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A B S T R A C T

Understanding the environmental impacts of bio-based feedstock production is essential for sustainable
bioeconomy development. Consequential life cycle assessment (LCA) evaluates environmental sustainability,
often identifying ‘‘hidden’’ impacts incurred through market displacements. However, it is often impractical
to screen multiple bioeconomy feedstocks and value chains using full consequential LCA early in project
conceptualisation, owing to high requirements in terms of time, data, and expertise. As a result, critical
environmental risks may not be discovered until too late in project development to redirect investment towards
more sustainable options. This paper introduces the Bio-based feedstock Environmental Risk Assessment (Bio-
ERA) Framework, designed to support early screening of potential upstream environmental risks associated
with increased demand for bio-based feedstocks. The Bio-ERA Framework comprises a decision tree that
systematically guides stakeholders through consequential life cycle thinking, elucidating sometimes hidden
(indirect) pathways of impact among feedstock sourcing decisions. Seven important environmental aspects are
addressed: Finite Resource Inputs, Greenhouse Gas (GHG) Emissions, Air Quality, Water Quality, Ecosystem
Diversity, Terrestrial Carbon Storage, and Indirect Land Use Change. Criteria are proposed to structure
evaluation of (i) probability and (ii) severity of environmental impact, in relation to four categories of
feedstock: primary (determining product), high-value by-product, low-value by-product, and waste. Example
applications demonstrate how the framework can generate an environmental risk profile for specific feedstocks
sourced in specific contexts. Bio-ERA does not avoid the need for detailed LCA evaluation of full bioeconomy
value chains, but promotes deeper interrogation and awareness of potential environmental risks associated
with feedstock sourcing, in a manner that is accessible to all stakeholders. This could support earlier screening
of strategic investment decisions necessary to develop a sustainable bioeconomy.
1. Introduction

Humanity is facing an array of unprecedented challenges as global
opulation growth and accelerating unsustainable production and con-

sumption patterns put Earth-system processes under increasing pres-
sure. Among these, climate change, freshwater change, land-system
change, compromised biosphere integrity, unsustainable biogeochem-
cal flows, and the emergence of novel entities (e.g., plastics and
hemicals) pose significant threats, pushing us closer to a point be-
ond a safe operating space for humanity (Richardson et al., 2023;

Rockström et al., 2009). In recent years, unforeseen events such as
the Covid-19 pandemic and the war in Ukraine have also exposed
weaknesses in global supply chains, and highlighted the importance of

∗ Corresponding author.
E-mail address: George.Bishop@universityofgalway.ie (G. Bishop).

resilience, alongside sustainability. The ‘‘bioeconomy’’ has emerged as
a promising concept to help address these challenges (European Com-
mission, 2018a; Lasarte-López et al., 2023; Liobikienė and Miceikiene,
2023). The bioeconomy encompasses all economic sectors and systems
that rely on biological resources to produce bio-based energy, goods,
and services (European Commission, 2018a). Deployment of a sustain-
able bioeconomy offers a pathway towards sustainable development,
potentially contributing significantly to achieving many United Na-
tions’ Sustainable Development Goals (Aworunse et al., 2023; Heimann,
2019; Ronzon and Sanjuán, 2020). Recognising its importance, the
EU Bioeconomy Strategy emphasises the role of the bioeconomy in
accomplishing its ambitious target of achieving ‘‘climate neutrality’’
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in Europe by 2050 (European Commission, 2019, 2018a). Through its
nitiatives such as the Circular Economy and Bioeconomy Action Plans
European Commission, 2020, 2018b), the EU is working to strengthen

and expand bio-based sectors, promote the rapid deployment of local
bioeconomies, advance understanding of the bioeconomy, and establish
sustainable products and sustainable consumption as the standard in
he EU, amongst other significant objectives.

To realise the positive environmental potential of the bioeconomy
and ensure its long-term viability, it is crucial to achieve environmen-
tally sustainable production of bio-based feedstocks (European Com-
mission, 2018a). The sourcing of feedstocks, the raw (unprocessed)
materials used to produce bio-based products, can have significant
nvironmental implications (Bishop et al., 2022). Whilst bio-based feed-

stocks can incur smaller environmental impacts compared to abiotic
resources and decrease reliance on finite resources, their production
can also give rise to significant impacts, including land use changes,
environmental releases, and biodiversity loss (Pawelzik et al., 2013).
A widely adopted method for assessing the environmental impacts of
bio-based materials is life cycle assessment (LCA) (ISO, 2020a,b). LCA
methodologies can be broadly classified into two distinct approaches:
attributional LCA and consequential LCA. These approaches differ in
their modelling strategies, addressing distinct questions about envi-
ronmental performance. Attributional LCA assesses the physical flows
f inputs and outputs within a life cycle and its subsystems, provid-
ng a snapshot of environmental impacts under defined conditions
Finnveden et al., 2009). Consequential LCA, in contrast, focuses on
ow flows change in response to specific decisions, including changes
ncurred (indirectly, via market effects) outside the system initially
argeted by the decision1 (Finnveden et al., 2009; UNEP, 2011). Attri-

butional LCA typically uses average data and allocates impacts among
co-products, while consequential LCA employs marginal data and sys-
tem expansion to reflect market-driven changes (Ekvall, 2019; UNEP,
2011). In essence, attributional LCA answers ‘‘what are the impacts
attributed to past behaviour under specified allocation rules?’’, whereas
consequential LCA explores ‘‘what are the impacts that are expected to
ccur as a result of a (potential) decision?’’ (Santos et al., 2022).

The prospective2 nature of consequential LCA makes it especially
elevant for evaluating decisions at commercial scales. By considering
oth direct and indirect effects, consequential LCA enables a broader
ystems perspective. Indirect impacts, which can manifest via mar-
et signals, can be of far greater magnitude than direct effects. For
xample, if the production of corn-based ethanol biofuels increases,
t may directly lead to the displacement of food crop production in
avour of non-food crop cultivation, which may carry relatively little
irect environmental impact. However, the displaced food crops may be
ultivated in other regions to compensate for the production shortfall,
riggering indirect land use change. Such changes can involve the con-
ersion of natural land into agricultural land, leading to habitat loss and
ubstantial indirect emissions (Schmidt et al., 2015). It has been argued

that a consistent socially responsible decision-maker must always take
responsibility for the activities in the consequential product life cycle
(Weidema et al., 2018). Although consequential LCA outcomes may
entail higher uncertainties, incorporating these indirect effects renders
he results more accurate (Ekvall, 2019; European Commission, 2010).

High accuracy is arguably the most important factor of an assessment,
to avoid unintentionally misguiding decision makers. Uncertainty can

1 In consequential LCA terms, a consequential LCA assesses the potential
lobal environmental impact arising from activities expected to change be-
ause of decisions that affect the demand for the functional unit (that is, the
easure of the performance delivered by the product system) (UNEP, 2011).
2 ‘‘Prospective’’ because consequential LCA focuses on the time following a

decision – the relative future – even if the decision occurs in the absolute past,
resent, or future. The consequences of a decision cannot influence past events;
he entire cause–effect chain along the supply chain is projected forward in
ime (Schaubroeck et al., 2021).
2

(and should) be dealt with in consequential LCA studies (Igos et al.,
2019).

Consequential LCA research has demonstrated that not all bio-
ased feedstocks are environmentally equal, as feedstocks can incur

vastly different upstream impacts, both directly and indirectly (Bishop
t al., 2022). Therefore, the careful selection and acquisition of ap-

propriate feedstocks are critical for achieving optimal environmental
performance of the final bioeconomy product. To this end, during
the bioeconomy product development, feedstock sourcing should be a
primary consideration, ideally through the use of consequential LCA.
However, conducting a comprehensive consequential LCA is resource-
intensive and demands substantial investments of time and specialised
expertise. This challenge is compounded by the need for considerable
data and information from multiple stakeholders — often specific to
well-developed value chain configurations only determined at a high
technology readiness level (TRL) (Holden, 2022). Given the multitude
f emerging product innovations within the bioeconomy (Brandão

et al., 2021), conducting a full consequential LCA for every possible
roduction scenario of every prospective feedstock for potential bio-
ased products is unfeasible. Therefore, it is important to identify high
isk feedstocks in particular contexts early in the scoping phase, rather

than after resources have been allocated and a detailed consequential
LCA has been undertaken. Projections indicate a substantial biomass
availability gap of 40%–70% by 2050 between demand and supply
(European Commission, 2022), highlighting the urgent need for a
method to quickly screen potential feedstock scenarios to help prioritise
and guide project development and subsequent full consequential LCA
as projects develop. Additionally, despite considerable support for a
sustainable bioeconomy in Europe (Dallendörfer et al., 2022), a notable
lack of awareness persists among the general public and consumers
regarding biobased materials (Gaffey et al., 2021). This knowledge gap
underscores the critical need to enhance understanding of the envi-
onmental sustainability of bio-based feedstocks, especially considering

citizen concern in this area (Lucas et al., 2022).
Streamlined methodologies have emerged to address this need,

offering simplified approaches to environmental impact assessment.
hese methods aim to balance accuracy with practicality, reducing
he complexity and resource demands of traditional LCA. Studies have
treamlined LCA in several ways, including inter alia, focusing on the
ost critical life cycle phases (Ingrao and Wojnarowska, 2023), using

premade datasets to enable comparative design exploration (Verghese
et al., 2010), prioritising the most critical impacts, emissions, and
inputs that affect the ranking of different scenarios (Wang et al., 2021),
nd by identifying hotspots to constrain parameterised process-based
CA (Pelton and Smith, 2015). However, streamlined LCAs to date

have focused on attributional (footprint) approaches. Further, they are
often tightly bound to specific products or processes, or still require
ubstantial data inputs. This highlights a critical gap: the need for a
treamlined methodology tailored to consequential LCA thinking —
ne that minimises data requirements and time while maintaining the
bility to capture broader multi-system consequences.

To address this gap, we have utilised the principles of consequential
LCA thinking to develop a methodology which enables rapid environ-
mental screening of potential bio-based feedstocks, facilitating an early
assessment of upstream environmental risks, henceforth called the Bio-
ERA Framework (Bio-based feedstock Environmental Risk Assessment
Framework). We test this framework across a range of feedstocks. The
Bio-ERA Framework aims to identify possible areas of environmental
concern associated with an increased demand for any bioeconomy
feedstock in a given context. Above all, it promotes consequential LCA
thinking among industry stakeholders seeking sustainable feedstock
supplies, policymakers navigating complex environmental challenges,
and members of wider society who may not be fully aware of the many

pathways to environmental impact.
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Fig. 1. Visualisation of how the scope of the Bio-ERA Framework scope fits within wider LCA boundaries. Environmental aspects (rounded boxes) included in the Bio-ERA
Framework, arising from the increased demand for a specific bio-based feedstock.
l

c
s

f
b

c

p

2. Methods

2.1. Environmental risk assessment

2.1.1. Seven environmental aspects
The goal of this study was to create a rapid early upstream en-

vironmental risk assessment screening methodology to identify the
environmental risk areas associated with increasing demand for spe-
cific bio-based feedstocks. The Bio-ERA Framework is informed by
consequential life cycle thinking and is intended to inform bioecon-
omy stakeholders on the relative environmental risks associated with
prospective feedstock supplies. Screening is based on seven pertinent
environmental aspects: Finite Resource Inputs, GHG Emissions, Air
Quality, Water Quality, Ecosystem Diversity, Terrestrial Carbon Stor-
age, and Indirect Land Use Change (Fig. 1). The seven environmental
aspects selected for the Bio-ERA Framework encompass key poten-
tial environmental concerns (directly or indirectly) associated with
increased demand for bio-based feedstocks. The selection of these seven
environmental aspects was guided by the Planetary Boundaries frame-
work (Rockström et al., 2009; Steffen et al., 2015) and life cycle impact
ssessment categories used in LCA (European Commission, 2018c).

These aspects are closely aligned with critical Earth-system processes,
amely climate change, biosphere integrity loss, biogeochemical flows,
nd land-system change (Rockström et al., 2009; Steffen et al., 2015).

To briefly elaborate the environmental aspects, Finite Resource In-
uts considers the dependence of new biomass production on fossil fu-
ls, synthetic fertilisers, abiotic materials, and other non-renewable in-
uts. GHG Emissions represents emissions associated with new biomass
roduction, both from biological processes and embodied emissions,
ncompassing carbon dioxide, methane, and nitrous oxide, which con-
ribute to climate change. Air Quality assesses emissions of pollutants
uch as particulate matter and nitrogen oxides, which can have negative

health impacts on humans and ecosystems (WHO, 2006). Water Quality
considers direct discharge or diffuse losses of pollutants (e.g., excess
nutrients, pesticides) to water bodies (Giri and Qiu, 2016). Within this
framework, Ecosystem Diversity assesses the potential risk of impact on
he variety and heterogeneity of land use within a specific geographic
rea arising from increased production demands. When a certain land

use or vegetation cover is required that is not already prevalent in
a region, this can enhance diversity at a landscape level. Conversely,
ncreasing demand for an already dominant land use or vegetation
over risks further reducing diversity. The importance of maintaining
igh Ecosystem Diversity has been demonstrated in relation to various
cological, social, and economic benefits, including enhanced resilience

nd adaptability, higher biodiversity, and increased delivery of wider

3

ecosystem services (Isbell et al., 2017; Schippers et al., 2015). Terres-
trial Carbon Storage represents risks of carbon stored in biomass and
soils being lost as a consequence of cultivating or extracting particular
feedstocks, or conversely the possibility of building additional carbon
storage in biomass and soils. For example, the production of bio-based
feedstocks can involve the conversion of land from forests or grasslands
to cropland, which can result in the release of carbon from the soil
and vegetation, and vice versa. Indirect Land Use Change considers
effects that may occur in other systems or countries as a result of
market perturbations arising from demand for a new feedstock. When
the production of new biomass leads to a change in the occupation
of some production capacity, there may be a need to compensate
for this change elsewhere if the demand for this original production
remains. Due to the constrained nature of land, additional demand for
this product is supplied from land already in ‘‘use’’ via agricultural
and expansion (e.g., deforestation) and intensification, resulting in

significant environmental impacts (Schmidt et al., 2015; Tonini et al.,
2016). For further details on these seven environmental aspects, please
refer to Section 2.1.4.

2.1.2. Environmental risk scores
In order to assess the risk of environmental impact from the in-

reased demand of any bio-based feedstock (including primary feed-
tocks, by-products, and wastes), the Bio-ERA Framework follows a

structured approach that incorporates several discrete, easy-to-
implement steps that culminate in an overall environmental risk score
or each of the seven environmental aspects. This scoring system is
ased on two key factors: the Probability of environmental impact and

the Severity of environmental impact (as outlined in Sections 2.1.3 and
2.1.4, respectively).

The Probability and Severity factors are each assigned a rank of
low, medium, or high, based on explicitly defined criteria. These scores
are then cross-referenced in a risk table (Fig. 2), which provides a
ombined risk score of 1–3 for each environmental aspect, denoting low

risk to high risk (Fig. 2). The total environmental risk is then calculated
following Eq. (1), where i represents each of the seven environmental
aspects.

𝑇 𝑜𝑡𝑎𝑙 𝐸 𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙 𝑅𝑖𝑠𝑘 =
7
∑

𝑖=1
𝑃 𝑟𝑜𝑏𝑎𝑏𝑖𝑙 𝑖𝑡𝑦 𝑜𝑓 𝐼 𝑚𝑝𝑎𝑐 𝑡𝑖

× 𝑆 𝑒𝑣𝑒𝑟𝑖𝑡𝑦 𝑜𝑓 𝐼 𝑚𝑝𝑎𝑐 𝑡𝑖 (1)

Eq. (1) yields an overall numerical score (with a maximum of 21)
ertaining to the potential environmental risk associated with increas-

ing the demand for each bio-based feedstock. It is important to note that
the Bio-ERA Framework is not intended to offer a precise indication of
aggregate upstream environmental damage, but rather provides a quick
and accessible identification of likely risk hotspots.
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Fig. 2. The Bio-ERA Framework, structured into three discrete steps. In Step 1, the Probability of environmental impact is assessed across all seven environmental aspects (see
Fig. 3, Section 2.1.3). Step 2 entails estimating the Severity of environmental impact for each of the seven environmental aspects (see Fig. 4, Section 2.1.4). In Step 3, the above
risk table is used to estimate the environmental risk of increasing the demand for the chosen bio-based feedstock for each environmental aspect, based on the classification of
the Probability and Severity of environmental impact. Additionally, scores are assigned to each level of environment risk (High, Medium, or Low) estimated for each of the seven
environmental aspects, bottom right.
a

2.1.3. Probability of environmental impact — Step 1
As consequential LCA traces the environmental impacts of a prod-

ct forward in time, unconstrained (marginal) suppliers are used to
epresent production systems that can respond to changes in demand
or a particular product at the lowest (long-term) cost. The production

capacity of many products can be constrained by various factors,
including lack of raw materials, quality constraints, geography, technol-
ogy, and policy and regulations (Weidema et al., 1999). Unconstrained
roducts whose production volume can respond to changes in demand
re called ‘‘determining products’’. ‘‘By-products’’ (also called ‘‘depen-

dent co-products’’) are products outputted to the technosphere that
are produced in conjunction with the main product (the determining
product) and retain some value, but their production volume is con-
strained by the demand for the determining product, meaning that
the production volume of the co-producing activity is not affected by
changes in demand for the by-product itself (Ekvall and Weidema,
2004). For example, suppliers of bovine meat will not increase their
production in response to an increase in demand for leather (Santos
et al., 2022). Therefore, if the product of interest is constrained, an
ncreased demand will not affect the levels of production or extraction
f that resource. Instead, less of that constrained product is available for
ther parts of the technological system (i.e., the wider economy), which
n turn may increase production from other (unconstrained) suppliers
ho provide an equivalent functioning product. ‘‘Wastes’’ have many
ifferent definitions in the literature. However, in consequential LCA
erms, a waste is essentially a co-product that does not carry any
arket value, and therefore has no direct effect on production volumes

f originating feedstocks when demand for them increases. However,
preferred) waste handling activities which compete for the same waste
roducts may be affected to satisfy the demand (Prosman and Sacchi,

2016).
Within this Bio-ERA Framework, we establish a relationship be-

ween the ‘‘product type’’ of bio-based feedstocks (i.e., determining
4

products, by-products, or waste products) and the Probability of en-
vironmental impact. Considering the definitions described above, we
propose that bio-based feedstocks comprising determining products or
high-value by-products are highly likely to have significant environ-
mental impacts through associated additional production capacity. In
contrast, low-value by-products and wastes are less likely and unlikely,
respectively, to drive severe environmental impacts through additional
(marginal) production. The rationale behind this idea is that an increase
in demand for a determining product feedstock would likely result
in increased production activities of that feedstock through expansion
and/or intensification of that biomass production to meet the rising
demand, which could necessitate considerable inputs and consequently
result in severe environmental impacts. An increase in demand for high-
value by-product feedstocks may reduce the availability of this biomass
for alternative uses for which the feedstock may have originally been
used (Ekvall and Weidema, 2004). If the demand for the original use
of the high-value by-product feedstock remains, additional alternative
production may be introduced into the market from unconstrained
suppliers of equivalent functioning products to fulfil this demand,
which could incur significant environmental impact. Conversely, low-
value by-products may not be fully utilised or may have lower market
demand and higher substitutability (by other low-value or waste feed-
stocks) across a range of applications or industries. This reduces the
likelihood that utilisation of such by-products incurs considerable addi-
tional production activities, and thus environmental impact, compared
with high-value by-products. Waste bio-based feedstocks are associated
with low probability of environmental impacts as production markets
re unlikely to be affected by increasing demand.

The initiation of Step 1 in the Bio-ERA Framework involves identify-
ing whether the feedstock functions as the determining product or not
(Fig. 3). This classification is important because multiple products can
arise from a single production system, making it challenging to pinpoint
which product drives the system’s operation. To address this complex-
ity, we follow the framework outlined by 2.-0 LCA Consultants (2015),
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Fig. 3. Step 1 of the Bio-ERA Framework: The questions (blue rhomboids) to estimate the Probability of environmental impact across seven environmental aspects (rounded boxes)
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which provides criteria for identifying the determining product in such
cenarios. If the feedstock does not constitute the determining product,
he subsequent stage entails assessing its relative share of revenue for
he production process (Fig. 3). A zero-value output is regarded as a
aste. Distinguishing between high-value and low-value by-products is

less clear cut, but necessary to assess the potential environmental risks
f the feedstocks via the Bio-ERA Framework. While there is no official
efinition, we propose a rule of thumb for classification. By-products

that generate revenue exceeding 50% of the revenue generated by the
determining product can be considered high-value by-products, while
hose generating less than 50% of main product revenue are classified

as low-value (Fig. 3). Although revenue information may not always
e readily available during rapid screening, and prices can fluctuate
ignificantly, transparent documentation of assumptions and adherence

to the precautionary principle are sufficient for screening purposes. In
cases of uncertainty between the two categories, erring on the side of
aution by assigning ‘‘high-value’’ is recommended.

In some instances, the perceived primary product itself may be a
onstrained feedstock. For example, although an increase in demand
or wild-caught fish may lead to a temporary price increase and thus
ncrease the revenue of the fishing activity, due to various constraints
uch as quotas and limited availability, this price surge does not trans-
ate to an increased supply of this primary feedstock. Rather, marginal
onsumers3 may opt for more affordable unconstrained substitutes,

such as farmed fish, resulting in an increased demand and production
of that output instead (Weidema et al., 2018). Within the Bio-ERA
Framework, constrained primary feedstocks can be treated with the
same probability and consequential thinking as a high-value by-product
(Fig. 3).

The exception to the above Probability level assumptions arises for
the following aspects: Ecosystem Diversity, Indirect Land Use Change,
and Terrestrial Carbon Storage (Fig. 3). Whilst still following the afore-
mentioned consequential thinking, the land impacts of determining
product feedstocks and market-displaced unconstrained suppliers can

3 The consumer who is least willing to pay the prevailing market price in
a supply and demand equilibrium. If the price of the product increases, the

arginal consumer will stop buying the product, and vice versa.
5

vary considerably. For example, feedstocks arising from crops will
typically) have very different landscape impacts to those arising from
orestry or macroalgae. To address this, the Bio-ERA Framework defines
he landscape impact probabilities for determining products and by-
roducts for all feedstocks as medium (as an ‘‘average’’) (Fig. 3),
lacing the onus of environmental risk directly onto the Severity of
onsequences (Section 2.1.4) — still allowing the full range of low
o high risk depending on individual feedstock scenarios (Fig. 2).
imilarly, if waste product feedstocks are sourced from the land, they
ay negatively impact terrestrial carbon stocks if removed from land,

so medium probability is also given for the Terrestrial Carbon Storage
aspect for waste feedstocks.

2.1.4. Severity of environmental impact — Step 2
As explained above, one of the key factors in estimating the environ-

mental risk posed by bio-based feedstocks is determining the Severity
of environmental impact, which pertains to the potential magnitude
or intensity of consequences arising from an increased demand for a
particular feedstock within the bioeconomy. This study presents the
Severity of impact criteria for the seven environmental aspects in Fig. 4,
which can guide practitioners to estimate whether increased demand
for the bio-based feedstock under consideration is associated with low,
medium, or high Severity of impact.

While determining the Severity of impact for determining prod-
cts is relatively straightforward due to the direct nature of their
elated (production) impacts, characterising the Severity of impacts
or by-products or constrained primary products can be less intuitive
s the indirect impacts arising from the (potentially unknown) uncon-
trained suppliers may not be immediately apparent. The frameworks
aid out by Weidema et al. (2009, 1999) can be used to identify

the unconstrained suppliers to the market and can facilitate the pre-
diction of potential environmental risks associated with increasing
feedstock demand. However, since the Bio-ERA Framework is designed
for rapid screening with minimal data, the identification of specific
unconstrained suppliers is not necessary; instead, the precautionary
principle is recommended to flag possible hotspots that require further
investigation after screening. The Severity of impact criteria in Fig. 4
provide a flexible framework for evaluating the environmental risk of
bio-based feedstocks based on structured qualitative descriptions that
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can be applied even in cases where data may be limited. However, some
alue judgements are inevitably involved, and there are likely to be

instances where practitioners are unsure on how to rank the Severity
f environmental impact associated with a particular feedstock. In such
ases of uncertainty, we recommend taking a precautionary approach
y selecting the higher severity candidate options. This approach is
onsistent with the objective of identifying potential risks and risk

hotspots across feedstock types, as per the precautionary principle
Kriebel et al., 2001).

2.2. Feedstock examples

To demonstrate the applicability and utility of the Bio-ERA Frame-
work presented in Section 2.1, a number of diverse bio-based feedstocks
were screened using the proposed methodology, in the context of
Ireland to assess location-specific impact risks (where necessary). These
feedstocks were drawn from a wide range of materials, including by-
products and wastes, comprising cereals, energy crops, grasses, aqua-
culture, and bovine products. It is worth noting that this is not an
xhaustive list, but rather a diverse sample that provides insight into
ow the Bio-ERA Framework can be applied in practice. By explor-
ng multiple case studies, insight is provided into the multi-systems
hinking necessary to estimate environmental risks arising from in-

creased demand for various bio-based feedstocks, as well providing a
benchmark for the allocation of the various levels of environmental
risk.

3. Results

3.1. Barley

Using the proposed Bio-ERA Framework, an increase in demand
or barley grain in Ireland could pose high environmental risks across
inite Resource Inputs, GHG Emissions, Air Quality, Water Quality, Ter-
estrial Carbon storage, and Indirect Land Use Change, with Ecosystem
6

Diversity carrying medium risk within an Irish context (Table 1). Specif-
ically, as barley grain is the determining product of the production
activity (Step 1 of Bio-ERA Framework), to meet any increased demand,
arley production would be expanded or intensified. While direct in-
ensification is unlikely in Ireland, given the already intensive crop
ystems, it may occur indirectly through displacement of production

pressures overseas. In this scenario we assume that expansion of barley
cropping area occurs, which could exacerbate the pressure on finite
resources, particularly synthetic fertilisers, pesticides, and agricultural
machinery (Lovarelli et al., 2020) (Fig. 5). These inputs carry notable
upstream GHG burdens, as well as possible emissions from fuel combus-
ion, nitrogen fertilisation, and liming (Guo et al., 2022). Additionally,

the loss of nutrients and pesticides from these inputs into water bodies
could lead to considerable water pollution, while the release of air
pollutants such as particulate matter from fuel combustion and nitrogen
xides from fertiliser application could significantly impact air quality
Del Hierro et al., 2021). Increasing the demand for barley grain could

lead to the conversion of natural ecosystems or (most likely in Ireland)
agricultural grassland to cropland, resulting in the release of carbon
from soil and vegetation (Mukumbuta and Hatano, 2020), as well as
the possibility of Indirect Land Use Change from the displacement of
livestock produced on grassland converted to cropland (Fig. 5). As
a determining product and carrying high Probability of risk (Fig. 3)
and high Severity of impact (Fig. 4), high risk is assigned to these
environmental aspects for barley grain (Fig. 2). However, as barley
rops (spring + winter) only cover about 186 kha of land in Ireland
ut of an agricultural area of circa 4.4 Mha (CSO, 2023), barley is not

considered a dominant land cover. Thus, increasing barley production
could potentially enhance Ecosystem Diversity at a landscape level.
However, if new barley cultivation was concentrated in arable ‘‘pock-
ets’’ it could introduce a monoculture aspect that reduces biodiversity
in specific localities. Specific context is critical here, and uncertainty is
captured in our assessment by attributing a medium risk of depleting
Ecosystem Diversity (Figs. 2, 4).

If the increased demand for barley grain was achieved through
enterprise swapping, i.e., where a shift was made from another crop to
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Fig. 5. Consequential thinking applied to the increased demand for three barley feedstocks, separated into direct and indirect production effects and land use change. Solid lines
epresent direct impacts, dotted lines signify indirect market impacts. Rounded boxes denote the seven environmental aspects covered.
Table 1
Environmental risk scores associated with an increased demand for various barley crop products. Risk scores: 3 = high risk (red), 2 = medium
risk (yellow), 1 = low risk (green). Maximum overall environmental risk score is 21. CPP: constrained primary product; DP: determining product.
LVBP: low-value by-product. W: waste.
f
c
l

barley, the directly associated environmental risks could be a somewhat
moderated compared to those listed in Table 1 — because overall
gricultural inputs in the rotation, and arable land areas required, may
emain similar. However, if the demand for the original displaced crops
emains within the wider market, the risk of significant environmen-
al impacts arising from Indirect Land Use Change, from pressure to
 a

7

cultivate the replaced crop elsewhere, would increase.
An increase in demand for barley straw may present medium risk

or all environmental aspects (Table 1). The production of straw is
onstrained by the production of the barley grain and has relatively
ow market value, making it a low-value by-product (Fig. 3). As such,
n increase in demand for barley straw would not lead to an increase
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in the production of barley but could result in a reduced availabil-
ty of the straw for other uses (e.g., water treatment, horticulture,
nimal bedding, soil carbon sequestration mitigation action, etc.). Con-

sequently, additional production of equivalent functional products by
unconstrained suppliers may be incurred by diversion of barley straw
to the new bioeconomy use (Ekvall and Weidema, 2004), linked with

edium Probability of environmental risk (Figs. 3, 5). Due to the
low value of the barley straw, it may have lower market demand but
be highly suitable for a wide range of applications. This could result
in a high number of potential unconstrained suppliers, and so the
‘‘average’’ marginal production activity will carry medium Severity for
all environmental aspects (Figs. 4, 5).

Fallen barley crops are typically considered waste products. As
such, if there is an increase in demand for them as a bioeconomy
feedstock, it is unlikely to result in the additional production of new
biomass. Consequently, the environmental risks associated with Finite
Resource Inputs, GHG Emissions, Air Quality, Water Quality, Ecosystem
Diversity, and Indirect Land Use Change are considered low (Table 1).
However, fallen crops are usually left on the field, where a portion
f the carbon content of the crop can become sequestered in the
oil (Chowdhury et al., 2021). Thus, removing this source of carbon
nput presents a medium environmental risk associated with Terrestrial
arbon storage (Fig. 5). As the nutrient content of the straw is also

removed from the soil, the farmer may counter this with the application
of additional synthetic fertiliser, though this is deemed outside the
scope of this risk assessment.

3.2. Willow

An increase in demand for willow stems, as the determining prod-
ct, could pose medium environmental risks across Finite Resource
nputs, GHG Emissions, Air Quality, and Water Quality, with high

potential risk of Indirect Land Use Change, and low risk for Ecosys-
tem Diversity and Terrestrial Carbon storage (Table 1). Despite the
high Probability of risk occurrence for Finite Resource Inputs, GHG
Emissions, Air Quality, and Water Quality (Fig. 3), the Severity of
the environmental aspects within these aspects are low (Fig. 4). The
ultivation of willow stems, a fast-growing and high-yield crop, requires
elatively small inputs of fertilisers and fossil fuels, resulting in low
nvironmental releases compared with most other crops (Yang et al.,

2020) (Fig. 4). Willow crops also have a high potential to sequester
carbon, especially in the above-ground biomass, whilst maintaining
high soil carbon stocks (as a perennial crop), resulting in a low risk
of negative Terrestrial Carbon Storage impacts (and indeed, possibil-
ty of an increase in terrestrial carbon storage) (Yang et al., 2020).

Additionally, the potential for negative Ecosystem Diversity impacts
from increasing willow (stem) production is considered low, given
that willow is not a dominant ‘‘crop’’ within Ireland, even regionally,
covering just 589 ha of national land area (Girón Domínguez and

affey, 2024). Nevertheless, like any crop, the expansion of willow
roduction carries the potential for indirect land use change. Accurately
redicting the type and impact of indirect land use change can be
hallenging. The Severity of these indirect land use impacts depends
n the type of land displaced by the willow crop. For instance, arable
and displacement may have a high Severity, productive grassland
ay have a medium Severity, and rough grassland may have a low

everity, due to varying amount of production that may be displaced
Fig. 4). Nonetheless, due to the uncertainty surrounding the exact land

that would be affected, applying the precautionary principle suggests
considering a high environmental risk of indirect land use change
Table 1).

Similar to by-product and waste products of barley (Section 3.1),
increasing the demand for the low-value bark of willow carries medium
environmental risk for all aspects considered, while the root system
rom felled trees has low risk for all aspects, except Terrestrial Carbon
torage. In this latter case, the sequestration of a portion of root carbon
8

into the soil may be prevented, and increased soil disturbance will
increase oxidation of soil carbon (Table 1). However, it is important
to note that willow roots will only be available in relatively small
quantities as a ‘‘waste’’ product at the end of plantation lifetimes, as
willow is coppiced repeatedly for about 19–25 years (Harayama et al.,
2020).

3.3. Grass and clover

Perennial ryegrass and white clover are widely used in pasture and
forage systems in Ireland, but despite their similar uses, they have
very different characteristics and potential environmental impacts. The
proposed Bio-ERA Framework indicates that increasing demand for
perennial ryegrass could pose high environmental risk across all envi-
ronmental aspects covered except for Terrestrial Carbon, which carries
low risk (Table 1). Perennial ryegrass has the potential to sequester con-
siderable carbon in its below-ground biomass, though this does depend
on where it is grown. For example, if the grass is grown on organic soils
or previously wooded areas, there is high risk of carbon loss. However,
in the context of Ireland, an increase in grass demand would likely
be met primarily through the intensification of rough grazing or low
input grassland. The intensive inputs required for perennial ryegrass
production, such as synthetic fertilisers and agricultural machinery, will
contribute significantly to GHG emissions, air, and water pollution, and
may exacerbate pressure on constrained land, leading to indirect land
use change if animal production is displaced (precautionary principle)
— e.g., if the grass was used as a feedstock in a biorefinery as
opposed to feeding ruminants. Furthermore, the expansion of perennial
ryegrass is likely to have negative impacts on Ecosystem Diversity, as
it is the most common biomass arising in Ireland, covering over 3.3
Mha of land area in Ireland (Girón Domínguez and Gaffey, 2024). In
contrast, an increase in demand for white clover may pose medium
nvironmental risks across Finite Resource Inputs, GHG Emissions, Air

Quality, and Water Quality, with high risk of Indirect Land Use Change,
and low risk of negative impacts on Ecosystem Diversity and Terrestrial
Carbon Storage (Table 1). As a determining product, while white clover
arries a high Probability of impact occurrence (Fig. 3), it has low

input requirements, as it can fix nitrogen from the air into a form
hat can be used by the plant (as well as the surrounding plants and
oil) (Enriquez-Hidalgo et al., 2015). As such, the crop requires very

low inputs of fertiliser application, and thus minimises environmental
eleases. High Probability with low Severity translates into medium risk
cores (Fig. 2). Like perennial ryegrass, clover manifests a low risk for

Terrestrial Carbon loss, and because clover is not a dominant land cover
(Girón Domínguez and Gaffey, 2024), Ecosystem Diversity is also low
risk. However, increasing white clover production could lead to indirect
land use change should it displace animal production (e.g., if not used
for grazing) which may need to be produced elsewhere.

3.4. Cattle

Cattle-derived feedstocks, such as beef and hide can have varying
degrees of environmental risk when their demand increases (Table 1).
f there was an increase in demand for beef, as the determining prod-

uct, cattle numbers would likely increase to satisfy the demand. This
increase would have significant implications for direct GHG emissions
nd environmental releases from the animals, particularly from en-

teric methane and manure management emissions of methane and
nitrous oxide (Mazzetto et al., 2020). Additionally, the increase would
require increased production inputs (and thus increased emissions)
and necessitate greater land area requirements (if intensification alone
were not possible). This conversion of land into grass feed, specifically
in the context of Ireland, presents similar potential risks identified
for perennial ryegrass in Table 1, though with the additional animal
emissions. Although manure deposits on land can enhance Terrestrial
Carbon storage by sequestering a portion of the carbon within the soil,
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it is important to note that this carbon originates from the biomass
onsumed by the animals. If the biomass were left in place or if other
iomass were allowed to grow, the potential for carbon storage could be
reater. Consequently, Terrestrial Carbon Storage was assigned medium
isk in this context.

Hide is a low-value by-product, constrained by the production of
eef, that carries a medium Probability of environmental risk across

all environmental aspects when its demand is increased (Fig. 3). An
increased demand may result in increased supply of equivalent uncon-
strained functional products, leading to medium environmental risk
for all aspects, as explained in Sections 3.1 and 3.2. However, it has
been suggested that the current demand for hide may be lower than
ts production, effectively rendering it a ‘waste’ product (Porto Costa
t al., 2023). As a result, if the feedstock demand is not high, it could

pose low environmental risk across all aspects.

3.5. Wild seaweed

Wild seaweed in Ireland provides a distinctive, non-land-based case
study. Despite the limited availability of wild resources, it has been
noted that currently wild brown seaweed in Ireland is largely under-
extracted, suggesting that the resource is unconstrained (at least for
now) (Mac and Morrison, 2020). With this in mind, although carrying
igh Probability of risk as a determining product, wild brown seaweed
equires minimal inputs and generates low levels of emissions during
roduction/extraction, resulting in medium environmental risk for Fi-
ite Resource Inputs, GHG Emissions, Air Quality, and Water Quality

(Table 1). Further, increasing the demand for this widely available
eedstock is likely to have minimal risk of Indirect Land Use Change,
cosystem Diversity, and Terrestrial Carbon storage (Table 1). This is
ecause the (unconstrained) wild seaweed does not need or compete
ith agricultural land or resources, so it is unlikely to result in the

onversion of other land types for its production, though it may have
ositive impacts on marine biodiversity.

However, if the demand for wild brown seaweed were to increase to
the point where the macroalgae become constrained, a similar scenario
to the one described in Section 2.1.3 could arise, wherein an increase
emand for the constrained feedstock increases wild seaweed price,

the marginal consumers may choose the more affordable unconstrained
farmed seaweed suppliers (or other potential suppliers that supply
the same functioning product). This could significantly increase the
upstream environmental risks associated with an increased demand
for the brown seaweed, compared with the unconstrained impact risks
(Table 1). Finite resource requirements and related emission risks from
farmed seaweed account for these changes in risk (Collins et al., 2022).
However, risks associated with Ecosystem Diversity would remain low
as increasing brown seaweed production may provide valuable food
and habitats for marine life. This case study further illustrates the
context specificity of risk scores and suggests that screening scores for
particular feedstocks will need to be reviewed and updated as markets
evolve.

4. Discussion

4.1. Use of the Bio-ERA framework

The Bio-ERA Framework introduced in this study enables stake-
holders to conduct early screening of potential environmental risks
associated with increased demand for bio-based feedstocks in relevant
(specific) contexts. By incorporating the principles of consequential
life cycle thinking and considering the potential indirect effects across
pertinent environmental aspects, Bio-ERA aims to equip stakeholders,
such as prospective bio-industry managers, with a more comprehensive
understanding of the environmental risks linked to feedstock sourc-
ing decisions. This awareness raising can help to improve strategic

consideration of bioeconomy risks and opportunities before significant

9

resources are directed towards scoping studies — at a much earlier
tage than when full consequential LCA may be undertaken. For ex-
mple, where Bio-ERA identifies low environmental risk scores for a

specific feedstock in a particular context (supported by transparent
ocumentation of decision flows), this could provide confidence for

stakeholders to justify initial investment in a scoping study for use of
that feedstock for a particular purpose, to ascertain business viability.
These studies can continue with project development without requiring
immediate consequential LCA, though does not remove the need for
consequential LCA entirely. Conversely, a feedstock identified as having
a higher environmental risk could either be avoided, or ear-marked for
early consequential LCA appraisal to validate the potential for upstream
impacts and to ascertain whether these impacts could be offset by
downstream benefits. Importantly, by providing timely insight into
often hidden risks, Bio-ERA can avoid misallocation of resources to the
development of risky feedstocks (or at least identify where additional
information, or full consequential LCA, should be prioritised before any
dditional investment). This is important given that full consequential
CA is limited not just by time and funding, but by data availability,
o that detailed results are often only generated after detailed planning
as been undertaken to spec all processes (Holden, 2022) - at which

point it may be too late to redirect the overall investment.
Holden (2022) proposed a stage-gate framework to guide bioecon-

my innovation, delineating four key stages: (1) ideation, (2) pro-
otyping, (3) validation, and (4) implementation. In this stage-gate
ramework, it proposed that in the initial ideation stage, which involves
eveloping a bioeconomy concept, life cycle thinking should be intro-
uced. It is not until the validation stage, which involves testing the
nnovation in an operational environment, that a full consequential
CA was recommended to be undertaken (Holden, 2022). The Bio-ERA
ramework aligns with these principles by providing a tool for early
nvironmental screening of potential bio-based feedstocks, grounded in
onsequential life cycle thinking, to support informed decision-making
uring the ideation stage. Like Holden (2022), we advocate for a full

consequential LCA later in the project development cycle, informed by
the early screening provided by the Bio-ERA Framework.

It should be emphasised that a high overall environmental risk score
assigned to a particular feedstock should not automatically disqualify
that feedstock from being considered as a potential source for bioecon-
omy products. Rather, it places the responsibility on producers using
that feedstock to demonstrate effective risk mitigation strategies in
the areas where high environmental risk is flagged, applying detailed
consequential LCA to validate the environmental credentials of the
entire project (value chain). For example, we show that increasing
demand for grass feedstock can carry high risk due to land displacement
(Table 1) — but a strategy to improve grassland productivity could
mitigate this. Alternatively, linking feedstock supplies with systems
transformation, such as introducing grass into crop rotations for soil
improvement (Englund et al., 2023) or sourcing grass from land spared
rom excess livestock production (Bishop et al., 2024) could ensure

low environmental risk compared with the appropriate counterfactual
ituation. In general, downstream environmental ‘‘credits’’ arising from
ew bio-based value chains can be maximised (and thus more likely
utweigh any upstream impacts) where cascading uses of biomass can
e realised to achieve multiple substitutions (and therefore credits)
long the value chain. The Bio-ERA Framework recognises the impor-
ance of such value chains through the consequential logic applied,
nd encourages sourcing bioeconomy feedstocks from wastes or low-
alue by-products which tend to incur the lowest environmental risks
ue to no or small upstream production burdens. Previous research

has highlighted that utilisation of waste feedstocks can have some of
the best relative environmental performance of bio-based materials
(e.g., (Bishop et al., 2022; Osman et al., 2021; Styles et al., 2016)).
Crucially, while the Bio-ERA Framework provides an early-stage ‘‘in-
house’’ screening tool to inform internal (company) decision-making,
it is not intended to replace the need for a full consequential LCA. At
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later stages of project development, producers bear the responsibility
to conduct a comprehensive, independently verified consequential LCA
and disclose the results to the public. Although Bio-ERA documentation
may be less relevant for public consumption in early stages, it can be
used to convey low environmental risk during project development if
adequate documentation is provided.

Bio-ERA complements Strategic Environmental Assessment (SEA),
hich evaluates the environmental effects of policies, plans, and pro-
rams. While SEA provides a broad, policy-level assessment, the Bio-

ERA Framework offers a more granular, feedstock-specific analysis,
nabling stakeholders to identify upstream environmental risks early
n the decision-making process. Unlike SEA, which typically focuses
n broader strategic issues, Bio-ERA hones in on the potential impacts

of specific bio-based feedstocks. Bio-ERA may also be useful to pe-
riodically (re-)assess environmental risks after particular bioeconomy
investments have been made. The information generated could help
companies to fulfil materiality responsibilities (Baumuller and Sopp,
2022) and support forthcoming detailed corporate reporting require-
ments across a broad range of environmental, social, and governance
issues under the updated European Sustainability Reporting Standards
(EFRAG, 2021). The insights generated through the screening process
could also support the identification of environmental hotspots in
existing supply chains, guiding stakeholders to target environmental
sustainability actions and allocate resources effectively.

4.2. Limitations

The Bio-ERA Framework has some limitations. Firstly, while we
have included several important environmental aspects, we recognise
hat the list is not exhaustive. For instance, we have not accounted for
nvironmental risks from, inter alia, biodiversity loss or introduction
f invasive species, human health, or water depletion, as well as

other sustainability risks from social and economic aspects. However,
onsidering the goal of the framework, which is to support rapid
nvironmental screening at an early stage of feedstock sourcing de-
isions, with limited data availability, these areas are excluded. More
omprehensive follow-on studies for priority feedstocks should consider

these impacts. It is important to note that Bio-ERA does not consider
any environmental aspect as more important than another, so equal

eighting of the environmental aspects is proposed within the score
summation step. In future iterations, differential weighting could be
ntroduced if it is clearly documented, transparently justified, and
igorously validated to avoid the risk of greenwashing or biasing results

Secondly, the scope of the Bio-ERA Framework is limited to poten-
ial upstream impacts only (Fig. 1). The downstream impacts (negative
r positive), which can include displaced fossil fuel production and
ther (expanded boundary) substitutions, can be substantial. As such,
n assessed low environmental risk for a particular feedstock does not
ecessarily equate to good overall environmental performance for the
io-product produced from it, which depends on effects arising over
he entire value chain. Rather, Bio-ERA results are intended to identify
here more detailed assessment is required, and to support feedstock

ourcing decisions at an early stage.
Thirdly, categorising feedstocks in terms of product types may be

hallenging as the classification of by-products and wastes can vary
y location, industry, and market conditions. A by-product that is
onsidered low-value in one market may be high-value (or a waste)
n another market, depending on the balance between supply and
emand, production costs, and the potential for value-added activi-
ies to increase its value. Even where a waste is correctly identified,

Prosman and Sacchi (2016) noted that increasing the demand for waste
eedstocks can create ripple effects in waste handling markets given

that wastes are typically constrained — if you increase the demand
or a waste, the waste-producing activity won’t increase production
o accommodate this demand. This may limit specific waste feedstock
vailabilities in certain contexts, although given the scale of waste
 p

10
generation worldwide (Kaza et al., 2018), many waste sources may
remain effectively unconstrained in many contexts in the near term.
Should we ever reach a critical juncture where ‘‘waste’’ has been fully
exploited, the bioeconomy goal of promoting systems transformation to
a truly circular bioeconomy will have been achieved (European Com-
mission, 2018a). Nevertheless, when a waste stream becomes valorised
r there is innovation in its use, this could impact on the potential
emand. While supply is judged to be relatively inelastic in the default

position, there is likely a threshold where the increased utilisation
affects the value of ‘‘waste’’, impacting not just on territorial flows but
a reconsideration of the supply chains from which the waste arises,
nd a reclassification away from ‘‘waste’’ to ‘‘by-product’’. This con-
ext and temporal dependency can be reflected by ensuring feedstock
lassifications are appropriate to the place and the time horizon of
nalysis, considering prospective technologies for ‘‘waste’’ conversion
here relevant for forward-looking investment decisions. Further, in

ine with consequential LCA, Bio-ERA screening should be undertaken
or the anticipated scale and time horizon of production, e.g., over
he coming five-ten years, so as to capture the medium- to long-
erm and scale-related effects. In the short-term (one year), it may be
ossible to meet the increased demand for specific bio-based feedstocks
ithout incurring indirect effects. However, an imbalance of supply
nd demand will manifest over time, changing the market equilibrium
etween supply and demand across the feedstock in question and also
cross potentially related (substitutable) materials.

Finally, although the Bio-ERA Framework provides a clear structure
for decision making, practitioners will be required to apply value-
judgements on specific aspects (e.g., Severity of impact) that may often
be difficult to validate, especially for indirect risks. Although we have
provided guidelines for Severity risk ranking, it may be tempting to
assign ‘‘high risk’’ to every environmental aspect if considering the
worst-case scenario for each selection (or vice versa, depending on user
perspective). As this methodology does not require the identification
of specific unconstrained suppliers for the constrained feedstocks, it
is important to consider a relative assessment of the environmental
risks, using the precautionary principle only in cases where there are
marginal differences between rankings. In any case, maintaining a
focus on transparency and documentation is the over-riding priority to
allow for scrutiny and refinement of judgement over time. Scoring may
evolve through user experience, so is best suited for relative screening,
especially as results are highly scenario specific. As such, it should be
emphasised that the Bio-ERA framework is not intended to demonstrate
compliance with regulation or conformance with particular standards,
nor to supplant LCA, but is intended for use as a decision support tool
to facilitate sustainable feedstock acquisition and to raise awareness
around potentially under-appreciated environmental impact pathways.
Ultimately it is up to users to adhere to the Framework’s principles
and documentation requirements in order to derive meaningful value
from it, and to convince stakeholders of the validity of any dissemi-
nated screening results. It is essential to recognise that the screening
process is both time and context-specific, offering insights rather than
definitive ‘‘answers’’ on environmental sustainability. Thus, the main
strength of this Framework lies not in the scores themselves but in
the process it facilitates, serving as a valuable decision-support tool
for enhancing critical awareness of systems thinking and the environ-
mental sustainability risks associated with feedstock selection in the
bioeconomy.

5. Conclusion

The Bio-ERA Framework provides a structured approach to guide
a broad audience of stakeholders through consequential life cycle
thinking, revealing indirect environmental impacts stemming from
future market signals associated with particular feedstock sourcing
ecisions. Addressing seven critical environmental aspects, Bio-ERA
rovides stakeholders with a broad, multi-dimensional evaluation of
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potential environmental risks associated with increasing demand for
any particular bio-based feedstock. This can empower decision makers
to make informed judgements at the nascent stages of project devel-
pment, underscoring the framework’s aim in guiding strategic and
ustainable investment decisions in the bioeconomy. While the Bio-
RA Framework facilitates rapid screening and awareness of potential
nvironmental risks, it is essential to acknowledge its complementary
ature to detailed consequential LCA (which is typically undertaken at
ater stages of project development). Despite the structured approach,
inal scores are ultimately subject to value judgement and some degree
f uncertainty. Thus, Bio-ERA does not avoid the need for detailed LCA

evaluation of promising bioeconomy projects, but instead promotes
eeper interrogation and awareness of potential environmental risks
t an early stage of project conceptualisation, in a manner that is ac-

cessible to all stakeholders. It could therefore guide more strategic and
sustainable early scoping of investment decisions in the bioeconomy.
This approach avoids the risk of undertaking consequential LCA in
igh-risk projects only after considerable resources have been commit-
ed, when it might be too late to redirect investment towards more
ustainable options. Through awareness-raising and early integration
nto decision-making, Bio-ERA could support strategic, responsible, and
fficient utilisation of often constrained bio-based resources as society
trives to develop a sustainable, circular bioeconomy.
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