions, data from studies carried out
in Latvia at SIA “Latgales Lauksaimniecı̄bas zinātnes centrs” under the leadership of V.
Stramkalne, were used [27,28]. Other activities that were related to the soil processing, field
fertilization, harvesting, and the transportation of processed fibers that are covered in the
study, are calculated using data from the season of 2018/2019 in the territory of Latvia. The
cultivation of hemp fibers covers scenarios that vary with N fertilization doses of 0 kg/ha,
30 kg/ha, 60 kg/ha, and 90 kg/ha per year (hereinafter these fertilization scenarios are
labelled as HN0, HN30, HN60, and HN90 sequentially from the smallest dose amount
to the largest one). Flax fiber cultivation covers N fertilization scenarios with the dose of
0 kg/ha, 30 kg/ha, 35 kg/ha, and 40 kg/ha (hereinafter referred to as FN0, FN20, FN30,
FN35, and FN40, respectively).
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Inventory data for the 2018/2019 agricultural season is based on anonymous inter-
views with farmers (Rugaju district, Latvia). In addition to N, hemp is also fertilized with
the complex base fertilizer (NPK) 15:15:15 300 kg ha−1 [29], and once in four years the
soil is limed as well (200 kg ha−1) [25]. Additional mineral fertilizer for flax is applied
following the Fertilization Standards for Field Crops, according to the N dose: 35–60 kg
P2O4, 80–150 kg K2O [26], and 60 kg CaCO3 per hectare [25]. The fertilizer for flax in the
amount of up to 20 kg ha−1 N is incorporated in the base fertilizer, and the rest—in the
additional fertilizer.

Hemp and flax are used as rotation crops after cereal crops. A sequential schematic
representation of the processes of both plants is displayed in Figure 2. Land preparation
begins with tillage in autumn after the previous rotation crop is harvested. The next
spring, the surface of the soil is levelled and, if necessary, limed. Liming has to be done
separately (once in five years for hemp [25] and each year for flax). Before sowing, the field
is fertilized—in the case of hemp, with the complex mineral fertilizer as base fertilizer, and
in the case of flax, with nitrogen, phosphorus, and potassium mineral fertilizer. During
the hemp vegetative stage, an additional fertilizer N is used in accordance with the dose
variation: 0, 30, 60, or 90 kg h−1; for flax 20 kg h−1 is used as a base fertilizer (excluding
0 N and 20 N kg h−1 scenarios), and the rest is used as an additional fertilizer during the
vegetative stage. After the basic fertilization, the field is harrowed, furrowed, and sown,
all in one step. Unlike hemp, flax is sprayed with pesticides and herbicides during the
growth stage. After the straw harvest has matured, it is cut in furrows and left on the field
to dry. The straw harvest is turned over. The matured straw harvest is pressed in bales
and transported to the fiber processing site, in both directions, without exceeding a total
distance of 60 km in both directions. According to the literature, the CO2 accumulation per
kg harvested is assumed to be 1.63 kg CO2 for hemp [30] and 1.49 kg CO2 for flax [31]. All
tractor machinery that is involved in the aforementioned agricultural processes is divided
into two groups: A—tractors, B—other agricultural machinery.

Emissions that are related to the use of mineral fertilizers, which the calculation
program does not take into account, are reviewed separately. Ammonia emissions from
ammonium nitrate fertilizers are calculated according to ECETOC [18]. Emission factors
(EF) 0.02 kg NH3-N per kg N. According to Mosier [32], it is assumed that the nitrate
nitrogen loss (NO3-N) into the groundwater is approximately 40 kg/ha. In this study, the
NO3-N in the groundwater was calculated in proportion with the N dose that was used in
the Mosier research and obtained nitrate nitrogen losses in groundwater. The emissions of
nitrogen oxides (N2O-N) were calculated in accordance with Mosier: EF of direct emissions
from soil emissions is 0.0125 kg N2O-N per kg N mineral fertilizer, applied after ammonia
evaporation. The EF of indirect emissions is 0.01 kg N2O-N per kg NH3-N and 0.025 kg
N2O-N per kg NO3-N. The emissions of nitrogen oxides (NOx-N) were calculated according
to Rossier [33] in the amount of 10% of N2O-N emissions.

The run-off from PO4-P to surface waters is calculated according to Rossier [33],
assuming an EF of 0.01 kg PO4-P per 1 kg P for applied fertilizers. The emissions from Cd,
Cu, Ni, and Pb to the soil are calculated in accordance with the balance method, taking into
account the input from fertilization and output through harvested products. The amount of
heavy metals in mineral fertilizers is based on Rossier [33]. The reference for heavy metal
uptake is based on data for a 6800 kg/ha wheat crop containing 0.12 mg/kg Cd, 5.9 mg/kg
Cu, 0.22 mg/kg Ni, and 0.2 mg/kg of Pb [33].
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Processing of Hemp and Flax Fibers

The processing of hemp and flax fibers begins after cutting the straws and their drying
and tilling on the field. The dry yield of straws is pressed in rolls and loaded in the truck
with a frontal loader tractor, to transport the yield for 30 km (round trip 60 km) to the fiber
processing site.

The same technology is used in the processing of hemp and flax straws. The straws
are processed on an automated processing line. The material is loaded in the slide table
followed by roll opener. It is then followed by the scutcher, which processes straws by
breaking them in order to separate shives from the fibers—the shives are separated from
the fibers with pedal vibrators. Then, the fibers are transferred to the opening line. Dust
extraction is carried out during the whole process [34].

In normal operation mode, the capacity of such a processing line is 1 t/h. The nominal
capacity for the whole line is approximately 150 kW (baler opener 3 kW, vibrators 30 kW, the
scutcher 105 kW, dust discharging, and fiber transportation 12 kW). The normal operating
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capacity is estimated at 75% of the nominal value, thus the electricity consumption per one
ton of straws is estimated as approximately 112kWh [34]. Electricity is supplied from a
public distribution network.

Production and Transportation of PLA Fibers

PLA is a synthetic biopolymer that is derived from naturally occurring sugars with a
melting temperature of at least 135 ◦C [35]. PLA is compostable, biocompatible, and is pro-
cessed with standard production equipment [36,37]. The data on PLA granule production
and PLA fiber extrusion were taken from the Ecoinvent database. The total transportation
of PLA fibers from the polymer production site to the composite production site includes
three transportation stages: 436 km by cargo transport from the PLA production plant
in High Point, USA to the port; 4209 nm by cargo ship from the port of Charleston, SC,
USA to the port of Zeebrugge, Belgium; and 1979.5 km by cargo transport from the port of
Zeebrugge, Belgium to the non-woven material-composite production site near Jelgava,
Latvia.

Production of Non-Woven Materials

For hemp/PLA and flax/PLA, non-woven materials of both compositions, a multi-
layered or so-called sandwich type structure is created, the production of which is described
in previous studies [23,24].

The non-woven material production line capacity in a normal mode is 0.4 t/h. The
nominal capacity of the whole line is approximately 55.5 kW (fiber disintegrator 7.5 kW,
fiber veil arranging machine 6 kW, needle punching machine 36 kW, non-woven material
cutting and winding machine 6 kW, and lighting 7 kW). The normal operating capacity is
estimated at 75% of the nominal value. Thus, the electricity consumption per one ton of
non-woven material is estimated at approximately 47 kWh. Electricity is supplied from a
public distribution network.

Production of Composites

The hemp/PLA and flax/PLA composites (Figure 3) are produced from non-woven
materials of the respective fiber compositions, which are heat-pressed in heat pressing-
thermoforming machine.
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The capacity of the composite production line in a normal mode is the capacity of the
non-woven material production line added together with the heat pressing-thermoforming
machine with a nominal operating capacity of 55 kW. The total capacity of the composite
production line in a nominal mode is 117.5 kW and 88.1 kW in a normal mode.
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2.4.2. Allocation Procedure

After processing of hemp and flax straws, the following is obtained: fibers, shives and
dust (small particles)—fiber as the main product, shives and dust as by-products. Since
the use of shives for composites and litter is increasing, it is also possible to gain economic
benefit from managing this by-product. The quantity of the obtained product from mass
from the processing of hemp straws was taken from data of studies that were carried
out in 2012 at the “Latgales Lauksaimniecı̄bas zinātnes centrs” on the fiber hemp variety
Białobrzeskie [29]. Information regarding flax straw processing is based on the Latvian
Fertilization Standards for Field Crops [27]. The economic allocation of both crops slightly
varies depending on the dose of N fertilization—as the amount of fertilization increases,
the weight of fiber mass over fiber increases. For hemp, the average economic allocation
(Table S3) for fibers is 76.06%, and 23.94% for shives. For flax, the average economic
allocation (Table S4) for fibers is 86.55%, and 13.45% for shives.

Scraps are inevitable in the production of non-woven materials. After additional
carding, these scraps can be used in the production of another non-woven material after
preparing the fiber mass. The economic allocation of non-woven material containing hemp
fibers is 77% for the main product and 23% for scraps. The same economic allocation is for
the non-woven material containing flax fibers.

2.4.3. Comparison Scenarios

The comparison was carried out by searching for alternative solutions to the compos-
ites on the market which are produced using fossil resources. As an alternative solution, a
composite that is made of non-woven material, which contains 40 mas. % hemp fibers and
60 mas. % PLA fibers, was compared (in the case of another alternative composition, flax
fibers are used instead of hemp). The non-woven material is made with the mechanical
needle punching method. A total of 20% of PLA fibers are placed in both the upper and
the lower layer of the non-woven material. The remaining 60% of the PLA fiber amount is
divided into three equal parts and each part is mixed together with one third of the total
hemp fiber amount. The composite is obtained by heat pressing the non-woven material.
Both previously mentioned composite alternatives have been compared to the composite
on the market, which is made of PA66 and 30 mas. % glass fiber. The cultivation conditions
of the hemp and flax fibers were compared for both alternative composites. Individually
for the hemp/PLA composite, impacts from fertilization scenarios HN0, HN30, HN60,
and HN90, and FN0, FN20, FN30, FN35, and FN40 for the flax/PLA composite were
compared. The impacts of the two alternative composites and the composite on the market
was compared at a load-bearing capacity of 41 kN and a thickness of 4.5 mm.

3. Results
3.1. Environmental Impact of Cultivation of Hemp and Flax

The CML graph (Figure 4) displays environmental impact of hemp and flax cultivation,
depending on N fertilization dose per 1 ha. Upon evaluation of the environmental impact
of hemp cultivation, depending on fertilization scenarios, the biggest variation changes are
observed in acidification and eutrophication. In the case of soil acidification, proportionally
increasing the fertilization dose increases the impact—with fertilization dose HN30 (almost
34%), HN60 (~61.5%), and significantly greater impact with fertilization scenario HN90
(77.35%). A similar effect is also observed with eutrophication—HN0 (22%), HN30 (34%),
HN60 (~58%), and HN90 (66.5%). In the case of hemp cultivation, the impact on global
warming potential is proportional for all fertilization scenarios.
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Figure 4. Environmental impact of flax and hemp cultivation depending on fertilization scenarios.

Comparing the two crops, the environmental impact is lower and the CO2 accumu-
lation is higher for hemp than for flax. The flax FN0 scenario has a significantly greater
environmental impact (excluding photochemical oxidation, acidification, and eutrophi-
cation) and lower CO2 accumulation than the other flax scenarios. The gradual decrease
of impact between scenarios FN20, FN30, FN35, and FN40, may be explained with the
involvement of agricultural machinery and increase of their capacity at an increasingly
higher fertilization dose. Within each individual impact category, seeing how the intensity
of impact values changes (impacts decrease with increasing fertilizer dose) between fertil-
ization scenarios shows that it is beneficial to fertilize flax. A different situation is observed
with acidification and eutrophication—if the fertilizer dose is increased, the impact also
increases, whereas with a maximum fertilizer dose, the impact on both environment criteria
starts to decrease.

In the cultivation of hemp, no changes in CO2 accumulation between HN0 (100%) and
other fertilization scenarios HN30, HN60 and HN90, are observed. Excluding photochemi-
cal oxidation, acidification and eutrophication, impacts on other covered environmental
categories vary between 6 and 30%, with the HN90 scenario having the lowest impact.
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Also, in the case of flax cultivation fertilization scenarios, as in the case of hemp
cultivation, most of the changes in data variations impacting the environment can be
observed in acidification, eutrophication, as well as in photochemical oxidation and global
warming potential. The CML graph (Figure 5) displays emission sources on global warming
potential in hemp cultivation (fertilization scenarios HN0 and HN40) and flax cultivation
(fertilization scenarios FN0 and FN40). In hemp cultivation, the main emission sources
under the HN0 fertilization scenario are diesel fuel and the use of diesel fuel consuming
agricultural machinery. In the case of the HN90 fertilization scenario, the previously
mentioned emission sources are supplemented by emissions from ammonia that is caused
by the use of mineral fertilizers. In both hemp cultivation cases, emissions are significantly
exceeded by the large CO2 accumulation—96% of the total impacts in both fertilization
scenarios.
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FN40 for global warming (GWP100a) impact category.

In the case of flax cultivation, the main emission sources of FN0 fertilization scenario
are diesel fuel and the use of diesel fuel consuming agricultural machinery, as well as the
use of pesticides and herbicides. The accumulation of CO2 of FN0 fertilization scenario is
almost 66% of the total impacts of this scenario. As the fertilizer norm increases (for the
HN40 fertilization scenario), the amount of emissions per unit of flax harvest decreases.
Diesel emissions, which have the biggest impact, decrease to 11%, while emissions from
the use of agricultural machinery use fall to 1.5%. With FN40 there is an increase in CO2
accumulation up to 83%, which in the case of flax reflects the benefit of fertilization.

3.2. Environmental Impact of Hemp and Flax Processing, and PLA Fiber Production
and Transportation

In the processing of fibers, the amount of emissions is considered for the green mass
yield from 1 ha. Data from the different fertilizer scenarios show an evenly proportional
impact on the environment. Soil acidification and eutrophication are exceptions. In further
calculations, fibers from HN90 and FN40 fertilization scenarios are considered. Under
these fertilization scenarios, the conversion of flax to GWP has a higher positive impact
than hemp by almost 30%. For acidification and eutrophication, the impact of hemp fiber
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processing accounts for 62–73%, for the other environmental impact categories that are
considered it accounts for up to 36% of the impact of flax processing.

Despite the long distance between the PLA fiber production site and the non-woven
production site, the production of the polymer fiber itself has a greater impact on environ-
mental processes (Figure 6). The total transport impacts in other environmental categories
account for up to 31% of the impacts of PLA production. The exception is ozone layer
depletion, where the impact of transport accounts for 55%. Amongst the transportation
stages and means, the longest distance across the Atlantic Ocean by ship transport has the
lowest impact, whereas the greatest impact is from transportation of the fiber from a port
in Belgium to the non-woven material and composite production site with a truck by land
road.
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Figure 6. Environmental impact of production and transportation of polylactide fibers.

3.3. Environmental Impact of Production of Non-Woven Materials

Considering the manufacturing process of non-woven materials per 1 ton of raw
material used, GWP is the only impact category where flax/PLA FN40 non-woven material
has a lower impact (1.06 kg CO2 eq and 43% less) than hemp/PLA non-woven material. In
the other environmental impact categories, the environmental impact of hemp fiber-based
material from production is lower than for flax/PLA non-woven material.

On photochemical oxidation, the hemp/PLA HN90 non-woven material has the largest
difference of effect with the flax/PLA FN40 composition—0.0012 kg C2H4 eq and 84% less,
with a further large difference of effect on abiotic depletion—7.15 × 10−6 kg Sb eq and 54%
less, on eutrophication—0.053 kg PO4 eq and 56% less, on human toxicity—0.68 kg 1.4-DB
eq and 46% less, and on seawater ecotoxicity—1.44 × 103 and 40% less. Higher impacts and
smaller differences between non-woven materials occur in acidification, ozone depletion,
abiotic (fossil resource) depletion, terrestrial ecotoxicity, and freshwater ecotoxicity.

In the manufacturing process of hemp/PLA HN90 non-woven material, the environ-
ment categories with the highest impact are processes that are related to the production
of PLA fibers, which have the highest impacts on freshwater ecotoxicity (97%), terrestrial
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ecotoxicity (93%), marine ecotoxicity (87%), and GWP (88%). Processes that are related
to the cultivation and production of hemp fibers are other major impactors, particularly
eutrophication (92%), acidification (92%), and photochemical degradation (48%). Hemp
production contributes positively to the non-woven materials global warming potential by
giving it a 43% negative impact in relation to the other components. Freight transport (with
load capacity 16–32 mt) for the transportation of hemp harvest, hemp fibers, and PLA fibers
can be mentioned as the third biggest impactor, which accordingly has the greatest impact
on the depletion of the ozone layer (21%). The fourth biggest source of impact arises from
maritime transport; however, its impact does not exceed emissions from freight transport
in any of the environment categories.

Although the PLA fiber production impacts in the process of flax/PLA FN0 non-woven
material production are proportionally high, in relation to the other material-forming
components, they are slightly lower than for hemp/PLA HN0 non-woven material.

3.4. Environmental Impact of Production of Composites

The impacts from composite production are considered per 1 ton of non-woven
material and within the composition of both materials, flax is 11–12% higher than emissions
from non-woven material production. The comparison of environmental impacts of both
composites hemp/PLA HN90 and flax/PLA FN40 in CML in the considered environment
categories is proportional to the environmental impacts of the production of non-woven
materials of these two compositions. Similar to the non-woven material production process,
the environmental impact of hemp/PLA HN0 from the production process is smaller than
the flax/PLA FN0 composite, with the exception of the impact on GWP. The production
process of both composites consists of impacts resulting from the production process of
non-woven material (mainly all impact) and electricity that is used for the production of
the composite (accounts for less than 1% in the case of the hemp/PLA HN90 composite
and slightly above 1% for the flax/PLA FN40 composite).

Both alternative composites and the composite on the market were compared ac-
cording to two functional units (Figure 7). The composite tensile strength at 41 kN was
considered as the first functional value (and the thickness 4.5 mm PA66/GF). To reach the
selected strength threshold, each variation of the composite requires a different amount of
raw materials, which varies in a fairly wide range. The difference between the smallest and
the largest required amount of fibers is 61.33%. The greatest impact on the environmental
categories arises from the difference in the amount of mass that is used. At GWP, the lowest
impact is observed for the flax/PLA 41 kN (1.81 mm) (0.69 kg CO2 eq) composite, the
hemp/PLA 41 kN (3.02 mm) composite has a 2.4-times higher impact, with the highest
impact for the PA66/GF composite at 13.68 kg CO2 eq (almost 20 times higher than the
lowest impact composite). At abiotic depletion, all three composites have similar effects
and vary in amplitude 7.08 × 10−6–7.78 × 10−6 kg Sb eq.

For the h/PLA 41 kN (3.02 mm) composite, the lowest effect of 0.0013 kg C2H4
eq occurs at photochemical degradation. The lowest effects for the same composite are
eutrophication with 0.057 kg PO4 eq, ozone depletion with 2.67 × 10−7 kg CFC-11 eq,
acidification with 0.21 kg SO2 eq, terrestrial ecotoxicity with 0.013 kg 1.4-DB eq, and
freshwater ecotoxicity with 0.17 kg 1.4-DB eq.

The lowest effects of the flax/PLA 41 kN (1.81 mm) composite occur at 1.93 kg CFC-
11 eq ozone depletion, 0.64 kg 1.4-DB eq human toxicity, 0.10 kg 1.4-DB eq freshwater
ecotoxicity, and 1.31 × 103 kg 1.4-DB eq seawa1.4-DBter ecotoxicity.

For the PA66/GF composite, the lowest impact occurs at eutrophication with 0.0082 kg
PO4 eq, at acidification with 0.05 kg SO2 eq. Furthermore, in the comparison of the
other two plant fiber-based composites, the lowest impact is at a terrestrial ecotoxicity of
0.005 kg 1.4-DB eq. The highest effects of this composite occur at photochemical oxidation
of 0.0025 kg C2H4 eq, human toxicity of 0.86 kg 1.4-DB eq, and seawater ecotoxicity of
2.00 × 10−3 kg 1.4-DB eq.
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In the case of the second functional value, the thickness of all three composites is
4.5 mm and the amount of raw materials that is required for their production equalizes:
the difference between the smallest and the largest amount of raw material mass is 4.7%.
Similar to the first functional value, the flax/PLA composition has the lowest environmental
impact at the same thickness (1.70 kg CO2 eq). For the same thickness, the effect of the
hemp/PLA composite is 1.45-times higher and that of the PA66/GF composite is 8-times
higher. At GWP, flax/PLA (4.5 mm) with 1.7 kg CO2 eq has the lowest impact, hemp/PLA
(4.5 mm) has a 45% higher impact, and PA66/GF 8-times higher impact.

For the hemp/PLA (4.5 mm) composite, the lowest effect of 0.0019 kg C2H4 eq is at
photochemical oxidation.

Among the three composite variations that were considered, the flax/PLA compos-
ite has the lowest impacts at GWP and the highest impacts in the other environmental
categories that were considered. Significantly higher impacts (impact difference with
the nearest value composite is within 35%) occur at abiotic depletion—1.74 × 10−5 kg
Sb eq, eutrophication—0.13 kg PO4 eq, acidification—0.41 kg SO2 eq, photochemical
oxidation—0.0035 kg C2H4 eq, human toxicity—1.59 kg 1.4-DB eq, and seawater ecotoxicity—
3.22 × 103 kg 1.4-DB eq.

With the exception of GWP and photochemical oxidation, the PA66/GF composite has
the lowest impacts for the other environmental impacts that were considered. Significantly
lower impacts (by 77–94% lower than the highest impacts in the reviewed environmental
categories) at eutrophication 0.008 kg PO4 eq, acidification 0.05 kg SO2 eq and terrestrial
ecotoxicity 0.005 kg 1.4-DB eq. Low impacts (38–58% lower than the highest impacts
in the environmental categories that were considered) maintaining at abiotic depletion
7.41 × 10−6 kg Sb eq, ozone depletion 2.54 × 10−7 kg CFC-11 eq, human toxicity 0.86 kg
1.4-DB eq, freshwater ecotoxicity 0.13 kg 1.4-DB eq, and seawater ecotoxicity 2.00 × 103 kg
1.4-DB eq.

For all three compared composites, separately, the amount of CO2 that was emitted
was analyzed by the GWP 100 factor, and the lowest being for the flax/PLA composite
with 1.19 kg CO2 eq per 1 kg composite (2.8 kg CO2 eq per 1 kg composite if the used fibers
were from the FN0 fertilization scenario). For comparison—for the hemp/PLA composite
1.7 kg CO2 eq per 1 kg (1.72 kg CO2 eq per 1 kg composite, if the used fibers were from
the HN0 fertilization scenario). The PA66/GF composite displays the highest amount of
emitted CO2 emissions with 9.14 kg CO2 eq per 1 kg PA66/GF composite, which is 87%
more than from the flax/PLA and 81% more than from the hemp/PLA composite.

4. Discussion

As predicted, nitrogen application promoted biomass growth in both hemp [16]
and flax. The CML charts demonstrate that flax crops that were fertilized according to
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FN0 scenario when it is already fertilized with potassium and phosphorus is justified,
because the use of agricultural machinery is more rational and the amount of diesel
fuel consumption per one unit of yield decreases. By increasing the fertilizer dose, the
amount of the yield increases and the use of pesticides and herbicides per one unit of
yield decreases. In the case of hemp cultivation, at the maximum fertilization dose HN90,
the emissions per unit of yield become lower than in the case of the fertilization HN0
scenario, but the diversity of emissions increases. By comparing the two crops, the amount
of emissions from hemp cultivation, regardless of the chosen fertilization scenario with the
exception of acidification and eutrophication, is less than from flax cultivation. Positive
features of growing hemp fiber arise from higher yield gains by mass per unit area. The
use of complex base fertilizer should be taken into account for the creation of emission
promoting conditions from hemp cultivation. The results of the Gomez–Campas research
show agricultural activities and electricity production to be the biggest contributors to the
environmental impacts of flax technical textile [38]. Within the framework of this study,
the biggest influences on the cultivation of both types of fiber are the use of diesel fuel and
agricultural machinery.

Although the origin of the raw materials of the PA66/GF composite on the market
are fossil resources, due to the mechanical properties of the material and the composite
production technology, it shows the lowest environmental impact among other composites
in several impact categories (eutrophication, acidification, terrestrial ecotoxicity, and abiotic
depletion). The composite of this composition has an expressed superiority of the lowest
impacts on eutrophication and acidification, the other thinner variations of the analogous
composites fall three to four times behind in their impacts. In LCA calculation, La Rosa
has compared a glass fiber and hemp fiber carpet and the first one has higher impact in all
categories, except in occupation of land area [24]. Our study demonstrates the impact of
PLA fiber on composites containing plant fibers, which increases the total environmental
impact of the composites, but still the impact of these composites on global warming
potential is several times lower than from the PA66/GF composite.

The lowest emissions amongst the analogue composite variations are from the thinner
versions of each composition (at a functional unit 41 kN). If both of the composites con-
taining plant fibers are evaluated at a functional unit of load-bearing capacity of 41 kN, the
hemp/PLA HN90 composite has a higher impact on a greater number of impact categories
than the flax/PLA FN40 composite. At the functional unit value 4.5 mm, the flax/PLA
FN40 composite has the highest impact in all the impact categories, except the global
warming potential. The results of LCA analysis that were obtained through this study
regarding the impact of the use of natural fibers in comparison with composites that were
extracted from non-renewable resources, are similar to the trends in the results of LCA
analysis by other authors.

Assuming that the manufacturing technology of the compared composites is the
same (different working set-ups), a comparison by raw material price (aggregating the
average price of several manufacturers) would result in flax/PLA FN40 having the lowest
raw material cost (EUR 1.67 [39–41]), hemp/PLA HN90 being 1.43 [40–42]-times more
expensive, and PA66/GF being 3.26 [40,43]-times more expensive by the first functional
unit. At the second functional unit (material thickness 4.5 mm), the hemp/PLA HN90
composite has the lowest raw material cost (EUR 3.53). For the other composites, the
raw material costs equalize—the flax/PLA FN40 composite is 1.17-times more expensive
and the PA66/GF composite 1.55-times more expensive. Thus, the bio-composites can be
cost-competitive if accounting for raw material price.

Mansor [44] has made a summary of various LCA studies comparing petroleum-based
composites with either NFC-enhanced or analogous bio-composite versions of the same
compositions. The data of the summarized studies show that even a partial substitution
of petroleum-based materials with natural fibers in the composition of the composite
reduces the amount of energy that is required to produce the analogue composite and
GHGs. The summarized data demonstrate that the reinforcement of composites with
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natural fibers up to 40 wt%, allows the NFC to remain competitive in terms of durability
and provide advantages in terms of the amount of energy that is required for its production.
Energy differences can be observed in the production of composite raw materials and
in the management of the composite at the end of its life cycle, since the production,
transportation, and even the use of analogue composites are the same.

For example, in the production of materials for vehicle door handles, Delgado-
Aguilar [45] used a sugar fiber (CF) 40 wt% and 50 wt% reinforced polypropylene (PP)
composite in the first and second case, and a glass fiber (GF) 20 wt% and 30 wt% reinforced
PP composite in the third and fourth case. The LCA analysis demonstrates the positive
impact of the use of natural fibers compared to a composite with synthetic content, because
the lowest carbon footprint is produced by CF 50 wt% + PP, followed by CF 40 wt% + PP,
GF 30 wt% + PP, and GF 20 wt% + PP. Oliver-Ortega [46] has also carried out an LCA
analysis for vehicle door handle composite variations: wood flour (WF) (40 wt%, 50 wt%
and 60 wt%), reinforced polypropylene 11 (PA11), and glass fiber (GF) (20 wt% and 30 wt%)
reinforced PP composites. The analysis data showed that in all WF-PA11 composite vari-
ation cases the environmental impact and carbon footprint is higher than from GF-PP
composite variations. The author explains the obtained results with high energy consump-
tion, which is required for the production of PA11. In the LCA analysis that was carried out
by Beigbeder [47] for two types of bio-composites: wood flour (WF) 20 wt% -reinforced PP,
and flax fiber-reinforced PLA composite waste on waste scenarios, for both composites, the
lowest energy consumption and lowest environmental impact is observed in processing.

5. Conclusions

The development and use of a blend of flax and PLA fibers, as well as hemp and PLA
fibers, in composites is appropriate to reduce the carbon footprint compared to traditionally
used petroleum-based composites. For example, to produce a panel of the same overall
size (by area and thickness), the flax/PLA composite produces a carbon footprint of 1.19 kg
CO2 per 1 kg of composite and is 87% less than 1 kg of PA66/GF composite. The footprint
of the hemp/PLA composite is 81% smaller than that of the 1 kg PA66/GF composite.
The use of a blend of hemp or flax and PLA fibers in composites compared to PA66/GF
allows a significant reduction of CO2 emissions and global warming potential but increases
the impact on other environmental categories such as eutrophication, acidification, and
terrestrial ecotoxicity. The negative emissions that are associated with hemp/PLA and
flax/PLA bio-based composites comes from crop growing. These emissions could be
reduced in future using more resource-saving farming practices.

The CML data show that in hemp and flax cultivation, the carbon footprint reduction
depends on the N fertilizer dose, with higher gains in hemp cultivation—1.57 kg CO2
difference per kg green mass between 0 and 90 kg N fertilizer dose per ha. In comparison,
for flax cultivation, 0.02 kg CO2 per kg green matter can be saved from fertilizer scenarios.

Although the current price offer shows that the raw material price of the natural and
PLA fiber blend composite is competitive with the PA66/GF composite, it should be noted
that the price of natural fibers is variable, depending on the yield and the increase in the
energy costs.

As the production of PLA fibers is energy intensive, there is potential for flax/PLA
and hemp/PLA blend composites to reduce their carbon footprint, either by making the
PLA fiber extraction process more environmentally friendly or by replacing PLA fibers
with a less energy intensive polymer.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/fib10090079/s1. Tables S1 and S2 describe the thickness, mass
and density values of all three compared composites at both functional units. Table S3 describes
the economic allocation of hemp straw (fibre and straw) processing depending on the applied
fertilization scenario for hemp cultivation. Analogous information on the economic allocation of
flax straw processing is presented in Table S4. Table S1: Functional unit at 41 kN strength; Table S2:

https://www.mdpi.com/article/10.3390/fib10090079/s1
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Functional unit 1000 × 500 × 4.5 mm; Table S3: Economic allocation of hemp straw processing;
Table S4: Economic allocation of flax straw processing.
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