Environmental Impact Assessment Review 118 (2026) 108333

Contents lists available at ScienceDirect

Environmental Impact Assessment Review

4
L

LSEVIER

journal homepage: www.elsevier.com/locate/eiar

Social life cycle assessment of bio-based products from microbiomes:
Additives, bioplastics, pigments and hydrogen

a,*

Kurt Ziegler-Rodriguez *', Eva Gonzalez-Flo b1 Joan Garcia®, Marianna Garfi

2 GEMMA - Group of Environmental Engineering and Microbiology, Department of Civil and Environmental Engineering, Universitat Politecnica de Catalunya -
BarcelonaTech (UPC), ¢/ Jordi Girona, 1-3, Building D1, E-08034 Barcelona, Spain

> GEMMA - Group of Environmental Engineering and Microbiology, Department of Civil and Environmental Engineering, Escola d'Enginyeria de Barcelona Est (EEBE),
Universitat Politecnica de Catalunya-BarcelonaTech, Av. Eduard Maristany 16, Building C5.1, E-08019 Barcelona, Spain

ARTICLE INFO ABSTRACT

Keywords:

Bio-based products
Circular bio-economy
Life cycle assessment
Microbial consortia
Social performance

In recent decades, interest in bio-based products from microbiomes has grown significantly, driven by increasing
concerns over the sustainability of conventional and chemically derived products. Although significant technical
progress has been made, limited awareness and comprehension of their social dimensions persist.

This study aimed to analyse the social performance of the production of 4 bio-based products for both food and
non-food applications (i.e. additives (Exopolysacharides (EPS)), bioplastics (Polyhydroxyalkanoates (PHA)),
pigments (phycobiliproteins) and hydrogen) by means of novel bio-based routes based on microbiomes, using the
Social Life Cycle Assessment (S-LCA) methodology. In total, 9 scenarios were considered, combining the sole or
the co-production of different bio-products. The stakeholder groups were: workers, consumers, local community,
value chain actors and society.

Results showed that the sole production of bioplastics and hydrogen had the best social performance (total
normalised scores up to 2.5 times higher than the other scenarios). It was mainly due to the high acceptance level
for consumers and the better performance in terms of public commitment to sustainability issues for society. In
particular, the non-food products (bioplastics and hydrogen) seemed to have higher acceptability from con-
sumers and higher interest in terms of regulation and policy development.

On the whole, all the scenarios showed good performance for workers (health and safety), consumers (quality
and performance, acceptability) and the local community (number of jobs generated). More efforts should be
made to develop specific regulations and policies (especially for additives and pigments) and implementation at
full scale should be boosted to cover the technological development gap.

1. Introduction

During the last decades, awareness of bio-based products has
increased due to growing concerns about environmentally friendly and
sustainable alternatives to chemical-based polymers and energy sources
(Sharma et al., 2021). Indeed, bio-based products can replace fossil fuel-
derived products, including polymers, additives, pigments, and energy
carriers such as hydrogen (Hy). Moreover, in the context of a circular
bio-economy, bio-based products can contribute to reducing waste,
minimising environmental impact, and promoting resource efficiency
(Chrispim et al., 2024).

Bio-based products are materials that can be derived from renewable
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biological resources or can be synthesised by microorganisms
(Rosenboom et al., 2022). Notably, substances produced by microor-
ganisms are of particular interest. Indeed, during the production pro-
cesses, chemoheterotrophic organisms can extract energy from organic
compounds present, for instance, in wastewater, while photoautotrophic
organisms can utilise light and CO, as energy sources. Both approaches
have the potential to support the development of a closed-carbon-loop,
fostering a bio-based circular economy (Santagata et al., 2021).
Despite its potential, the examples of industrial production of bio-
based products from microorganisms are still limited. Indeed, most
processes depend on monoseptic cultivations of production strains,
which pose challenges in preventing contamination and avoiding
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evolution away from the desired production phenotype (Mohedano
et al., 2022). For instance, Spirulina production, which provides a sup-
plementary protein source (Lafarga et al., 2021), relies on single-strain
cultures that require clean feedstocks and are highly susceptible to
contamination, increasing production costs.

One way to overcome this limitation is by using microbiomes (i.e.
two or more bacterial or microbial groups living symbiotically), also
called microbial consortia or mixed cultures. Microbiomes can be
divided into natural or synthetic according to their origin. Natural or
environmental microbiomes occur naturally in a specific environment
(Berg et al., 2020). Conversely, synthetic consortia or microbiomes are
human-designed microbial communities composed of microorganisms
containing genetic modifications to perform target functions (Johns
et al., 2016). Microbiomes can also be classified as photosynthetic or
heterotrophic. A photosynthetic microbiome is a microbial community
dominated by photosynthetic microorganisms (e.g. cyanobacteria) that
obtain energy from photosynthesis (i.e. using sunlight as an energy
source and CO» as a carbon source). On the other hand, heterotrophic
microbiomes are microbial communities dominated by heterotrophic
bacteria, which obtain energy and carbon from organic compounds.
Finally, according to the target performance needed, individual strains
or microorganisms can be extracted from microbiomes, and they are
called microbiome isolates (Atlas and Bartha, 2013).

Microbiomes appear functionally robust while maintaining flexi-
bility toward environmental changes, seemingly self-stabilising and
reducing susceptibility to contamination from competing microorgan-
isms (Fant et al., 2021). These features offer industrial advantages by
addressing strain stability limitations and allowing waste streams to be
used as nutrient sources without sterile conditions (Kourmentza et al.,
2017).

Currently, the application of microbiomes in industrial settings is
mostly limited to specialised communities in food production (e.g. wine-
making with yeasts) (Vassilev et al., 2018).

In the past years, significant progress has been made in identifying
novel routes for the bio-based production of various materials, including
polymers such as bioplastics (i.e. Polyhydroxyalkanoates (PHA)), addi-
tives (i.e. Exopolysacharides (EPS)), natural pigments (i.e. phycobili-
proteins), and alternative energy sources (i.e. hydrogen) (Arashiro et al.,
2020; Altamira-Algarra et al., 2023; Altamira-Algarra et al., 2024a,
2024b, 2024c; Bellver et al., 2024; Lage et al., 2025; Rueda et al., 2022;
Rueda et al., 2023; Senatore et al., 2023). These technical advancements
have been rigorously analysed from both environmental and economic
perspectives, demonstrating their potential environmental sustainability
and cost-effectiveness (Arashiro et al., 2018; Arashiro et al., 2022;
Rueda et al., 2023). Despite these promising developments, there re-
mains a lack of awareness and understanding regarding the social im-
plications of such bio-based products, which could influence their
broader adoption and market penetration. Recently, Social Life Cycle
Assessment (S-LCA) has emerged as a reliable methodology to analyse
the social performance of different productive schemes with a compre-
hensive perspective (Huarachi et al., 2020). This method offers several
advantages. Unlike traditional social assessment tools (e.g. Social
Impact Assessment, Corporate Social Responsibility), which focus solely
on direct issues (e.g. on consumers), S-LCA considers both direct and
indirect social implications on different stakeholder groups (i.e.
workers, consumers, local community, value chain actors and society)
(Iofrida et al., 2018). Moreover, it addresses the whole life cycle,
including the process of raw material extraction, production, distribu-
tion, application, reuse, maintenance, recycling, and final disposal,
giving a wider overview of the social implications. Not only has this
methodology been under development for application across various
sectors, but recent efforts have also focused on its implementation in
industrial product development and emerging technologies (Hannouf
et al., 2024; Marmol et al., 2023; Padilla-Rivera et al., 2023; van Haaster
et al., 2017). Particularly, it has been employed to analyse the social
dimensions of the production of different bio-based products, such as
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bio-based products from short rotation coppice, green methanol in
comparison to conventional fossil methanol, or pigments, biofertilizer
and bioenergy from microalgae-based systems treating wastewater
(Fiirtner et al., 2021; Iribarren et al., 2022; Josa and Garfi, 2023).

However, to the best of the authors' knowledge, to date, no studies
have been conducted considering the social performance of novel bio-
based products produced from microbiomes.

Therefore, this study aimed to analyse, for the first time, the social
performance of the production of 4 bio-based products for both food and
non-food applications (i.e. additives, bioplastics, pigments and
hydrogen) by means of novel bio-based routes based on microbiomes,
using the S-LCA methodology. In particular, an existing S-LCA frame-
work has been adapted and applied to this specific case study. Thus, the
following research gaps were addressed: (i) What are the most important
stakeholders and social aspects to be considered when evaluating the
social performance of the production of bio-based products for both food
and non-food applications (e.g., additives, bioplastics, pigments, and
hydrogen) through novel microbiome-based pathways? (ii) How can the
social performance of these products be characterised? (iii) What are the
key insights, limitations, recommendations, and policy implications
derived from the study? Closing these research gaps is crucial to over-
coming the insufficient recognition and understanding of the social
implications of bio-based products, which could impede their large-scale
adoption and market integration.

2. Materials and methods
2.1. Social life cycle assessment

The S-LCA is a methodology to assess the social impacts or perfor-
mance of processes and activities throughout their life cycle (UNEP,
2020). It consists of four main steps: 1) goal and scope definition, 2) life
cycle inventory, 3) life cycle impact assessment, and 4) interpretation of
results. It uses a systematic framework to evaluate the social implica-
tions of any activity or process on different stakeholder groups (i.e.
workers, consumers, children, local communities, value chain actors and
society) (Garfi et al., 2025; Josa and Garfi, 2023; ISO, 2024; UNEP,
2020; Ziegler-Rodriguez et al., 2025). In this study, the social perfor-
mance, measured at the inventory indicator level, has been analysed
using the Reference Scale Approach (UNEP, 2020). The following sec-
tions describe the S-LCA steps, which are also depicted in Fig. Sla
(Supplementary Material).

2.2. Goal and scope definition

The goal of this S-LCA was to analyse the social performance of the
production of 4 bio-based products for both food and non-food appli-
cations (i.e. additives, bioplastics, pigments and hydrogen) from
microbiomes from an ex-ante perspective. The generation of these
products was conceived to be from different arrangements and config-
urations, in order to obtain different products and acquire the best-
performing scenarios from a technical perspective. They were
designed considering experimental results obtained in previous studies,
as explained in Section 2.1.1. In total, 9 scenarios were considered,
combining the sole or the co-production of different bio-products.

Thus, the following scenarios were analysed: i) EPS, pigments and
PHA simultaneous obtention from photosynthetic microbiomes (cya-
nobacteria-enriched microbiomes); ii) EPS obtention from photosyn-
thetic microbiomes (cyanobacteria-enriched microbiomes); iii)
Pigments obtention from photosynthetic microbiomes (cyanobacteria-
enriched microbiomes); iv) PHA obtention from photosynthetic micro-
biomes (cyanobacteria-enriched microbiomes); v) PHA obtention from
heterotrophic microbiomes; vi) PHA and EPS obtention from hetero-
trophic microbiomes; vii) EPS obtention from microbiome isolates; viii)
EPS and PHA from microbiome isolates; ix) Hydrogen from synthetic
microbiomes.
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The selected functional unit was the operation of one plant for one
year to produce the bio-based products, and the reference flow for each
configuration was 1 kg of each bio-based product produced in each plant
(ISO, 2024; UNEP, 2020).

Scenarios and system boundaries are described in the following
section.

2.2.1. Bio-based products and scenarios

Additives (i.e. exopolysaccharides - EPS) are complex carbohydrates
secreted by cyanobacteria or heterotrophic bacteria. They serve to
protect cells from environmental stresses and assist in adhering to sur-
faces, forming biofilms (Flemming et al., 2016). Due to their unique
biological and physicochemical properties, EPS are highly valued in
various industries. They are used as additives such as thickeners, sta-
bilisers, and gelling agents in the agri-food, pharmaceutical, and cos-
metics sectors (Korcz and Varga, 2021; Waoo et al., 2023). EPS from
heterotrophic bacteria or cyanobacteria could replace petroleum-based
additives such as plasticisers, thickeners, stabilisers, and surfactants,
offering sustainable alternatives that reduce reliance on fossil fuels and
synthetic chemicals while also mitigating associated health risks.

Bioplastics (polyhydroxyalkanoates — PHA) are linear polyesters
produced in nature by bacterial fermentation of sugar or lipids. PHAs are
a diverse group of polyesters naturally produced by various prokaryotic
microorganisms, including cyanobacteria and heterotrophic bacteria (Li
and Wilkins, 2020). PHAs have a range of mechanical properties, from
flexible to rigid, and are well-regarded for their biodegradability,
adaptability, and environmental compatibility. As a sustainable alter-
native to conventional plastics, PHAs hold significant promise for use in
plastic production (Naser et al., 2021). Polyhydroxybutyrate (PHB) is a
type of PHA that exhibits similar properties to polypropylene (PP). PP is
derived from the polymerisation of propylene, a byproduct of petroleum
refining. Bio-based plastics like PHAs offer a promising solution to
mitigate the environmental impacts associated with traditional plastics,
including the detrimental effects of crude oil extraction and the chal-
lenges posed by their extremely slow natural degradation (Kumar et al.,
2024).

Natural pigments (i.e. phycobilin protein-based pigments) are the
proteins responsible for capturing light in photosynthetic organisms
such as cyanobacteria. The proteins include phycoerythrin (pink
pigment), allophycocyanin (blue-green pigment), and phycocyanin
(blue pigment). Phycocyanin is the only natural blue colourant
commercially available and has been approved by the Food and Drug
Administration (FDA) for use in food colouring (approved in 2013).
Synthetic colourants production depends on hydrocarbons and their
spill may lead to the pollution of natural ecosystems. Moreover, they
have demonstrated adverse effects on human health, posing challenges
for their removal from water bodies due to their slow or non-
biodegradable nature, and their synthesis relies on hydrocarbons
(Tkaczyk et al., 2020).

Biohydrogen (i.e. hydrogen gas biologically produced) can be
generated by microorganisms from renewable resources, under a pho-
tofermentative regime capturing solar energy and organic substrates
(Bozan et al., 2022; Toepel et al., 2023). Hydrogen (Hz) can be produced
from a wide range of resources, including fossil fuels or renewable en-
ergy sources. However, most of the Hy production is fossil-based. As of
2022, 96% of hydrogen production came from natural gas, which led to
substantial CO2 emissions, while only 4% was derived from renewable
sources, such as electrolysis (EC, 2022c).

As mentioned above, 9 scenarios were considered for the analysis,
which combine the sole or the co-production of the different bio-
products, considering novel bio-based routes based on microbiomes.
The evaluation of single-production and co-production scenarios was
carried out to reflect the different technologically feasible strategies,
since these processes were previously experimentally optimised for each
configuration (Altamira-Algarra et al., 2024a; Altamira-Algarra et al.,
2024b; Altamira-Algarra et al., 2024c; Bellver et al., 2024; Torres et al.,
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2022; Bozan et al., 2022; Toepel et al., 2023). This approach enabled the
comparison of performance and resource efficiency depending on (i) the
type of product and (ii) the process configuration. Indeed, co-production
may offer advantages such as improved biomass utilisation and inte-
grated system valorisation, while sole production can lead to higher
specific yields when the process is optimised for a single product. Thus,
for all the scenarios, hypothetical plants for the production of the
studied bio-based products were defined based on the experimental re-
sults. The scenarios considered were as follows:

1) Scenario 1 (S1): EPS, pigments and PHA simultaneous obtention
from photosynthetic microbiomes (cyanobacteria-enriched micro-
biomes). In this scenario, a photobioreactor (PBR) is used to grow
natural cyanobacteria-enriched microbiomes until nutrient deple-
tion. Part of the biomass is used for EPS and pigment extraction, and
the other for PHA production. After centrifugation, EPS are extracted
from the supernatant via ultrafiltration, as outlined in (Altamira-
Algarra et al., 2023; Rueda et al., 2023), while pigments are
extracted from the biomass using agitation, as described in Bellver
et al. (2024). The remaining biomass is redirected to a PHA accu-
mulation PBR following nutrient depletion. After this phase, the
biomass is centrifuged, and the supernatant is combined with the EPS
extraction process. The biomass pellets are then subjected to chem-
ical extraction with solvents to obtain PHA (Altamira-Algarra et al.,
2024a).

2

—

Scenario 2: EPS obtention from photosynthetic microbiomes (cya-
nobacteria-enriched microbiomes). In this scenario, a PBR is used to
grow natural cyanobacteria-enriched microbiomes. Following
centrifugation of the biomass, the pellets are subjected to sonication
to extract cell-bound extracellular polymeric substances (EPS). Both
the released EPS from the supernatant and the bound EPS from the
pellets are extracted through ultrafiltration, as described in Altamira-
Algarra et al. (2024a).

3) Scenario 3 (S3): Pigments obtention from photosynthetic micro-
biomes (cyanobacteria-enriched microbiomes). In this scenario, a
PBR is used for the growth of natural cyanobacteria-enriched
microbiomes. After the growth phase, the biomass is centrifuged,
and the supernatant is discarded. The pellets containing the biomass
undergo extraction with agitation to obtain pigments, as detailed in
Bellver et al. (2024).

4

—

Scenario 4 (S4): PHA obtention from photosynthetic microbiomes
(cyanobacteria-enriched microbiomes). In this scenario, a PBR is
initially used to grow natural cyanobacteria-enriched microbiomes
until nutrient depletion. Once nutrients are depleted, the PBR is
switched to the PHA accumulation phase (Altamira-Algarra et al.,
2024b; Altamira-Algarra et al., 2024c). The biomass is then centri-
fuged, and the supernatant is discarded. The resulting biomass pel-
lets are subjected to chemical extraction with solvents to obtain PHA.

5) Scenario 5 (S5): PHA obtention from heterotrophic microbiomes. In
Scenario 5, a sequencing batch reactor (SBR) is used for growing
natural heterotrophic microbiomes. The biomass is then transferred
to an accumulation reactor, as described by Fradinho et al. (2016).
Following this, a centrifugation step is performed to collect the
biomass pellets, while the supernatant is discarded. PHAs are then
extracted from the biomass using solvent extraction methods.

6

[

Scenario 6 (S6): PHA and EPS obtention from heterotrophic micro-
biomes. In this scenario, an SBR is employed to cultivate natural
heterotrophic microbiomes. Part of the biomass is directed to an
accumulation reactor, while the remaining biomass is centrifuged for
EPS extraction. For PHA recovery, biomass pellets are collected
through centrifugation, and the supernatant is discarded. PHA is
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then extracted from the biomass using solvents. For EPS recovery,
the supernatant from the SBR is subjected to ultrafiltration to extract
EPS, while the cell pellets are combined with those from the accu-
mulation PBR for PHA extraction (Torres et al., 2022).

7) Scenario 7 (S7): EPS obtention from microbiome isolates. In this

scenario, a single strain isolated from a natural heterotrophic
microbiome is cultured in a SBR for EPS production. The recovery
process involves centrifugation to separate the biomass from the
supernatant, which is then processed through ultrafiltration to
extract EPS. The centrifuge pellets are discharged as residual biomass
(Torres et al., 2022).

8) Scenario 8 (S8): EPS and PHA from microbiome isolates. In Scenario

8, a single strain isolated from a natural heterotrophic microbiome is
cultured in a SBR to produce both EPS and PHA. EPS are produced
and recovered as described in Scenario 7. Following the centrifuga-
tion step, PHA is extracted from the residual biomass using solvent
extraction methods (Torres et al., 2022).
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9) Scenario 9 (S9): Hydrogen from synthetic microbiomes. In this sce-

nario, a synthetic microbiome primarily composed of photosynthetic
microorganisms is cultivated in a capillary biofilm reactor. Raw
materials are delivered through the capillary biofilm using a peri-
staltic pump, while light is supplied by a light-emitting diode (LED)
system. Hydrogen (Hy) is recovered from the gaseous phase within
the capillary, and the biomass is discharged (Bozan et al., 2022;
Toepel et al., 2023).

All the described scenarios, including the layout of the hypothetical

plants and their system boundaries, are shown in Fig. 1. In particular,
the system boundaries were considered to be cradle-to-gate, since they
included: i) the acquisition of raw materials (including transportation
and supply); ii) microbiome cultivation; iii) downstream separation,
extraction, purification and formulation of the bio-based products; iv)
management and emissions control. Construction, decommissioning and
capital goods of the plants and equipment, the use phase and end-of-life
of the products, and off-site infrastructure (roads, pipelines, buildings)
have been excluded from this assessment.
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Fig. 1. System boundaries of the analysed scenarios: S1) EPS, pigments and PHA simultaneous obtention from photosynthetic microbiomes (cyanobacteria-enriched
microbiomes). S2) EPS from photosynthetic microbiomes (cyanobacteria-enriched microbiomes). S3) Pigments from photosynthetic microbiomes (cyanobacteria-
enriched microbiomes). S4) PHA from photosynthetic microbiomes (cyanobacteria-enriched microbiomes). S5) PHA from heterotrophic microbiomes. S6) PHA and
EPS from heterotrophic microbiomes. S7) EPS from microbiome isolates. S8) EPS and PHA from microbiome isolates. S9) Hydrogen from synthetic microbiomes.
Note: EPS: exopolysaccharides (additives); PHA: polyhydroxyalkanoates (bioplastics). PBR stands for photobioreactor, SBR for sequencing batch reactor, and LED for
light-emitting diode.
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Fig. 1. (continued).
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Fig. 1. (continued).
2.3. Life cycle inventory data were directly obtained from interviews, surveys and roundtables

performed with stakeholders and experts (n = 50) (see Supplementary
This study collected specific quantitative and qualitative data. These Material — S2). All the inventory data was gathered and/or estimated for
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each plant over one year, and scaled to the functional unit when
necessary. In the scenarios producing more than one product, the in-
ventory was first aggregated at the plant-year level and then related to
each reference flow (1 kg of each product) by dividing it by the annual
output of each product.

The impact categories and related subcategories and indicators were
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chosen following the recommendations from the UNEP Life Cycle
Initiative guidelines and methodological sheets (UNEP, 2020, 2021).
The details on the impact categories, impact subcategories, their in-
dicators and how they are assessed are described in the following
sections.

Table 1
Summary of stakeholders, impact categories, impact subcategories and impact assessment indicators.
Stakeholders Description Stakeholder Impact Impact subcategory Indicator Scales/values Reference for
subcategory category scale values
assignment
Hazard (Scale 1 to
Workers Technicians, heads and Working Health and safety M Maintenance and 5) i Sev(erit Experts'
administration conditions ¥ operation tasks risks ¥ oLn  roundtables
(Scale 1 to 4) ~~
E i d
Health and Quality and Iéﬁ:ﬁ:llev:t:f Performance Survey
. safet erformance ™' scale (1to 5) P  (experts)
y p p
Pigments consumers performance
A t It S t:
Human rights Acceptability *! Acceptance level (;izps;lréc&sca ¢ aE;V: gn(;ﬁ:s;
Health and Quality and Instrumental Performance Survey
Consumers of material/ Additives (EPS) safety performance ™ performance scale (1 to 5) P (experts)
immaterial outputs (i.e. consumers Human rights Acceptability ™ Acceptance level Acceptance scale Survey (experts
Consumers natural pigments, (1 to 5) AP and consumers)
additives, bioplastics and Health and Quality and Instrumental Performance Survey
hydrogen) Bioplastics (PHA) safety performance ™! performance scale (1 to 5) P (experts)
consumers . e Acceptance scale Survey (experts
H h A bility ™ A level
uman rights cceptability cceptance level (1 to 5) 2P and consumers)
Health and Quality and Instrumental Performance Survey
Hydrogen safety performance ™! performance scale (1to 5) ®F  (experts)
A It
consumers Human rights Acceptability ! Acceptance level (1cizp5t;1 r(lch’ePsca ¢ :E;v:g n(siﬁzs
Socio-
Local Community living nearby B e:cc;l(:)mic Local employment ™! Employment Number of jobs Experts'
community  the plant repercussions generation generated °T° roundtables
Actors involved in Socio- . . Regulation ,
. . Promotion of social . . oLp  Survey, experts
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Note: Additives: exopolysaccharides (EPS). Bioplastics: polyhydroxyalkanoates (PHA). MI: company/management-driven impact subcategory. PI: product-driven
impact subcategory. QL: qualitative indicator. QT: quantitative indicator. P: the higher, the more positive. N: the higher, the more negative.



K. Ziegler-Rodriguez et al.
2.4. Stakeholders, impact categories and impact assessment

The stakeholder groups and the impact categories and subcategories
were selected in order to properly assess the social performance gener-
ated by the analysed systems through a materiality assessment (i.e. a
procedure to choose relevant issues) (UNEP, 2020). Since this is an ex-
ante study, the materiality assessment was nurtured by a comprehen-
sive literature review and a series of brainstorming sessions and
roundtable discussions with experts and stakeholders. In particular, the
materiality assessment followed a systematic approach for identifying
and prioritising stakeholders and relevant impact subcategories, as
suggested by UNEP (2020) and Bouillass et al. (2021) (Fig. S1b).
Stakeholders were first identified through literature-based screening
and then refined through consultations involving experts and stake-
holders, which led to the inclusion of additional groups. Subsequently, a
preliminary set of impact categories was defined based on existing
frameworks (Josa and Garfi, 2023) and refined through a sectoral risk
analysis to identify potential social and socio-economic hotspots across
the life cycle. A participatory prioritisation process was then applied to
finalise the relevant impact subcategories and indicators. Overall, the
participatory approach aimed to enhance the representativeness and
relevance of the assessment by integrating diverse perspectives on social
issues.

The stakeholder groups identified were:

i) Workers: the workers of the bio-based products hypothetical

plants, including technicians, heads and administration.

ii) Consumers: the consumers of the bio-based products (i.e. natural
pigments, additives, bioplastics and hydrogen).

iii) Local community: people living near the plants producing the
bio-based products.

iv) Value chain actors: the actors directly involved in value chain
activities (i.e. suppliers, hauliers, retailers).

v) Society: the society in general terms.

Since individuals may simultaneously act as workers and/or mem-
bers of the local community, while being part of society, interrelations
might be present among some of the stakeholder groups (Ziegler-
Rodriguez et al., 2025). For instance, consumers can belong to both the
local community and society, as depicted in Fig. 1.

In this study, the impact categories considered were: working con-
ditions, health and safety, human rights and socio-economic re-
percussions (UNEP, 2020).

Table 1 shows the impact categories and subcategories, and the in-
dicators used to assess the social performance of the scenarios analysed.
The impact subcategories were classified into two groups (Table 1): i)
the company/management-driven issues, which are those attributable
to organisational management; ii) technology/product-driven issues,
which are those more tightly linked to the nature of the technology or
the type of bio-based product. In particular, the former group comprises
the health and safety for workers, local employment for the local com-
munity, promotion of social responsibility for value chain actors and
public commitment to sustainability issues for society. On the other
hand, the latter includes quality and performance and acceptability for
consumers and technological development for society.

All the indicators were semiqualitative. For all the indicators, the
higher the value the better social performance, except for health and
safety, where the higher the value the more negative social performance.

As mentioned above, this study employed the Reference Scale
Approach (UNEP, 2020). Thus, to assess the social performance and
indicators of the selected scenarios, reference scales were defined based
on existing literature, established guidelines, and a thorough analysis of
the specific sector (Josa and Garfi, 2023; UNEP, 2020). These reference
scales were particularly grounded in relevant standards, common and
recognised practices. The scales were mainly adapted from the existing
literature and sometimes designed ad hoc to reflect varying levels of
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social performance and compliance by interpreting these norms, prac-
tices, goals, and targets (Goedkoop et al., 2018; UNEP, 2020). Once
defined, the reference scales were validated during experts' roundtables.
All the reference scales are detailed in the following sections for each
stakeholder group (Section 2.4.1 to 2.4.5). As mentioned above, all the
knowledge required to assess the indicators and assign the reference
values to each scenario was gained from interviews, surveys and
roundtables specifically developed for this case study and performed
with stakeholders and experts (n = 50) (see Supplementary Material — S2
and S3).

2.4.1. Workers

Workers were all the employees and personnel of the hypothetical
plants producing bio-based products, including heads and administra-
tion staff. For this stakeholder group, the impact category considered
was working conditions, and the subcategory was health and safety
(Table 1).

2.4.1.1. Working conditions

2.4.1.1.1. Health and safety. This impact subcategory measured the
effect of the operation and maintenance of the equipment in each hy-
pothetical plant. To evaluate this impact subcategory, two indicators
were considered: hazard and severity (Campbell and Smith, 2007;
Karakhan and Gambatese, 2018; Josa and Garfi, 2023). These two in-
dicators were multiplied to obtain the risk.

The machinery and processes identified as possible sources of hazard
were scenario-dependent, as shown in Fig. 1. They included pumps,
centrifuges, reactors (e.g. SBR, PBR), and the use of chemicals (e.g.
solvents). For each process/machine, seven different potentially haz-
ardous events were included in the analysis: oxygen deficiency, physical
injuries, toxic gases and vapours, infections, fire, explosions, and elec-
trocution (Spellman, 2020; Josa and Garfi, 2023).

Each process/machine was assigned a value for hazard and severity
for each event. As mentioned above, the hazard and severity values were
multiplied to obtain the risk. Values from hazard and severity were
obtained from experts in the field. The scales used to assign hazard and
severity values are shown in Tables 2 and 3, respectively.

Afterwards, the risks of each process/machine and event were added
to obtain the total risk by considering all the equipment and processes in
each scenario.

2.4.2. Consumers

Consumers were considered to be all the people who would consume
or use each of the analysed bio-based products. A consumer group for
each of the 4 bio-based products was considered (Table 1). The impact
categories health and safety and human rights were examined for this
stakeholder group. The subcategories were quality and performance,
and acceptability, respectively (Table 1).

2.4.2.1. Health and safety

2.4.2.1.1. Quality and performance. For the quality and performance
impact subcategory, the scale used by Josa and Garfi (2023) was
adapted, as presented in Table 4. This scale follows the logic of a Likert
scale, where the higher the value of the scale the better the performance
of the product. For natural pigments, the 2 features analysed were
expressive performance (e.g. colour) and instrumental performance (e.g.

Table 2
Scale used for the measurement of risk hazard (Josa and Garfi, 2023).
Scale Description
1 Unlikely Unexpected, but might occur
2 Seldom Expected to occur on a rare basis
3 Occasional Expected to occur occasionally
4 Likely Probably will occur often
5 Frequent Probably will occur very often
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Table 3

Scale employed for the measurement of risk severity (Josa and Garfi, 2023).
Scale Description
1 Negligible Damage probably less than accident or incident levels
2 Moderate Incident to minor accident damage
3 Critical Accident level injury and equipment damage
4 Catastrophic Loss of life, complete equipment loss

Table 4

Scale employed to assess quality and performance (Josa and Garfi, 2023).
Scale Description
5 Very high quality Performance of complete quality

parameters

4 High quality Inessential deviations
3 Satisfactory quality Pronounced deviations, insignificant
defects
2 Marginally satisfactory Significant defects
quality
1 Unsatisfactory quality Serious defects

production process or usage simplicity), while for the other products,
only the latter was considered (Haghighat, 2017; Josa and Garfi, 2023).
Average values gained from the surveys for each scenario were used.

2.4.2.2. Human rights

2.4.2.2.1. Acceptability. The acceptability impact subcategory was
included in the analysis since it is one of the key issues for a successful
penetration of the bio-based products in the market (Macht et al., 2023).
At the same time, consumer acceptability is considered a human right
component since a product should be designed in order to satisfy con-
sumers' needs, especially for food products (Garfi et al., 2025; Morris,
2025).

In this case, the scale applied by Josa and Garfi (2023) was adapted.
The measurement of the acceptance indicator was performed with a
scale ranging from 5 to 1, where the highest value reflects a totally
acceptable product, and the lowest value a totally unacceptable product
(Table 5). To assess this indicator, experts and consumers were asked to
define their acceptance level for each bio-based product. To obtain the
final value, the average of the values assigned to the bio-based products
produced in each scenario was calculated.

2.4.3. Local community

For the local community stakeholder group (i.e. people living near
the hypothetical plants), the considered impact category was the socio-
economic repercussions and the subcategory was local employment
(Table 1).

2.4.3.1. Socio-economic repercussions

2.4.3.1.1. Local employment. For the local employment impact
subcategory, the indicator used was the employment generation. It was
expressed as the number of workers generated by the implementation of
the hypothetical plants producing the bio-based products analysed
(Padilla-Rivera and Giiereca, 2019; Josa and Garfi, 2023). Thus, the
number of workers needed in each scenario was calculated based on the
required processes, machinery and activities (including technicians,

Table 5

Scale used to evaluate bio-based product acceptance.
Scale
5 Totally acceptable
4 Slightly acceptable
3 Undecided
2 Slightly unacceptable
1 Totally unacceptable
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heads and administration).

2.4.4. Value chain actors

The value chain actors were considered to be all the suppliers,
hauliers and retailers involved in the bio-based products value chain. In
this case, the impact category considered was socio-economic re-
percussions and the subcategory was the promotion of social re-
sponsibility (Table 1).

2.4.4.1. Socio-economic repercussions

2.4.4.1.1. Promotion of social responsibility. In this study, two main
stages have been considered in the life cycle of the bio-based products
analysed: 1) production of the bio-based products, and 2) transportation
and marketing of the bio-based products (Table 1).

The performance was measured by addressing the regulation or
legislation implementation level with regard to social responsibility that
regulates the actions of the value chain actors considered. Regarding
this, a scale from 1 to 7 that considers different regulation imple-
mentation levels was adapted (Josa and Garfi, 2023) (Table 6). Scale
values were obtained from experts' roundtables and surveys. The final
value for each scenario was derived by summing the scale scores
assigned to each value chain actor group.

2.4.5. Society

For the society stakeholder group, the socio-economic repercussions
impact category was considered. The two impact subcategories
accounted for were: i) public commitment to sustainability issues; and
ii) technological development (Table 1).

2.4.5.1. Socio-economic repercussions

2.4.5.1.1. Public commitment to sustainability issues. The public
commitment to sustainability issues impact subcategory was measured
using a scale from 1 to 7 (Josa and Garfi, 2023; U.S. Agency for Inter-
national Development, 2000) (Table 7). This assessment consisted of the
evaluation of the presence of documents related to sustainability issues
that regulate each of the bio-based product production processes. Scale
values were obtained from experts' roundtables and surveys. The final
score was derived by calculating the average of the scores assigned to the
different bio-based products produced in each scenario.

2.4.5.1.2. Technological development. The technological develop-
ment impact subcategory was measured considering the technology
readiness level indicator (Dovichi Filho et al., 2021; Josa and Garfi,
2023). A scale from 1 to 9 was used, as shown in Table 8. Average scores
from the survey were assigned to each scenario.

2.5. Normalisation

The results of each impact subcategory/indicator were normalised
by employing the min/max procedure, where the minimum score ob-
tained is converted to 0, while the maximum is converted to 1. The
remaining values are converted to numbers ranging between 0 and 1
(Josa and Borrion, 2025). The formula used is presented in Eq. (1).

Table 6
Scales used for the evaluation of the regulation implementation
level (Josa and Garfi, 2023).

Scale Regulation implementation level

New regulations
Existing authority
Policy

Industry standards
Guidance
Information
Knowledge

=N WSO




K. Ziegler-Rodriguez et al.

Table 7
Scales used for the evaluation of the presence of documents on sustainability
issues (Josa and Garfi, 2023).

Scale  Description

7 A supportive national policy

6 A strategic plan

5 A National control programme that is highly placed within the government
structure

4 A comprehensive programme that addresses all key aspects of prevention,
care, and mitigation

3 A comprehensive research programme

2 Adequate funding

1 Sustained monitoring and evaluation

Table 8

Scales applied for the assessment of technological readiness level (Josa and
Garfi, 2023).

Scale Description

Deployment Extensive implementation

A few records of implementation
First implementation

Industrial pilot

Demonstration pilot

Experimental pilot

Concept validation

Concept and application formulation
Basic principles

Development

Research

N WHAUUON ®© O

X — min(x)
max(x) — min(x)

Xnorm = (1)

Eq. (1) was used to normalise all the indicators, except for the health
and safety impact category (Table 1), whose scale was inverted (i.e. the
higher the indicator, the worse). In this case, the maximum score was
converted into 0, and the minimum one into 1.

2.6. Monte Carlo analysis

An uncertainty analysis was used to explore the potential outcomes
of the model based on inputs variation, aiming to assess the influence of
data errors on the final results. Additionally, it accounts for potential
uncertainties and biases stemming from the sample size.

It was carried out using the Monte Carlo analysis (Bamber et al.,
2020; Lipton et al., 1995). In this method, a random set of input data
values is generated from the probability distribution of the dataset.
Then, these values are employed to obtain the output of the model. The
result is a distribution of the probability of the output variables gener-
ated from the variations in the input values. In this study, the input
values corresponded to the different indicators, while the output rep-
resented the S-LCA results.

Normal probability distribution functions were chosen as a rough
approximation for the different variables, given that the real distribution
was unknown. Normal probability density functions require the mean
and the standard deviation. In instances where the data was constrained
within specific values (i.e. survey results ranging from 1 to 5), the
boundaries were incorporated into the model.

The mean was defined as the value presented in the results section.
The minimum and maximum values were determined by subtracting
and adding the standard deviation, respectively. For those cases where
standard deviation could not be obtained (i.e. indicators evaluated
through experts' roundtables by consensus), a variance percentage was
taken into account. This percentage was defined as 10% for those in-
dicators defined through scales (which were most of the indicators in
this study) and 5% for the remaining indicators (Josa and Garfi, 2023).

The Monte Carlo analysis was replicated 10,000 times. Once the
distribution of each indicator was calculated, they were normalised
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considering Eq. 1, resulting in a distribution ranging between 0 and 1 for
all the indicators. Afterwards, the obtained values were summed to
determine the distribution of the total impact for each scenario.

Moreover, two additional runs of the Monte Carlo analysis were
performed to test the core assumptions of the assessment: i) lower
variance, equal to half of the original percentages (i.e. 5% for indicators
defined by scales and 2.5% for the remaining ones), and ii) higher
variance, equal to twice the original percentages (i.e. 20% for indicators
defined by scales and 10% for the remaining ones). It was assumed that
no correlation existed between the indicators.

3. Results and discussion
3.1. Social life cycle assessment

The following sections analyse the results for each of the stakeholder
groups, while the inventory results for each subcategory are presented in
the Supplementary material (S4).

3.1.1. Workers

The results for the workers stakeholder group are shown in Fig. 2.
Scenarios S1 and S6 (co-production of EPS, pigments and PHA from
photosynthetic microbiomes, and of PHA and EPS from heterotrophic
microbiomes, respectively) showed the worst performance since they
present the highest health and safety risks for workers. This was due to
the complexity of the systems that produce more than one product
simultaneously and, thus, have a higher number of equipment and
machinery which increases the probability of hazard events.

On the contrary, Scenarios S2, S7 and S3 (sole production of EPS and
pigments) are simpler systems with a lower amount of equipment, which
leads to a lower probability of risks for workers.

These results were in accordance with previous studies that evalu-
ated the health and safety of people working in hypothetical microalgae-
based systems for the production of natural pigments, bioenergy and
biofertilizers with similar methodology (Josa and Garfi, 2023). In
particular, the scores obtained for Hazard x Severity were between 100
and 275 for all the scenarios considered in both investigations (Fig. 2).
Moreover, both studies used an ex-ante perspective and predicted the
hazard and severity values for each equipment by means of experts'
roundtables and workshops. On the other hand, ex-post studies esti-
mated this subcategory considering the number of fatal accidents and
sick-leave days per year and per employee, but with difficulties in

s1 |
s2 - |

s3 |

sS4 - |

S5 - |

S6 -
S7 - |

S8 - |
s9 |

0 100 200
Score (Hazard x Severity )

300

Fig. 2. Results for workers — health and safety impact subcategory (Hazard x
Severity). Note that for hazard x severity indicators, the higher the more
negative. Scenarios: S1) EPS, pigments and PHA simultaneous obtention from
photosynthetic microbiomes (cyanobacteria-enriched microbiomes). S2) EPS
from photosynthetic microbiomes (cyanobacteria-enriched microbiomes). S3)
Pigments from photosynthetic microbiomes (cyanobacteria-enriched micro-
biomes). S4) PHA from photosynthetic microbiomes (cyanobacteria-enriched
microbiomes). S5) PHA from heterotrophic microbiomes. S6) PHA and EPS
from heterotrophic microbiomes. S7) EPS from microbiome isolates. S8) EPS
and PHA from microbiome isolates. S9) Hydrogen from synthetic microbiomes.
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obtaining data from companies (Fiirtner et al., 2021; Garfi et al., 2025).
This highlights that the used methodology is not only appropriate for
evaluating technologies and processes at an early stage of development,
but it can also be applied in ex-post studies when data on accidents or
sick leave are not available. Moreover, other studies highlighted the
increased supply-chain complexity of green systems (e.g. for green fuel
production) compared to conventional ones (Iribarren et al., 2022).
Additionally, working conditions have been identified as a hotspot of
social issues in previous studies assessing the social performance of
bioenergy production (Valente et al., 2018; Zhang et al., 2021).

Since this impact subcategory is attributable to organisational
management, the social performance of the scenarios considered might
be improved by specific measures promoted by the companies, for
example, health and safety certification, risk prevention plan, measures
to improve mental health (Garfi et al., 2025; Mgller et al., 2024). These
aspects should be considered in future ex-post studies.

3.1.2. Consumers

Figs. 3 and 4 show the results for the quality and performance, and
acceptability impact subcategories for the consumer stakeholder group.
Regarding the quality and performance impact subcategory, all the
scenarios showed satisfactory results (Table 3). In particular, Scenario
S5 showed the highest quality and performance, followed by S3. Both of
them are scenarios that produce only one product (PHA and pigments,
respectively). Previous studies investigating social issues of bio-based
products from a consumer perspective showed that the health and
safety impact category was recognised as ‘very important,” since it is
considered a key determinant for consumers (Falcone and Imbert,
2018). In particular, they emphasised that consumers' willingness to pay
is strongly affected by this category (Falcone and Imbert, 2018). This
highlights the importance of addressing this social issue when evalu-
ating the social performance of bio-based products.

Regarding the acceptance impact subcategory, all the scenarios ob-
tained high scores, which indicates the high acceptance level of these
products by the consumers. These results were in accordance with the
literature. Indeed, several authors stated that in general, bio-based
products have a positive social acceptance, particularly if they are also
functional and environmentally friendly (Sijtsema et al., 2016;
Kymaldinen et al., 2022; Ruf et al., 2022). Among the scenarios, the sole
production of bioplastics (S4 and S5) and hydrogen (S9) showed the
highest scores. The slightly higher acceptance level of bioplastics (PHA)
and hydrogen with respect to pigments and additives (EPS) could be

s2 |
s3 |

S5 |
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S8 - |

9 |

Scale

Fig. 3. Results for consumers - quality and performance impact subcategory.
Scenarios: S1) EPS, pigments and PHA simultaneous obtention from photo-
synthetic microbiomes (cyanobacteria-enriched microbiomes). S2) EPS from
photosynthetic microbiomes (cyanobacteria-enriched microbiomes). S3) Pig-
ments from photosynthetic microbiomes (cyanobacteria-enriched micro-
biomes). S4) PHA from photosynthetic microbiomes (cyanobacteria-enriched
microbiomes). S5) PHA from heterotrophic microbiomes. S6) PHA and EPS
from heterotrophic microbiomes. S7) EPS from microbiome isolates. S8) EPS
and PHA from microbiome isolates. S9) Hydrogen from synthetic microbiomes.

11

Environmental Impact Assessment Review 118 (2026) 108333
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Fig. 4. Results for consumers — acceptability impact subcategory. Scenarios:
S1) EPS, pigments and PHA simultaneous obtention from photosynthetic
microbiomes (cyanobacteria-enriched microbiomes). S2) EPS from photosyn-
thetic microbiomes (cyanobacteria-enriched microbiomes). S3) Pigments from
photosynthetic microbiomes (cyanobacteria-enriched microbiomes). S4) PHA
from photosynthetic microbiomes (cyanobacteria-enriched microbiomes). S5)
PHA from heterotrophic microbiomes. S6) PHA and EPS from heterotrophic
microbiomes. S7) EPS from microbiome isolates. S8) EPS and PHA from
microbiome isolates. S9) Hydrogen from synthetic microbiomes.

explained because of the positive perception of functionality, versatility
and safety, which are the most valued qualities by consumers when
referring to marketing-related activities of bio-based products (Ruf
et al., 2022). Also, usually, consumers are less resistant to novel non-
food products than food products. Moreover, Sijtsema et al. (2016)
also stated that consumers' perception of bio-based products is directly
related to consumer awareness, since it is more accepted when the
consumer is aware of its benefits. Since acceptability is a product-related
impact subcategory, a broader, ex-post analysis should be conducted to
compare these bio-based products with conventional ones once they are
commercialised. This research at a consumer-perception level might
clarify which aspects influence more consumers' perceptions and
possible mixed (positive and negative) feelings toward bio-based prod-
ucts (Kymalainen et al., 2022).

3.1.3. Local community
Concerning the local community, Scenarios S1 and S6 (co-produc-
tion of EPS, pigments and PHA from photosynthetic microbiomes, and of
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Fig. 5. Results for local community — local employment impact subcategory.
Scenarios: S1) EPS, pigments and PHA simultaneous obtention from photo-
synthetic microbiomes (cyanobacteria-enriched microbiomes). S2) EPS from
photosynthetic microbiomes (cyanobacteria-enriched microbiomes). S3) Pig-
ments from photosynthetic microbiomes (cyanobacteria-enriched micro-
biomes). S4) PHA from photosynthetic microbiomes (cyanobacteria-enriched
microbiomes). S5) PHA from heterotrophic microbiomes. S6) PHA and EPS
from heterotrophic microbiomes. S7) EPS from microbiome isolates. S8) EPS
and PHA from microbiome isolates. S9) Hydrogen from synthetic microbiomes.
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PHA and EPS from heterotrophic microbiomes, respectively) showed the
highest performance in number of jobs generated (Fig. 5). As mentioned
above, these scenarios were the most complex and, thus, require a
higher number of machinery and workers compared to the other
scenarios.

For instance, it was estimated that for Scenario S1, where additives,
bioplastics and pigments are simultaneously produced, 50 employees
were needed. On the other hand, for the sole production of hydrogen
(S9), and additives (S2 and S7), fewer than 30 workers were needed.
These results were in accordance with other studies that evaluated the
employment generation in hypothetical microalgae-based systems for
the production of natural pigments, bioenergy and biofertilizers using
similar methodology (Josa and Garfi, 2023). In particular, in both
studies, the number of jobs created in the most complex scenarios was
approximately 1.5 times higher than in the other scenarios.

However, other S-LCA studies carried out using an ex-post perspec-
tive pointed out the difficulties in evaluating this indicator due to the
lack of companies' transparency and the information regarding the
number of jobs generated in the local community (Garfi et al., 2025).

As noted for other management-driven issues, the social performance
of the scenarios analysed in terms of local employment could be
enhanced by adopting specific policies such as prioritising local hiring,
providing skills training to community members, partnering with local
businesses and educational institutions, developing local supply chains,
and supporting local economic development initiatives (Bartik, 2020).
These aspects require consideration in an ex-post future evaluation.

3.1.4. Value-chain actors

Regarding value chain actors, the regulation implementation level
showed to be the same for all the scenarios (Fig. 6). Indeed, existing
European legislation on bio-based products (Regulation 1907/2006,
2025; European Commission, 2022a) covers a wide range of areas. In
particular, for the evaluation of this impact category, the existing EU
Directive on corporate sustainability reporting (Directive 2022/2464,
2025), and the guidelines on corporate social responsibility in trans-
portation (Responsible Trucking, 2021) were considered. According to
the employed scale (Table 5), both documents were classified as guid-
ance and information, respectively. It has been considered that pro-
curement activities and complementary services for the assessed
scenarios might not differ, as these activities are not as product-specific
as the generated goods. It is worth mentioning that the two documents
(Directive 2022/2464, 2025; Responsible Trucking, 2021) considered
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[ Production of the additives, pigments, bioplastics and hydrogen

O Transportation and marketing of additives, pigments, bioplastics and hydrogen

Fig. 6. Results for value chain actors - promotion of social responsibility impact
subcategory. Scenarios: S1) EPS, pigments and PHA simultaneous obtention
from photosynthetic microbiomes (cyanobacteria-enriched microbiomes). S2)
EPS from photosynthetic microbiomes (cyanobacteria-enriched microbiomes).
S3) Pigments from photosynthetic microbiomes (cyanobacteria-enriched
microbiomes). S4) PHA from photosynthetic microbiomes (cyanobacteria-
enriched microbiomes). S5) PHA from heterotrophic microbiomes. S6) PHA and
EPS from heterotrophic microbiomes. S7) EPS from microbiome isolates. S8)
EPS and PHA from microbiome isolates. S9) Hydrogen from synthetic
microbiomes.
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for the evaluation of this indicator are generic documents that do not
specifically address social responsibility issues in the value chain of bio-
based products. This is in accordance with previous studies carried out
in different fields, which found that, despite supply chains having a
significant social implication, usually greater than companies' opera-
tions, research and regulation regarding the social responsibility of
value chain actors is still limited (Garfi et al., 2025; Patil et al., 2022;
Wang et al., 2022). Thus, to date, value chain actors have been included
in only a few S-LCA studies (Rebolledo-Leiva et al., 2023).

This fact points out the necessity to develop specific regulations or
legislation that regulates the actions of the value chain actors involved
in the production of bio-based products. It could be promoted at the
management and organisational level by assessing suppliers' practices to
identify social and environmental risks, and by incentivising compliance
with social responsibility standards through measures such as long-term
contracts or increased purchase orders.

3.1.5. Society

Figs. 7 and 8 show the results of public commitment to sustainability
issues and technology development impact subcategories for society,
respectively.

Regarding public commitment to sustainability issues, scenarios S9,
S4, and S5 (hydrogen and PHA sole production from photosynthetic and
heterotrophic microbiomes, respectively) showed the best performance.
As mentioned above, this indicator evaluates the presence of documents
that support the commitment to social sustainability issues, which
regulate the processes under consideration.

In the last decades, hydrogen has gained attention since it might be
an alternative, affordable, secure and sustainable energy solution. In
fact, in 2019, the EU published the Hydrogen Roadmap - Europe, a
report that stated that achieving the energy transition in the EU will
require hydrogen at large scale (Fuel Cells and Hydrogen Joint Under-
taking, 2019). Therefore, in 2022, the EU launched REPowerEU plan, an
EU strategic plan aimed at reducing Europe's dependence on fossil fuels
and accelerating the transition to green energy, promoting, among other
supplies, renewable hydrogen as a solution (European Commission,
2022b). In addition, in 2023, the EU also published a supplementing
directive to REPowerEU plan to regulate the production of renewable
liquid and gaseous transport fuels, with a focus on renewable hydrogen
(Commission Delegated Regulation 2023/1184, 2025).

Regarding bioplastics (PHA), in 2022, the EU published the EU

Scale

1. 7. Results for society - public commitment to sustainability issues impact
subcategory. Scenarios: S1) EPS, pigments and PHA simultaneous obtention
from photosynthetic microbiomes (cyanobacteria-enriched microbiomes). S2)
EPS from photosynthetic microbiomes (cyanobacteria-enriched microbiomes).
S3) Pigments from photosynthetic microbiomes (cyanobacteria-enriched
microbiomes). S4) PHA from photosynthetic microbiomes (cyanobacteria-
enriched microbiomes). S5) PHA from heterotrophic microbiomes. S6) PHA and
EPS from heterotrophic microbiomes. S7) EPS from microbiome isolates. S8)
EPS and PHA from microbiome isolates. S9) Hydrogen from synthetic
microbiomes.
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Fig. 8. Results for society - technological development impact subcategory.
Scenarios: S1) EPS, pigments and PHA simultaneous obtention from photo-
synthetic microbiomes (cyanobacteria-enriched microbiomes). S2) EPS from
photosynthetic microbiomes (cyanobacteria-enriched microbiomes). S3) Pig-
ments from photosynthetic microbiomes (cyanobacteria-enriched micro-
biomes). S4) PHA from photosynthetic microbiomes (cyanobacteria-enriched
microbiomes). S5) PHA from heterotrophic microbiomes. S6) PHA and EPS
from heterotrophic microbiomes. S7) EPS from microbiome isolates. S8) EPS
and PHA from microbiome isolates. S9) Hydrogen from synthetic microbiomes.

policy framework on bio-based, biodegradable and compostable plastics
(EC, 2022a), which can be considered a national control program highly
placed within the government structure (Table 6). Moreover, bioplastics
have been considered within the Circular Economy Action Plan (EC,
2020a) and the Horizon Europe Research and Innovation Programme
(EC, 2020Db).

In the case of additives (EPS), the only identified existing document
regarding sustainability issues is an EU Commission Regulation on
specifications for food additives (Commission Regulation 231/2012,
2025). As it is generic and not specific for bio-based products, it has been
classified as a comprehensive program that addresses all key aspects of
prevention, care, and mitigation (Table 6).

Finally, even though the Food and Drug Administration (FDA)
approved phycocyanin as the only natural blue colourant commercially
available for use in food colouring (approved in 2013), pigments pro-
duction is only indirectly addressed by EU's REACH regulation (i.e. a
Regulation on the registration, evaluation, authorisation and restriction
of chemicals) (EC, 2006) and research projects (PROMICON, 2023).
Thus, pigment production has been considered to be regulated by a
comprehensive research programme (Table 6).

In the case of the technological development impact category, all the
scenarios obtained similar results. In particular, the production of the
bio-based products considered in this study is still in the research stage
(Table 7). Indeed, only scenarios S3, S4 and S5 (pigments obtention from
photosynthetic microbiomes, PHA obtention from photosynthetic
microbiomes and PHA obtention from heterotrophic microbiomes,
respectively) are considered to achieve concept validation (Table 7).
This means that these technologies and processes still lack maturity and
need further research to be suitable for effective development and
deployment. However, although applying S-LCA to the early stage of
technology development is a highly complicated task, it remains a top
priority to ensure proper social conditions when the process is imple-
mented in the bio-product sector (Cadena et al., 2019).

3.1.6. Normalisation

Fig. 9 shows the normalised results. In the normalisation step, the
results for value chain actors were not considered, since all the scenarios
obtained the same score. Also, it is worth mentioning that, even though
individual scores showed slight differences among the scenarios in
several impact subcategories (e.g. consumers' acceptability), the nor-
malisation procedure magnifies these differences.

Results showed that Scenario S4 (PHA obtention from
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Fig. 9. Total normalised scores for all the scenarios. Scenarios: S1) EPS, pig-
ments and PHA simultaneous obtention from photosynthetic microbiomes
(cyanobacteria-enriched microbiomes). S2) EPS from photosynthetic micro-
biomes (cyanobacteria-enriched microbiomes). S3) Pigments from photosyn-
thetic microbiomes (cyanobacteria-enriched microbiomes). S4) PHA from
photosynthetic microbiomes (cyanobacteria-enriched microbiomes). S5) PHA
from heterotrophic microbiomes. S6) PHA and EPS from heterotrophic micro-
biomes. S7) EPS from microbiome isolates. S8) EPS and PHA from microbiome
isolates. S9) Hydrogen from synthetic microbiomes.

photosynthetic microbiomes or cyanobacteria) and Scenario S5 (PHA
obtention from heterotrophic microbiomes) had the best social perfor-
mance, mainly because of the better social implications for the con-
sumers and society stakeholder groups. This indicated that the sole
production of bioplastics, from either heterotrophic or photosynthetic
microbiomes, had the best overall social performance. It was mainly
because of: i) better quality and performance, and higher acceptance
level for consumers; ii) better performance in terms of public commit-
ment to sustainability issues and higher technological development for
society, compared to the other scenarios.

Hydrogen production from synthetic microbiomes (S9) also showed
good social performance. It was mainly due to: i) low risks for health and
safety for workers; ii) high acceptance level for consumers; and iii) high
performance in terms of public commitment to sustainability issues for
society.

Finally, all the scenarios for the production of bio-based products
(pigments, additives, bioplastics and hydrogen) showed good perfor-
mance for workers, consumers, and the local community.

More efforts should be made to develop specific regulations and
policies for both the promotion of social responsibility (value chain
actors) and the public commitment to sustainability issues (society) in
the field of bio-based products (especially for additives and pigments).
Moreover, implementation at full scale should be boosted in order to
cover the technological development gap.

3.1.7. Monte Carlo analysis

Fig. 10 presents the results of the uncertainty analysis. It shows the
probability distribution function and its respective cumulative distri-
bution function for each scenario. It can be observed that scenarios S4,
S5 and S9 (PHA obtention from photosynthetic microbiomes, PHA
obtention from heterotrophic microbiomes and hydrogen from synthetic
microbiomes, respectively) were still the ones with the highest social
performance, followed by scenario S3 (pigments obtention from
photosynthetic microbiomes).

Moreover, the additional Monte Carlo runs showed that increasing or
decreasing uncertainties did not modify the final ranking of the sce-
narios (Fig. S5 — Supplementary Material). Changes in variance nar-
rowed or widened the distributions. In fact, the resulting probability
distributions and cumulative probability distributions showed increased
or decreased dispersion, but the final ranking of the scenarios remained
unchanged (Fig. S5 - Supplementary Material). Since changing the
magnitude of the variance indirectly tests the influence of the
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Fig. 10. Results of the Monte Carlo Analysis. Scenarios: a) Probability distribution of Monte Carlo simulation of total normalised values. b) Cumulative probability
distribution of Monte Carlo simulation of total normalised values. Scenarios: S1) EPS, pigments and PHA simultaneous obtention from photosynthetic microbiomes
(cyanobacteria-enriched microbiomes). S2) EPS from photosynthetic microbiomes (cyanobacteria-enriched microbiomes). S3) Pigments from photosynthetic
microbiomes (cyanobacteria-enriched microbiomes). S4) PHA from photosynthetic microbiomes (cyanobacteria-enriched microbiomes). S5) PHA from heterotrophic
microbiomes. S6) PHA and EPS from heterotrophic microbiomes. S7) EPS from microbiome isolates. S8) EPS and PHA from microbiome isolates. S9) Hydrogen from

synthetic microbiomes.

distribution shape and type (Helton and Davis, 2003), this analysis also
proved that the results were not sensitive either to the variance levels or
to the use of normal distributions as a modelling assumption.

3.2. Key insights, limitations and policy implications

This study not only provided valuable insights into the social per-
formance of producing bio-based products from microbiomes but also
highlighted several limitations and remaining challenges in the field.

Firstly, it demonstrated that the comprehensive frameworks used
and applied to this specific case study might serve as guidance for
assessing the social performance of novel and developing processes for
the production of bio-based products from an ex-ante perspective. It is of
utmost importance to promote research on sustainable bio-based prod-
ucts, which should be both environmentally and socially friendly, as a
key step toward the transition to a circular bio-economy. However, it has
to be mentioned that, even though many of the subcategories and in-
dicators used in this study have a broad applicability, social hotspots,
key issues, and relevant stakeholders may differ across case studies.
Therefore, each context must be carefully assessed to identify its specific
stakeholders, dynamics, and social concerns, particularly in settings
marked by emerging technologies, where new systems are to be imple-
mented and no prior knowledge exists about how they will interact with
different stakeholders.

Concerning the stakeholder categories, as mentioned above, in this
study, they were defined following the UNEP guidelines for S-LCA,
which primarily focus on workers, consumers, local communities, value
chain actors, and society. Vulnerable groups (i.e. children, the elderly,
and indigenous communities) were not explicitly considered, since there
is currently limited availability of specific social indicators and data
related to these populations in the context of the assessed technologies,
and the production systems analysed do not directly involve or target
these groups (MacNeil et al., 2021; Pérez-Lopez et al., 2025). Also, the
potential social impacts for children identified in UNEP methodological
sheets can be considered quite limited in the case of bio-based products
production when assuming that activities are performed in the European
context (Pérez-Lopez et al., 2025; UNEP, 2021). Moreover, although
children are recognised as a vulnerable population, particularly in
relation to manufacturing activities as part of the local community and
as consumer-related issues, the present study focused exclusively on
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adults over 18 years of age. This decision was driven by ethical and
practical considerations, as research involving minors entails stricter
ethical protocols and greater complexity in data collection. Neverthe-
less, it is acknowledged that the exclusion of such vulnerable groups may
underestimate potential negative or positive social performance.
Therefore, future ex-post research should explore methods to explicitly
incorporate diverse stakeholder perspectives (e.g. children, the elderly,
and indigenous communities) by developing context-sensitive indicators
and ethically robust protocols to achieve a more comprehensive and
socially inclusive sustainability assessment of bio-based products.

A key and well-known challenge in S-LCA is the limited availability
of data. In this study, due to its ex-ante nature (i.e. processes still in an
early stage of development and low technological readiness level), some
information had to be estimated (e.g. the hypothetical plants design,
employment generation), and the results were analysed using an un-
certainty analysis. In particular, the hypothetical plant design may have
had the greatest influence on the final ranking. Moreover, the low
technological readiness level of the studied processes mainly affected
the company/management-driven subcategories (i.e. health and safety
for workers, local employment for the local community, promotion of
social responsibility for value chain actors and public commitment to
sustainability issues for society). As mentioned above, in these impact
subcategories, the social performance of the studied bio-based products
might be enhanced by specific measures and policies promoted by the
companies. Nevertheless, the results of the uncertainty analysis showed
that the outcomes of this study provided a robust overview of the good
social performance of bio-based products from microbiomes and high-
lighted the areas where further research is needed to support their
introduction into the market. This analysis should be replicated as an ex-
post evaluation to identify social hot-spots to be improved once the bio-
based products are already commercialised. It should be carried out
considering companies' performance rather than the distinct aspects of
the specific products assessed, including both management-driven and
product-driven social issues. The ex-post analysis should also include
other impact subcategories (e.g. working hours, fair salary) that could
not be analysed in the present study because of the lack of data.

Lastly, the findings of this study aim to inform policymakers and
provide scientific evidence to support and promote the sustainable
production of bio-based products from microbiomes. Indeed, integrating
bio-based products from microbiomes into circular economy strategies
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requires a multidimensional assessment approach that includes social
sustainability as a core component of the transition toward resilient and
socially responsible biotechnological systems. Accordingly, the results
of this study may assist the public sector in formulating policies that
encourage the adoption of more sustainable products, similar to those
promoted in other industrial sectors. For instance, the EU Cosmetics
Regulation (EC) 1223/2009 (EC, 2009), complemented by the cosmetic
claims criteria set out in Regulation (EU) 655/2013 and related Com-
mission guidance (EU, 2013), establishes a clear structure to ensure that
any product (including the microbiome-related ones) is safe and sup-
ported by adequate evidence and communicated in a truthful, trans-
parent, and verifiable manner. In parallel, the EU Fertilising Products
Regulation (EU) 2019/1009 explicitly recognises microbial plant bio-
stimulants as a distinct product category, setting specific requirements
on safety and efficacy (European Parliament and Council, 2019). These
two frameworks illustrate how regulators can balance innovation and
consumer protection: by defining product categories, clarifying accept-
able claims, and aligning scientific evidence with market access.

Key recommendations to enhance the social performance related to
the production, marketing and use of the bio-based products from
microbiomes include: i) fostering investment in research and innovation
to analyse and enhance the sustainability of these ground-breaking
processes; ii) promoting partnership, collaboration and knowledge-
sharing among researchers, policymakers, and industry stakeholders to
increase interdisciplinary research in this field; iii) boosting imple-
mentation at pilot and full-scale to cover the technological development
gap and increase awareness through demonstration; iv) developing and
strengthening specific regulations and policies (particularly those that
promote social responsibility among value chain actors and encourage
public commitment to sustainability) that enable safe applications and
encourage their use in different sectors; v) creating labels for bio-based
products that are both environmentally and socially friendly, focusing
on transparency, sustainability, and ethical production; vi) fostering the
integration of S-LCA as a requirement in research and innovation calls
within the bioeconomy sector, to ensure that projects are not only
technically and environmentally viable but also socially responsible; vii)
establishing harmonized social indicators at the European level to
enable consistent assessment, benchmarking, and future regulation of
bio-based products across different sectors and applications.

Finally, the findings of this study also directly contribute to several
Sustainable Development Goals (SDGs) and circular economy targets,
particularly SDG 7 (Affordable and clean energy), SDG 9 (Industry,
Innovation and Infrastructure), SDG 12 (Responsible Consumption and
Production), and SDG 13 (Climate Action), by demonstrating the social
viability of bio-based products from microbiomes as sustainable alter-
natives to chemical-based products and fossil energy sources.

4. Conclusions

The aim of this study was to analyse the social performance of the
production of 4 bio-based products (i.e. additives, bioplastics, pigments
and hydrogen) by means of novel bio-based routes based on micro-
biomes, using the Social Life Cycle Assessment methodology.

Results showed that the production of bioplastics and hydrogen had
the best social performance. It was mainly due to the high acceptance
level for consumers and the better performance in terms of public
commitment to sustainability issues for society. In particular, the non-
food products (i.e. bioplastics and hydrogen) seemed to have higher
acceptability from consumers and higher interest in terms of regulation
and policy development.

On the whole, all the scenarios for the production of bio-based
products (pigments, additives, bioplastics and hydrogen) showed good
performance for workers (health and safety), consumers (quality and
performance, acceptability) and the local community (number of jobs
generated).

The findings of this study aim to support evidence-based
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policymaking toward the sustainable production of microbiome-based
bio-products. Key recommendations include: i) to foster investment in
research and innovation to promote interdisciplinary studies of these
ground-breaking processes; ii) to boost implementation at full scale to
cover the technological development gap; iii) to develop specific regu-
lations and policies, especially for both the promotion of social re-
sponsibility (value chain actors) and the public commitment to
sustainability issues (society) in the field of bio-based products (espe-
cially for additives and pigments); iv) creating labels for bio-based
products that are both environmentally and socially friendly, focusing
on transparency, sustainability, and ethical production; v) fostering the
integration of S-LCA as a requirement in research and innovation calls
within the bioeconomy sector. Specific regulations and policies should
enable safe applications and encourage the development, use and mar-
keting of bio-based products from microbiomes in different sectors.
Furthermore, this analysis should be replicated as an ex-post evaluation
to identify social hot-spots for improvement once the bio-based products
are commercialised, in order to overcome the limitations identified in
this study.

Finally, the frameworks used in this study may provide a valuable
basis for evaluating the social performance of emerging and innovative
bio-based production processes from an ex-ante perspective, boosting
the transition toward a circular bio-economy.
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