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Abstract

This work relies on a comparative cradle-to-gate LCA to compare the environmental impacts of
two PCB substrates: a conventional glass fibre-reinforced epoxy composite against a bio-based
composite derived from PLA and flax fibres. Direct environmental impacts were derived using the
EF v3.1 method, firstly for 1 m? of PCB substrate. Results revealed key hotspots and a Monte Carlo
analysis was performed to propagate uncertainties in input parameters to environmental impact
estimates, thereby evaluating the robustness of results. The findings indicate that substituting

the conventional substrate with the bio-based alternative results in lower impacts within almost
all impact categories (such as a reduction of 72% in climate change, or 95% in abiotic depletion
potential), with exceptions in land use and water use impact categories with increased impacts of
332% and 465% given the agricultural origins of the poly(lactic) acid and flax constituting the sub-
strate. Secondly, environmental impacts of the substrate were normalised to an assembled PCB
(Arduino Nano), for which active components accounted for 39% to 74% of total embodied envi-
ronmental impacts. For the manufactured alternative on PLA-flax, lower temperature assembly,
manufacturing and soldering alloys were mandatory. While it decreases energy consumption,

the inclusion of bismuth-based alloy increased the abiotic depletion potential category of 3.8%,
reflecting the criticality of this metal. These results advocate for the use of bio-based substrate in
PCB applications while noting that assembly practices and alloys should be adapted accordingly,
with their intrinsic potential environmental trade-offs. Eventually, to better assess the overall sus-
tainability of bio-based substrate substitution for electronics applications, further investigation is
needed to evaluate its potential limitations under operational conditions in terms of durability,
repairability, and energy efficiency during the use phase. The end-of-life stage should also be fur-
ther investigated as bio-based substrates offer opportunities for other waste treatment processes,
such as bioleaching.

1. Introduction
The Information and Communication Technology (ICT) sector has observed a rapid expansion in recent
years, which has progressively increased awareness of its associated environmental effects [1, 2]. ICT

products deployed in this context contribute to environmental burdens throughout their life cycle [3,
4], that is during material extraction and refining, manufacturing, transport, use and disposal, posing

© 2026 The Author(s). Published by IOP Publishing Ltd
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sustainability challenges [1, 5-7]. While they also contribute to economic growth attributed to their
innovative applications in other sectors [3], putting these claims in perspective with their environmental
burdens is necessary to better capture environmental effects, but highly challenging given the heterogene-
ity of designs and applications [2, 3].

In ICT devices and nearly all electronic products, printed circuit boards (PCBs) are ubiquitous
[8]. They mechanically support and electrically connect all components [8, 9] while ensuring stable
operation through effective management of heat and signals thanks to controlled layout and materi-
als. Conventional multilayer PCBs consist of a dielectric core, the substrate, which can be fibreglass-
reinforced phenolic resin for consumer electronics or low-loss Teflon for radio-frequency applications
[10]. The copper conducting traces connecting electronic components on the substrate are either printed
or etched onto the conductive layer using chemical resists, with excess copper removed through chem-
ical etching [10]. PCB substrates have already drawn the attention of the scientific community, both
regarding their environmental effects at manufacturing as well as the mass they represent in waste elec-
trical and electronic equipment (WEEE). Indeed, although the substrate can account for 20 and 60% of
the total mass of an assembled PCB [11-13], the contribution of bare PCBs to electronic systems’ envi-
ronmental effects varies significantly depending on the end use. For example, in simple devices like TV
remotes, the substrate is generally the primary contributor to environmental impacts [14]. Conversely,
for more advanced applications, such as smartwatches or Internet-of-Things edge devices, the manu-
facturing of integrated circuits (ICs) soldered on the substrate dominates overall impact [5, 14]. PCB
substrates play an essential role in the electronics supply chain [9], as they directly influence: (a) the
types of chemicals used for traces etching, (b) the types of electronic components assembling techniques
and alloys, (c) the toxic emissions at end-of-life (EoL) (i.e. brominated flame retardants (BFRs) and
(non-)metallic materials [8, 15-17]) [18], and (d) the efficiency of recycling valuable components and
precious metals (i.e. copper, gold, ...) [16, 17]. The selection of PCB substrate significantly influences the
manufacturing process and, by extension, environmental impacts. Hence, recent research has explored
flexible [11, 19, 20] and rigid [16, 20-23] bio-sourced and/or biodegradable substrates as alternatives
to traditional flame retardant class-4 (FR4) fibreglass-reinforced epoxy composites [7, 9, 17, 24, 25].
These alternative substrates under evolution (Technology Readiness Levels from 1-4), compared with
conventional ones, could play diverse roles in mitigating electronics systems’ environmental footprints
by: (a) reducing material impacts during production [7, 11], (b) enabling the re-use/recovery of valuable
components [11, 16] when tailored EoL routes are developed in parallel, and (c) reducing the mass of
WEEE due to their typically lower density, facilitating handling and collection [7].

For instance, [26] compared the environmental impacts of a conventional epoxy-glass fibre PCB sub-
strate with a bio-based alternative composed of epoxidised linseed oil and flax fibres. Their findings
revealed that the bio-based substrate exhibited lower impact scores in 13 of the 18 categories assessed,
particularly in toxicity-related categories, climate change, and fossil depletion, resulting in a 42% impact
reduction for the aggregated value score from ReCiPe EndPoint. However, bio-based substrates gener-
ally score higher in land use, freshwater and marine eutrophication, and freshwater ecotoxicity, mainly
due to agricultural practices such as the use of pesticide and fertiliser when growing organic components
[7, 26, 27]. Bio-based composites can reduce CO, emissions due to the low embodied energy of natu-
ral fibres and the sequestration of biogenic carbon during plant growth [11]. In their study, [20] inves-
tigated the use of FR4, PET, PLA/glass-fibre, and paper as PCB substrates with silver nanoparticles as
the conductive material. Their results demonstrated that alternative substrates production with additive
metal deposition techniques for circuit tracing had less than 80% of the impact of the baseline scenario.
Some approaches combine substrate changes with additive manufacturing techniques (inkjet and screen
printing for instance) [11, 19, 20] instead of subtractive technologies like etching. While this eliminates
the need for pollutive etching processes, it is not yet compatible with industrial-scale production.

Nevertheless, most initiatives lack flame-retardancy and reinforcement (leading to more robust and
reliable assemblies) when developing substrate alternatives [21]. This paper presents a comparative LCA
of a bio-based flame-retarded composite substrate derived from poly(lactic) acid (PLA) and flax fibres,
developed within a collaborative project (DESIRE4EU project, grant No 10116 1251 from the European
Union’s HORIZON Europe EIC Pathfinder programme). DESIRE4EU is one of several ongoing Horizon
Europe initiatives addressing the environmental sustainability of electronics. This is in line with recent
recommendations of [28], where circularity is prioritised (in our case, with low toxicity and biodegrad-
able material selection) and with EoL management (in our case, an investigated possibility of controlled
compostability-degradation and copper bioleaching, improving recycling potential pathways of these
electronics products).

The study aims to evaluate environmental impact of such substrate against conventional glass fibre
epoxy composites. Section 2 introduces the LCA methodology used and life cycle inventory (LCI).
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Results are discussed in section 3. Results focus firstly on a material-level analysis at the scale of the sub-
strate with a declared unit of 1 m? of composite substrate for electronics applications. It allows identify-
ing hotspots in the production of both substrates as well as to compare them in terms of direct environ-
mental impacts. Then, the relative contribution of these substrates within an assembled PCB (a small
microcontroller board; Arduino Nano [29]) is investigated, thereby contextualising the environmental
gains within a real-world application. Discussion and perspectives are then presented in section 4.

2. Method

Life cycle assessment (LCA) is a standardised methodology (ISO 14 040 [30] and ISO 14044 [31]) that
aims at estimating the life-cycle environmental impacts of a product, being a good or a service [32].
This approach enables a comprehensive approach when looking at different life-cycle stages of a prod-
uct across multiple environmental impact categories [33], thereby quantifying so-called direct impacts
associated with the product.

2.1. Goal and scope

Goal formulation The goal of this study is to provide a better understanding of the quantitative impact
estimates of two rigid PCB substrate alternatives. The first scenario (A), consists of a conventional

FR4 glass-fibre reinforced epoxy laminate impregnated with Tetrabromobisphenol A (TBBPA), a BFR.
The second scenario (B) is an alternative composite (PLA-flax) based on a PLA matrix reinforced with
woven flax fibres, impregnated with linseed oil and a phosphorus-based flame retardant (FR). The mod-
elling framework adopted for this study is attributional, in accordance with ILCD handbook terminology
[34]. Generally, the study aims at identifying hotspots in the environmental impacts of the bio-based
substrate under study, as well as to compare it with conventional technologies, with a cradle-to-gate
scope. In a second part of the study, a second LCA was conducted to observe the relative contribution
of substrate substitution at the scale of an assembled PCB.

Functional unit and system boundaries In LCA, all processes and environmental flows within the system
boundary are quantified according to a functional unit to support a fair and relevant quantitative com-
parison of alternative ways of providing a function [32]. Figure 1 illustrates the cradle-to-gate bound-
aries of this study, currently excluding the use stage and EoL stage. The limited scope is justified by the
current lack of data on a realistic consumer use profile for the alternative substrate and its long-term
durability, as well as its EoL pathways. The absence of granularity regarding disposed electronic compo-
nents in the datasets used further justifies the current scope. Hence, the functional unit is defined based
on manufacturing output to normalise the environmental flows. Since it focuses on the product quan-
tity more than performance of a service (here: the specific function fulfilled by a PCB), this is called a
declared unit [32]. For this study, it is summarised as ‘one square meter of composite substrate, for bi-
layer copper-clad lamination with sufficient physical and thermo-mechanical properties for electronics
applications’ This declared unit ensures a consistent basis for comparing the environmental impacts of
the two substrate alternatives. To validate this choice, a summary of the tested mechanical and physical
properties is provided in table 1, confirming that both substrates meet the required performance/physical
criteria for a fair comparison. These characteristics also validate the industrial scale compatibility of the
substrate. Indeed, an Arduino Nano [29] was successfully reproduced on the PLA-flax substrate.

Table 1 highlights that the dielectric properties (effective permittivity and loss tangent) of the PLA-
flax substrate are slightly inferior to those of the conventional substrate. While the difference in dielectric
performance may be relevant for high-frequency applications, it does not pose a significant limitation
for the use case considered in this study. The lower glass-transition temperature (T,) of the PLA-flax
substrate, however, presents a critical consideration for manufacturing and assembly parameters such as
soldering reflow profiles. Additionally, the higher thermal diffusivity of the PLA-flax substrate, while not
critical for the current application, may be a relevant factor in specific scenarios where heat dissipation is
a key design requirement, such as in power electronics [39]. These material-specific characteristics inher-
ently impose more restrictive design guidelines compared to conventional substrates. Over time, bio-
based PCBs may ask for their own standards given the unique properties of these materials. However, for
the purposes of this study, the observed properties of the PLA-flax substrate do not present obstacles for
the intended consumer electronics application.

While the declared unit of 1 m? of substrate provides a robust basis for material-level comparison, it
is also important to assess the effect of substrate replacement on a fully assembled PCB. To this end, the
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Figure 1. The system boundaries of this comparative study between a FR4 (Scenario A) and PLA-flax (Scenario B) PCB substrate
correspond to a cradle-to-gate LCA, currently excluding the use stage and EoL stage.

Table 1. Summary of the tested mechanical and physical properties for PLA-flax and FR4 substrates. It
confirms that both substrates meet the required performance/physical criteria for a fair comparison in the
LCA study. They also validate the industrial scale compatibility of the PLA-flax substrate. Table
reproduced from [38].

PLA-flax [21, 35] FR4 [36, 37]
Dielectric thickness [mm] 1.6 1.6 (variable)
Starting copper thickness [pm] 35 35 (variable)
Effective permittivity [-] 2.3+£0.1 @2.4 [GHz] 3.93 @ 2 [GHz]
Loss tangent [-] 0.04 £0.01 @ 2.4 [GHz] 0.0167 @ 2 [GHz]
Peel strength [N mm™!] [0.6;0.8] [1.19;1.6]
Flame-retardancy UL94 V0, EN 13 501-1 UL94 VO
Glass transition temperature Ty [°C] [60;100] 170
Thermal diffusivity [cm? s™!] 0.000565 0.0027

environmental impacts observed for the substrate alternatives are discussed in relation to a small foot-
print controller board (Arduino Nano [29]), as it is representative of an average electronic device. This
normalisation allows for an assessment of the relative contribution of substrate impacts on an assembled
electronic device, offering insights into the practical implications of adopting bio-based composites in
electronics applications.

Software & database The ecoinvent v3.12 database [40] with cut-off system models was selected as back-
ground LCI data source. This choice is motivated by the compatibility between the ecoinvent database
and the Python-based open-source LCA software used in this study (Brightway [41] and lca-algebraic
[42]). This enables the creation of custom activities, allowing to address some data gaps limitations.
ecoinvent datasets [40] serve as the background system, typically representing industrial or generic
human activities.

Impact assessment method CI results were converted to life-cycle impact assessment (LCIA) results using
the EF v3.1 method [43]. This method was chosen because it includes three environmental impact cat-
egories commonly considered for ICT devices [44]: climate change, resource use (minerals and metals),
and water use. Moreover, EF v3.1 is widely adopted in state-of-the-art LCAs in Europe due to its recent
updates and incorporation of the latest IPCC 2021 characterisation factors [44].

2.2. Life Cycle Inventory

Primary data for scenarios A and B are sourced from manufacturers or literature. This data is used to
construct the foreground system, which was then matched to ecoinvent datasets to construct the case-
specific foreground system. In this study, primary data includes manufacturer information, fabrication

4



10P Publishing

Sustain. Sci. Technol. 3 (2026) 044001 J Lebrun et al

files, and insights gained from device teardown (for mass composition and active components die area).
When primary actual data from stakeholders was unavailable, data from scientific literature or publicly
available documents were used. The energy and material input flows are sourced from international mar-
kets for raw materials. However, since the production of the PLA-flax composite and the assembly for
both substrates are located in Hungary, the energy mixes have been adjusted accordingly. Capital infras-
tructure has been excluded from the system boundary based on the fact that the environmental impacts
from the manufacture and installation of capital equipment and buildings, such as lab facilities, are typi-
cally minor compared to the throughput of materials and components over the useful lives of the build-
ings and equipment. LCIs are shared in supplementary materials.

Scenario A—glass-fibre epoxy substrate Conventional data on glass-fibre reinforced epoxy resin substrate
were taken from product declarations and literature. Main literature sources were a study on LCA of
flame retardants in an electronics application [45], a comparative LCA of reinforced composite [26], and
manufacturer datasheets [36], completed by discussion with professionals of the topic.

Scenario B—PLA-flax substrate The substrate material investigated is a biocomposite which is built up of
layers of PLA and flax fibres symmetrically on the middle layer. The middle layer is a woven reinforce-
ment between the PLA foil layers. Non-woven flax fibre layers follow, and then another PLA foil layer. A
bonder veil layer, which acts as a thermoplastic adhesive that enhances copper layer adhesion, is placed
on this heat-pressed build-up. PLA is a synthetic biopolymer derived from naturally occurring sugars. It
has melting temperature T, of 125 °C and a glass transition temperature Ty of ~60 °C [46]. The sub-
strate is under continuous iterative development and is a result of a collaboration between BME-ETT
and Meshlin Composites Zrt [21]. Due to the poor water uptake behaviour of bio-substrates, impreg-
nators are necessary to improve water sensitivity. The composite is flame-retarded (certified process for
fire retardance (UL94 VO, EN 13501-1) [38]. Currently, the production of PLA-flax is at lab scale and
thus represents unoptimised processes that will become more robust with time. This gives more leverage
to conventional PCB substrates in the comparison since FR4 comes from optimised industrial-scale pro-
duction. Comparing different scales in favour of conventional substrates avoids influence of confirmation
bias on the final results [47].

Flame retardantsConventional PCBs are typically fabricated using epoxy resin where TBBPA is incorpo-
rated as a reactive flame retardant [45]. The typical weight loading of TBBPA in the epoxy resin used for
PCBs is 20% [26, 45]. As TBBPA is not directly present in ecoinvent datasets, it was modelled as done in
previous studies [45], where TBBPA is produced by bromination of Bisphenol-A (BPA). BPA is formed
in a condensation reaction of phenol and acetone. For the bio-based substrate, Melamine polyphosphate
(MPP) is used to model the FR additive in the PLA matrix. Production of MPP, by mixing and heating
at a temperature of 260 °C-280 °C melamine and phosphoric acid, is based on existing literature [45].

Copper and etching Similar datasets for the etching process at industrial scale were used to model etch-
ing on both substrates, avoiding any bias in the comparison arising from differing maturity levels since
is currently only available at lab scale. Nevertheless, the PLA-flax substrate is compatible with subtrac-
tive processing technology for printed wiring boards [38]. Process steps subsequent to etching that would
need to be operated at a lower temperature for Scenario B were not adapted, this approach is conserva-
tive to comparison Scenario A. Panelling waste was accounted by increasing the required substrate area
by 15% and considering this quantity as a process waste. Typical PCB etching processes start from a
copper-clad laminate, in which copper foil initially covers the entire panel surface on both sides before
selectively removing copper outside the intended conductive tracks, with etched-away copper from the
etching sludges wasted later on. Accordingly, the copper input to this process cover the panel surface
area, with a thickness of 35 i m and a density of 8.96g cm ™. Since the PLA-flax substrate has differ-
ent manufacturing characteristics than FR4 (e.g. drilling mechanics and thermal conductivity), along
with its current limitation to two-layer PCBs, the design had to be slightly adapted. Via count was min-
imised and irregular shapes avoided as much as possible, amongst other design considerations (detailed
design adaptations are described in [38]). The main points are that traces were rerouted with 0.5 mm
thickness and the clearance set to 0.4 mm, except around the ICs” footprints [38]. These design adap-
tations did not result in a significant reduction of the final copper trace area, which was ~ 748 mm? for
the FR4 design and ~ 742mm? for the PLA-flax design, across both sides of the board. M

Electronic components For the PCBA board (Arduino Nano [29]) specified in the functional unit, active
components deserve particular attention as they are known to dominate embodied impacts [5]. The
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Figure 2. Electronic components soldered on the substrate can be divided into main categories with similar embodied impacts:
active components (ICs), passive components (resistors, capacitors, diodes,...), connectors, or other specific components. In-lab
chemical decapping was performed for the three ICs present on the board to reveal their die area. The frontend fabrication of the
ICs was evaluated by scaling a custom process based on die area, while the backend was scaled thanks to the package mass.

environmental impacts of an individual IC are mainly determined by the area of its semiconductor die
and the technology node utilised in its fabrication [44, 48]. Determining the technology node without
manufacturer data is highly complex. However, the die area can be readily measured once isolated from
its package through decapping (2, 44]. Hence, in-lab chemical decapping was performed for the three
ICs present on the board under study to reveal their die area (see figure 2). This approach significantly
improves the model’s accuracy in assessing the environmental impacts of ICs [2, 44, 48]. The frontend
fabrication of the ICs was evaluated by scaling a custom process based on die area, while the backend
was scaled thanks to the package mass [44].

Passive components such as capacitors and resistors have direct satisfying matches with activities in
the ecoinvent [40] database. These background activities were scaled based on their mass, which was
determined by their standardised package. For the quartz oscillator present on the board, material dec-
larations from the manufacturer were used to break down the component into its constituent materials,
using a similar approach as in [44].

Assembly Reflow soldering is generally used to fix commercial electronic components to etched copper-
clad laminated PCBs. Traditional solder alloys typically have a melting point of 217 °C-219 °C, such
as the Sn96.5/Ag3/Cu0.5 alloy that was used in scenario A. Such high melting point alloy is not suit-
able for biodegradable substrates as their glass transition temperature and melting temperature are lower
than their petroleum-based counterparts. Hence, soldering optimisations are needed, such as choosing
a low-temperature solder (Bi57.6/Sn42/Ag0.4) with a melting point of approximately 140°C and adapt-
ing the reflow profile accordingly. Since it operates at a lower temperature, 70% less electricity is needed
at the assembly step. The traditional solder alloy was matched with a satisfying background activity in
the database. For the low temperature one, no direct match exists. Consequently, the traditional solder
activity was adapted for the bismuth-based solder paste of Scenario B. However, bismuth is unavailable
in ecoinvent datasets. It was thus modelled with economic allocation, knowing that bismuth is derived as
a by-product from lead-zinc mining and refining, along with other less concentrated metals, with a simi-
lar approach as in previous works [49, 50]. In a shared process providing co-products or co-services, the
economic partitioning or allocation factors are calculated as the share of the proceeds of one product or
service in the total outcome of the proceeds of all products based on the relation [49, 51]:
1 Xi

f= 1
1 Ei Tli Xi I ( )
where P; is the partitioning factor of the ith coproduct or coservice, n; is the quantity of the ith product

or service, and x; is the price of the ith coproduct or service.

2.3. Uncertainty modelling
The existence of various uncertainty types is recognised by LCA practitioners [52] as they are intrinsic
to LCA methodology. Uncertainty can arise from limited knowledge of the true data when constructing
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Figure 3. Comparative normalised LCIA results for two PCB substrate scenarios. Environmental impacts for 1 m? of substrate
are shown for each scenario (A: conventional FR4, B: bio-based PLA-flax). Total impact values for each category are shown on
the right. Box plots reflect how input parameters” uncertainties propagate to final LCIA results.

the foreground system [53]. For instance, energy consumption estimates were derived based on machine-
rated consumption and operational time, where precise measurements (requiring current sensors) were
unavailable. Similarly, transportation parameters, particularly shipping distances and routes to Europe
for certain feedstocks remain uncertain due to limited supply chain transparency. In this study, when
collecting data during the inventory analysis, parameter uncertainty was accounted for by assigning non-
deterministic values to specific parameters using probability density functions [44, 53]. A uniform dis-
tribution was employed when only upper and lower bounds could be identified or estimated, while a
triangular distribution was applied in cases where the most probable value could be determined. The
mode was set to the characteristic/typical value, and lower and upper bounds were defined as the mini-
mum and maximum values reported in the sources [42, 44]. The use of such probability distributions is
standard practice in LCA for modelling uncertain parameters, especially when data availability is limited
and empirical distributions cannot be derived from the collected dataset [44, 54]. These distributions are
modelled using the open-source Ilca-algebraic library (built on top of the Brightway?2 library), which is
specifically designed to integrate parameter uncertainty into LCA models [42]. Uncertainty analyses are
conducted numerically based on Monte Carlo simulations to propagate uncertainty from parameters to
LCIA results. The library generates multiple input parameter values based on their probability distribu-
tions using the Saltelli sampling method [55]. Monte Carlo simulations are performed with 1024 sam-
ples as an input configuration parameter in the lca-algebraic dedicated Monte Carlo function.

3. Results

This section presents the comparative Life Cycle Impact Assessment results for the declared unit
described in figure 1 as well as for the normalisation to an assembled PCB for both scenarios.

Impact assessment results and interpretation The LCIA results for the production of 1 m? of each compos-
ite substrate are illustrated in figure 3. For the sake of clarity, eight of the sixteen impact categories from
the EF v3.1 method are displayed, however all categories were investigated. All categories were analysed
and are available in the supplementary materials.
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The results shown in figure 3 demonstrate that Scenario B (the bio-based PLA-flax substrate) offers
substantial environmental benefits compared with Scenario A (conventional FR4) in most impact cate-
gories. Specifically, the bio-based substrate shows 0.068 against 0.14 [mol H+q] in Scenario A in acidi-
fication potential, 6.73 against 23.7 [kg CO, ¢q.] in climate change, 7.57 x 10~* against 4.14 x 107> [kg
Sbeq.] in abiotic depletion potential (metals and minerals), for example. The contribution analysis reveals
distinct environmental hotspots for each substrate, which can be traced to main differences in raw mate-
rials and composite production.

First, glass-fibre reinforcement is manufactured by melting silica sand, boron and other additives at
temperatures above 1500 °C [56], typically using natural gas or electricity [40]. A substantially more
energy-intensive process than the ambient-temperature cultivation, mechanical processing, and weaving
of flax fibre from Scenario B. The resulting gap in fossil energy demand is the principal driver of the
reductions observed in climate change and abiotic depletion potential (fossil fuels). This gap is reinforced
by the substitution of the fossil-derived epoxy resin matrix in Scenario A with the bio-based PLA ther-
moplastic matrix in Scenario B, which further lowers demand on non-renewable energy resources [28].
Furthermore, glass-fibre production is also the dominant contributor to abiotic depletion potential (metals
and minerals) in Scenario A. Since flax fibres entirely replaces glass fibres as reinforcement in Scenario B,
this hotspot impact is lowered, explaining the 7.57 X 10™* to 4.14 x 107 [kg Sbeq.] reduction observed
in this category. Across both scenarios, electricity consumption associated with biocomposite manufac-
turing and thermoforming contributes to climate change impacts but remains below 10% of total cate-
gory contributions in each case. The production and processing of the primary raw materials, PLA and
flax fibre for Scenario B, and epoxy resin, glass fibre, and TBBPA for Scenario A, remain the dominant
contributors across nearly all impact categories. The FR used in Scenario A, TBBPA, is another main
driver, especially in acidification (18% of impacts), freshwater ecotoxicity (28%—58%),marine eutrophica-
tion (24%) and human toxicity (23%—-70%) impact categories (the rest of the impact categories non pre-
sented in the manuscript is available in the supplementary materials). The use of non-halogenated FR in
Scenario B further reduces impacts since as stated by [57], brominated FR’s are persistent organic pollu-
tants that resist against degradation and removal from environmental settings (air, water, soil, sediment).
Also, TBBPA requires bromine extraction from seawater [26], explaining its contribution in freshwater
ecotoxicity impact categories. More generally, the lower processing temperatures required throughout
the production and lamination of the bio-based substrate considering the lower T, of PLA, contribute to
reduce energy consumption on top of substituting fossil-based or mineral-based materials and feedstock
to renewable ones [58].

An exception in lowered observed environmental impacts from Scenario B is observed for land
use and water use categories, where it shows increased impacts of 190 [-] (against 57.1 in Scenario A)
and 28.5 [m’ weq 4] (against 6.12 in Scenario A), respectively. This is primarily due to the agricul-
tural requirements of PLA and flax cultivation, consistent with prior studies on bio-based composites
[7, 26, 27, 58]. PLA is a thermoplastic polyester produced by fermentation of polysaccharides or sug-
ars extracted from sources such as corn, potato, cane molasses, or sugar beet [46]. While this makes
PLA biodegradable under controlled composting conditions [46] which is an interesting property for
EoL considerations, it also implies land occupation for cultivation, which translates into higher land use
impact at production given that this indicator is calculated on an annual occupation basis.

The LCIA results of the comparison between an assembled PCB consisting of a microcontroller
board (Arduino Nano [29]) manufactured on both substrate types is presented in figure 4. Depending
on the impact category, the PLA-flax version reduced impacts between 40% (in the ionising radia-
tion:human health category) and 2% (in the ecotoxicity:freshwater category) compared to the FR4 ver-
sion. In addition to the substrate-related advantages already listed above, the reduction in energy needs
for assembly imposed by the lower T, of PLA continues to benefit Scenario B. It should be noted that,
although both scenarios were modelled with a similar etching process, the subsequent process steps
that would need to be operated at a lower temperature were not adapted. Even with this conservative
approach to Scenario A, the substrate contribution still reduced total impacts. Nevertheless, one can
observe that, on an assembled PCB, the environmental benefits of substrate substitution are mode mod-
est compared to the substrate’s scale (figure 3), though they are still significant. In densely populated
boards, such as the microcontroller case studied here, ICs dominate environmental impacts between 39%
and 74% across impact categories. This underscores the need to consider the entire electronic system
when evaluating sustainability claims of PCB substrates.

In the abiotic depletion potential/material resources (metals/minerals) impact category however,
Scenario B showed a 3.5% higher total impact. The change in solder alloy, from a high-melting-point
Sn96.5/Ag3/Cu0.5 alloy (Scenario A) to a low-temperature Bi57.6/Sn42/Ag0.4 alloy (Scenario B), is
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Figure 4. Comparative normalised LCIA results of an assembled microcontroller board (Arduino Nano [29]) on two PCB sub-
strate scenarios (A: conventional FR4, B: bio-based PLA-flax). Total impact values for each category are shown on the right. Box
plots reflect how input parameters” uncertainties propagate to final LCIA results.

responsible for this trade-off. Indeed, the low-temperature solder and adapted reflow profile is bet-

ter suited to the thermal limitations of the PLA-flax substrate. However, the inclusion of bismuth in

this alloy increases the abiotic depletion potential, reflecting the criticality of this metal in the supply
chain. These results advocate for the use of bio-based substrate for PCBs applications while noting that
assembly practices and alloys should be adapted accordingly, with their intrinsic potential environmental
trade-offs.

4. Discussion

Limitations

Given the lower temperature operation of production processes, non-halogenated FR and bio-based
materials, the comparative results presented in this study show that the bio-based (PLA-flax) PCB sub-
strate achieves significant reductions in most impact categories against its conventional alternative,
with exceptions in land and water use due to the agricultural origins of PLA and flax fibres. However,
the current limited cradle-to-gate scope will need to be completed by a cradle-to-grave study to fur-
ther investigate potential benefits or trade-offs occurring at the use or EoL stages. Specifically, rela-
tive reliability under temperature and humidity, repairability, and energy efficiency are critical for the
use stage, both on technical and LCA point of views. Specifically, PLA is a biodegradable thermoplas-
tic, however, its biodegradation occurs only under industrial controlled composting conditions [59]
(above 58°C, controlled moisture, microbial activity [46]). Prior work [21] on the topic investigated
short term soil degradability tests on PLA-flax boards. After 7 weeks in soil, structural integrity was
maintained though initial signs of mechanical chipping and minor degradation appeared. This implies
that the board will not resist during planned degradation, but the material remains stable throughout
ambient conditions and even harsher conditions [21], towards compatibility with consumers electron-
ics environment. PLA degradation is unlikely to occur naturally and an initial step of chemical hydrol-
ysis is required to biodegrade [59], hence, at the lifetime studied in PCBAs it is almost impossible to
occur on ambiance. During EoL stage, a future cradle-to-grave study should be mindful on biogenic car-
bon accounting to avoid crediting biogenic CO, uptake during cultivation while not accounting for its
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release [60]. In the case of this study, since the biogenic carbon accounting convention used was (0/0),
no credit is claimed at production, hence validating that the cradle-to-gate scope does no artificially
boost Scenario B reported climate benefit. Nonetheless, this implies that biogenic carbon is eventually
released as CO, at EoL, which will be true for incineration of smelting recycling scenarios but not valid
for landfilling ones since biogenic CHy, with a global warming potential roughly 27 times that of CO,
would be released by biowaste.

The assembled-board analysis also revealed a specific material trade-off: the low-temperature solder
alloy (Bi57.6/Sn42/Ag0.4) required for compatibility with the thermal limitations of the PLA-flax sub-
strate increases the total abiotic depletion potential (metals/minerals) impact by 4% relative to the con-
ventional Sn96.5/Ag3/Cu0.5 solder used in Scenario A, owing mainly to its bismuth content which is a
more critical metal than tin. Noting that bismuth was modelled by economic allocation as a by-product
of lead and copper smelting, further work on such a critical metal should be envisaged to consolidate
this observation. Additionally, While resource depletion is quantified through characterisation factors,
LCA is not designed to quantify geopolitical supply risk or resource criticality. A complementary mate-
rials criticality assessment [61], would help understanding the implications of this trade-off. While attri-
butional LCA is a valuable tool for product improvement and ecodesign, it does not assess environmen-
tal sustainability within the context of global ecological limits. Another study on absolute sustainabil-
ity assessments to evaluate whether the environmental impacts of PCB substrates align with planetary
boundaries [62] would also provide insightful clues for the electronics domain towards sustainability
goals.

On the manufacturing side, our study evaluated FR4 and PLA-flax based double-sided demonstrators
using subtractive technology. Prior work [38] demonstrated that PLA-flax composites retain mechani-
cal integrity through subtractive etching and electroless copper plating. However, given the lower glass
transition temperature of PLA (~ 60 °C) and the organic flax content, it is not compatible with high-
temperature lamination (above 200 °C), which damages the cellulose content. Prior work has validated
thermal and surface roughness characterisation [21]. Future multilayer production would require adapta-
tion for the lamination steps (e.g. working at lower temperature but keeping high pressure). Additionally,
other manufacturing steps such as solder mask curing (100 °C-110 °C) and surface finish application
required adapted thermal profiles to preserve material integrity [38]. These findings highlight both the
feasibility of PLA-flax in current subtractive manufacturing and the material-specific constraints that
must be addressed for scaled industrial deployment. The lower processing and manufacturing temper-
atures required for PLA-flax, for both composite production and etching, may offer a secondary benefit
by reducing manufacturing energy, which needs quantitative investigation in future work. As the tech-
nology matures and reaches higher TRLs, industrial optimisation could be expected to improve yields
(both energy and resource efficiency), potentially leading to greater reductions in the manufacturing
phase’s environmental impact. This LCA was conducted for a prototype product manufactured at lab
scale, where energy consumption and associated environmental burdens may differ from large-scale com-
mercial production. Although the relative environmental performance of the two substrates may remain
consistent, further research is needed to assess how scaling up influences their comparative sustainability.

Perspectives

Building on the need for a cradle-to-grave extended scope identified in the previous section, and not-
ing that the substrate accounts for the large majority of the assembled board’s mass and volume, further
work on EoL pathways for electronic waste will be a priority. Several studies recommend prioritising the
recovery of copper and gold from waste PCBs (WPCBs) over primary production wherever feasible [18,
63]. Bio-based substrates may open new possibilities toward this goal [12, 64]. Within the DESIRE4EU
project, bioleaching is currently envisioned as a EoL scenario that will ensure critical metals such as cop-
per to be recycled. Unlike conventional hydrometallurgical routes (e.g. acid leaching), bioleaching is a
bio-hydrometallurgical process that uses microorganisms to recover metals from WPCBs, reducing the
need for chemical reagents and potentially lowering environmental impacts [64] while still enabling cop-
per recovery. The biodegradable nature of the PLA-flax composite is expected to improve compatibility
with this treatment processes relative to conventional FR4. A comparative assessment of EoL pathways
for both substrate types, including not only bioleaching, but also traditional mechanical, pyrometallur-
gical, hydrometallurgical or electrometallurgical techniques [15], would provide a more complete pic-
ture of the environmental trade-offs. Indeed, these techniques allow recovery of copper but leave the
glass fibre and resin fractions unusable and may release brominated by-products if halogenated FR’s are
present [7]. Realising this benefit in practice, however, requires dedicated reverse logistics, i.e. collec-
tion and sorting streams that keep bio-based substrates separate from conventional e-waste, since cur-
rent waste management infrastructure is generally not organised to segregate such fractions in electronics
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waste streams differently [47]. We therefore identify this as a necessary topic for further attention rather
than a benefit that can be claimed on the basis of the present results.

Although the substrate represents approximately 95% of the assembled board’s volume and 90% of
its mass, its influence on the overall environmental result is comparatively limited once ICs are included.
Indeed, at the scale of an assembled PCB such as the microcontroller board presented, the reduction in
environmental impacts remain but at a lower scale since the presence of active components/ICs mainly
account for 30%-70% of the total impacts of the PCBA, no matter substrate choice. Material substitu-
tion alone is necessary but not sufficient on its own towards environmental sustainability in the elec-
tronics sector. Lower environmental impacts at production from material substitution and associated
EoL pathways reduce environmental burdens but recognising that at the scale of an assembled board,
ICs dominate total impacts, substrate innovation must be combined with systemic strategies at a holistic
level. Sufficiency-oriented design rules, such as use cases selection, reduced material consumption, exten-
sion of product lifetimes and circular economy practices are closely tied with such product innovation.
This is important as to avoid increasing deployment of electronic devices, for which the initial environ-
mental savings could be partially or entirely offset [65, 66].

Lastly, a parametric LCA model for PCBs could help measure the sensitivity of environmental out-
comes from design-stage parameters such as copper content, layer count, surface finish type, or resin-to-
fibre ratio. Coupled with documentation and LCA modelling of copper-rich etching sludges management
at production facilities, such model could help determine, for instance, whether a lower-copper-density
PCB with a shorter, more localised recycling loop through etching sludge outperforms a higher-copper-
density PCB that offers a stronger economic incentive for recycling but introduces a longer delay before
recovery takes place. Thus supporting actionable design rules during development.

5. Conclusion

This study compares the environmental impacts of two rigid PCB substrate alternatives through a com-
parative LCA. The results demonstrate that for a declared unit of 1 m? of substrate for consumer elec-
tronics applications, the bio-based alternative (PLA-flax) scored consistently lower across most impact
categories than the conventional glass-fibre reinforced epoxy substrate. Exceptions are observed for land
use and water use, where the bio-based alternative exhibits an increase due to agricultural inputs to form
the bio-based matrix of the substrate composite. Indeed, PLA, flax and their weaving, are major contrib-
utors to the environmental impacts while the phosphor-based flame-retardant significantly reduces the
relative contribution of flame retardant in the substrate compared with the conventional one. A second
LCA focused on an assembled PCB (a small microcontroller board Arduino Nano [29]), manufactured
on both substrate alternatives. Results showed that ICs dominate the environmental profile in such pop-
ulated PCB, overshadowing some of the substrate’s beneficial contributions. Nevertheless, the assembled
board based on scenario B (PLA/flax substrate and low temperature assembly) exhibits a reduction in
almost all impact categories, except in abiotic depletion potential compared with scenario A. The higher
impact in this category is induced by the inclusion of a bismuth-based solder paste better suited to the
thermal limitations of the PLA-flax substrate. However, lower soldering and manufacturing temperatures
imposed by the lower melting point of the bio-based substrate reduced energy consumption and hence
direct environmental impacts. Such results support the adoption of bio-based substrates for PCB applica-
tions while noting that manufacturing, assembly practices and soldering alloys should be adapted accord-
ingly, with their intrinsic potential environmental trade-offs. Lower environmental impacts at production
from material substitution and associated EoL pathways reduce environmental burdens but recognis-

ing that at the scale of an assembled board, ICs dominate total impacts, substrate innovation must be
combined with systemic strategies at a holistic level. Sufficiency-oriented design rules, such as use cases
selection, reduced material consumption, extension of product lifetimes and circular economy practices
are closely tied with such product innovation. The flame-retarded bio-based substrate investigated here
(flax fibre reinforced PLA) currently answers technical and quality requirements for the intended elec-
tronics applications. It reduces the overall impacts at the material production stage while opening alter-
native pathways at EoL, such as bioleaching, which will be investigated in future work, in comparison to
conventional routes such as pyrometallurgy or mechanical recycling.
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