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BACKGROUND & PURPOSE @
Introduction

The transition to a circular bioeconomy represents one of the most significant structural
shifts facing European economies in the coming decades. Across agriculture, forestry,
fisheries and aquaculture, food and beverage, wood, textile, and construction, the move
away from linear "take-make-dispose" models towards circular, bio-based systems demands
a fundamental transformation in how biological resources are produced, processed,
valorised, and recovered. This transformation is not only technological and regulatory, it is
deeply human. It requires a workforce that is skilled, adaptive, and systems-literate: capable
of applying circular principles in practice, operating within bio-based value chains, and
contributing to the design of more sustainable and resilient production systems.

This Taxonomy of Circular Bioeconomy Skills was developed to support the alignment of
workforce training, higher education, and policy frameworks with the demands of the
circular bioeconomy transition across seven bio-based and land-use sectors in Ireland and
the European Union. It provides a structured, evidence-based mapping of the competencies
required across these sectors, organized into five skill categories: Systems Thinking,
Sustainability Skills, Circularity Skills, Digital Skills, and Bioeconomy & Biorefinery
Competence, alongside a set of Transversal Skills that cut across all sectors and all roles.

How to use this taxonomy
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Sector-Specific Skills Shared & Transversal Skills Implications &
Recommendations

Each of the six sectors is Skills that recur across The taxonomy translates its

mapped individually, multiple sectors are findings into targeted

identifying the unique identified as shared implications and

technical competencies that  competencies — forming recommendations for four

are specific to that sector's  the basis for a common key stakeholder groups:

production systems, value  foundational training training providers,

chains, and circular module applicable across universities, the workforce

transition challenges. all seven pathways. and employers, and policy
Transversal skills provide makers.

the connective tissue that
enables cross-sector
integration and adaptability.

"The transition to a circular bioeconomy is not possible without a skilled, adaptive,
and knowledgeable workforce. This taxonomy is a tool for building that workforce
across relevant sectors.




Methodology

A structured desk-based research approach was adopted to systematically examine the circular

bioeconomy across seven key sectors, ensuring methodological rigour, relevance to Irish context,

and alignment with contemporary CBE developments.

Scope

Skills Focus

The skills focus on this taxonomy is aligned

with the FEuropean Commission's Joint
Research Centre (JRC) bioeconomy skills
sustainability,

classifications; systems-

thinking, circularity,, and bioeconomy skills.

Digital skills and transversal skills included.

Study Focus

Primary sectors and traditional industries

only

They form the core operational layer of the
bioeconomy, underpinning robust biomass
supply chains and enabling future expansion

into biotech industries.

®
Biotech industries (biorefineries,
biopharmaceuticals, bioenergy) were

excluded from scope . This is because their
viability depends on the maturity of the
primary and traditional sectors addressed

here.

Literature Search Strategy

% Academic Literature

Peer-reviewed articles sourced from
Scopus, Web of Science and Google
Limited to publications within the last ten

years.

% Grey Literature

Government reports, policy documents,
industry publications and institutional
reports reviewed to capture sectoral
overviews, economic contributions and
national strategies relevant to the Irish

context.

—  Stakeholder Validation

Stakeholder are being engaged through
workshops, webinars and online survey to
validate the identified skills and identify

skills not included in the taxonomy



Agriculture Sector
SECTOR 1 OF 7

The agriculture sector sits at the heart of the circular bioeconomy. Skills in this sector span the
full range of sustainability, systems thinking, circularity, bioeconomy, and digital competencies
required to manage farms as integrated biological systems that minimize waste and maximize
resource efficiency.

Systems Thinking
Knowledge: Understanding of the farm as interconnected biological, economic, and social system;
Understanding of linkages between inputs, outputs and waste streams; Knowledge of Carbon foot printing
or Life Cycle Assessment (LCA) techniques.

Skills: Whole-farm planning to optimize biological resource flows and reduce external inputs; Applying
life cycle assessment to farming practices.

Sustainability
Knowledge: Knowledge of regulatory and policy literacy for the sector; Knowledge of conservation and
sustainability strategies; Knowledge of climate-adaptable species; Knowledge of soil health metrics and
monitoring techniques;

Skills: Carrying out soil health monitoring; Applying crop diversification and biodiversity conservation
practices; Integrating livestock and plants; Practicing integrated pest and disease management; Employing
regenerative agriculture practices; Adopting drought-resistant / heat tolerant crop varieties; Practicing soil
carbon sequestration; Acquiring sustainability certifications.

Circularity
Knowledge: Knowledge of farm biomass and their properties; knowledge of waste valorisation processes
(fermentation, composting, anaerobic digestion, pyrolysis).

Skills: Using farm residues and by-products for nutrients (mulching, composting); Applying biomass
cascading principles (food — feed — materials — energy — nutrients); Applying waste stream analysis
(identify, classify, and quantify different types of waste); Safe handling, sorting and processing of farm
wastes.

Biotechnology

Knowledge: Biotechnology awareness (basic understanding of agricultural biotechnology tools: seed
traits, gene selection, GMOs).

Skills: Competence in any waste valorisation process (anaerobic digestion, composting, etc.); competence
in handling, storing bio-inputs and other safety requirements; use of bio-inputs (bio fertilisers, bio
stimulants, bio pesticides) and understanding of their mode of action; on-farm biomass production without
degrading soil or biodiversity.

Digital
Knowledge: Data literacy; Knowledge of precision agriculture to optimise bio-input use and to track and
monitor crops and livestock performance and health.

Skills: Using Decision Support Systems for decision making; Digital collaboration (engaging with online
platforms to connect with researchers, cooperatives, and markets); Farm data management and analytics;
Smart irrigation and fertilization techniques.



Forestry And Wood Sector

SECTOR 2 and 3 OF 7

Forestry professionals operate at the intersection of ecology, carbon management, and bio-based
materials supply. The skills taxonomy for this sector reflects the complexity of managing forests as
multi-functional ecosystems while supplying the circular bioeconomy with sustainably harvested
biomass and advanced bio-based products.

Systems Thinking
Knowledge: Understand forests as interconnected ecological, economic, and social systems; Understand
forest-based value chains beyond traditional timber markets; Understand trade-offs between energy, carbon,
and ecosystem impacts; Coordinate forestry with agriculture, energy, construction and bio-industry value
chains; Knowledge of Carbon foot printing or Life Cycle Assessment (LCA) techniques.

Skills: Map the full forestry ecosystem and wood value chain and understand interdependencies;
coordinate forestry with other sectors; Analyze trade-offs between energy, carbon and ecosystem impacts;
Perform carbon foot printing or LCA.

Sustainability
Knowledge: Knowledge of Sustainable Forest management (SFM) principles; Knowledge of Forest
Stewardship Council principles (FSC) to ensure wood is responsibly sourced; Knowledge of Forest
certification schemes; Regulatory and policy literacy.

Skills: Apply SFM principles; implement biodiversity conservation, Implement silviculture and other forest
regeneration techniques; Conduct sustainable harvesting and reforestation; Carry out fire prevention and
adaptive forest practices; Achieve forest certification; Understand selective logging and use of low impact
logging technologies.

Circularity
Knowledge: Knowledge of grading criteria for biomass materials; Knowledge of feedstock handling
techniques; knowledge of circular practices (composting, mulching); understanding of Industrial symbiosis
for forestry and wood by-products (sawmill residues — pellets, biochar, panels).

Skills: Wood waste grading and sorting; Characterize and recover side-streams; Apply circular practices
(composting, mulching, biochar production and soil application); Apply cascading use of forest biomass
and wood (materials — chemicals — energy — nutrients); design wood products to facilitate disassembly,
reuse, and recycling).

Biotechnology
Knowledge: Knowledge of tree genetics and breeding technologies; Knowledge of phytochemical (lignin,
terpenes, extractives, and other traits relevant to forest bioproducts); Knowledge of wood biomass property
and quality assessment techniques; Knowledge of biorefinery processes and waste valorization.

Skills: Apply knowledge of tree genetics; assess phytochemical properties of forest biomass; evaluate wood
properties and quality (for processing into biofuels, bioplastics, engineered timber, etc.); apply biorefinery
processes (enzymatic treatments, fermentation, etc.) to convert lignocellulosic biomass into high valued
products (bio-based chemicals, biofuels, bioplastic); Apply waste valorization process (chipping,
briquetting & pelletizing,); Manufacture eengineered wood products (CLT, glulam, LVL).

Digital
Knowledge: Knowledge of precision forestry techniques (sensor-based thinning, automated machinery,
and smart harvesting systems); GIS and remote sensing tools; digital forest inventory tools; digital
dashboards and environmental metrics; data literacy.

Skills: Interpret digital dashboards and environmental metrics; use GIS and remote sensing for forest
management; conduct digital forest inventories; apply precision forestry techniques; Use digital tools for
collaboration across dispersed rural actors; Use supply chain traceability systems to map wood origin and
processing stages.



Fisheries & Aquaculture Sector
SECTOR 3 OF 7

Fisheries and aquaculture require a distinctive blend of ecological stewardship, biotechnology, and
systems management. As wild fish stocks face mounting pressure, aquaculture is emerging as a
central pillar of circular bioeconomy food systems. This sector's skills taxonomy integrates marine
ecology, recirculating systems, and integrated multi-trophic approaches.

Systems Thinking
Knowledge: Understanding of fisheries and aquaculture as part of an interconnected aquatic ecosystems;
Recognizing interactions between wild stocks, farmed species, habitats, and value chains; Understanding of
the balance between productivity, conservation and socio-economic objectives.

Skills: Mapping interactions between wild and farmed species; balancing productivity with habitat
conservation and socio-economic goals.

Sustainability
Knowledge: Fish stock monitoring metrics; climate adaptation strategies, biodiversity and habitat
conservation strategies; sustainable fishing methods; knowledge of Life Cycle Assessment (LCA);
Knowledge of Best Aquaculture Practices (BAP) and Ecosystem-based Fisheries Management (EBFM);
Regulatory and policy literacy.

Skills: Applying ecosystem-based fisheries management (EBFM) and Best Aquaculture practices (BAP);
Monitoring fish stocks levels and species interactions; Applying climate adaptation strategies (shifting
species ranges, catch quota); Biodiversity and aquatic habitat conservation practices; Monitoring and
managing water quality parameters; Feed, water and energy resources use efficiency. Applying sustainable
harvesting methods (selective gear, low-impact techniques).

Circularity
Knowledge: Recirculating aquaculture systems (RAS) and / or integrated multi-trophic aquaculture
(IMTA); Nutrient cycling techniques; Understanding of aquaponics systems; Waste stream characteristics
and handling techniques.

Skills: Designing and operating recirculating aquaculture systems (RAS); Applying integrated multi-trophic
aquaculture (IMTA) principles; Minimizing nutrient discharge and pollution; Combining aquaculture with
agriculture (aquaponics); Waste stream analysis (ability to identify, classify, and quantify different types of
waste); Waste handling skills (safe handling, sorting, and processing of waste materials).

Biotechnology
Knowledge: Bioprocessing techniques for converting fish wastes into value-added products; Non-food
by-products from fishery & aquaculture (Collagen extraction, fish oils, marine peptides, nutraceuticals and
other bio-based chemicals); Algae and seaweed cultivation techniques.

Skills: Processing fish wastes into value-added products using bioprocessing techniques; Developing non-
food products from fish & aquaculture wastes; Applying biotechnology to improve fish health, disease
resistance, and growth rates; cultivating algae and seaweed as biomass.

Digital
Knowledge: Precision fishing and aquaculture methods for monitoring water quality, fish health,
environmental conditions and for stock management; knowledge of digital online collaboration platforms
for information access; Data literacy.

Skills: Using precision fishing and aquaculture technologies; Smart technology operating skills (IoT
feeders, automated aerators); Use of digital Platforms to access information; Engaging with online
platforms to connect with researchers, cooperatives, and markets.



Food And Beverage Industry
SECTOR 5 OF 7

The food and beverage sector generates significant volumes of by-products and waste streams,
making it a critical focus area for circular bioeconomy skills. This taxonomy captures the full
range of competencies required to transform processing residues into high-value bioproducts
while maintaining food safety, regulatory compliance, and sustainable sourcing practices.

Systems Thinking
Knowledge: Understanding of food processing as part of interconnected agri-food and bio-based systems;
Understanding of food system dynamics & complexity (how changes in processing can have impacts
elsewhere in the system); Understanding of interconnect networks and complex food value chains;
Knowledge of Life cycle assessment and carbon footprint

Skills: Mapping material, energy and by-product flows across food processing stages; identifying system
interdependencies and their effect on each other; Conducting LCA or carbon foot printing for a food
processing process.

Sustainability
Knowledge: Knowledge of Sustainability standards / certifications; Knowledge of ESG reporting metrics;
regulatory and policy literacy.

Skills: Use of Sustainable packaging; Optimizing logistic operations; Sustainable sourcing of raw materials
and supplier engagement; Ensuring water and energy efficiency in processing operations; Aligning
operations with climate and environmental targets; Applying sustainability and quality certification
schemes.

Circularity
Knowledge: Food wastes streams and handling techniques; Food waste valourisation pathways.

Skills: Food by-product identification & characterization; Valorisation of food by-products and food waste
into animal feed, biofertilizers, biochemicals or bioenergy; Designing operations for minimal waste
production (closed-loop designs); Applying cascading use principles before energy recovery.

Biotechnology

Knowledge: Knowledge of bioprocessing, and biorefinery processes; Knowledge of regulatory and food
safety skills (HACCP, GMP, food safety management).

Skills: Applying bioprocessing techniques (fermentation, enzymatic treatments, extraction,
bioconversion)in food and beverage production; Developing alternative protein sources; Enhancing food
preservation techniques; Creating novel food ingredients from bioresources; Applying hazard analysis and
critical control point (HACCP) in food processing.

Digital
Knowledge: Smart packaging technologies; Data literacy for process optimisation; Digital traceability and
transparency systems.

Skills: Using Smart packaging technologies and other digital tools for process monitoring and
optimization; Applying data analytics to reduce losses and improve efficiency; Implementing digital
traceability and transparency system



Textile Industry
SECTOR 6 OF 7

The textile industry is one of the most resource-intensive sectors globally, and its transition to a
circular bioeconomy model demands a significant shift in workforce competencies. Skills in
bio-based fiber production, textile waste valorization, sustainable dyeing, and digital traceability
are central to this transformation. The taxonomy below draws directly from emerging bio-based
textile supply chains.

Systems Thinking
Knowledge: Understanding the textile value chain as an interconnected system from fiber to end-of-life;
Understanding linkages between fiber sourcing, processing, use, and waste production; Applying life-cycle
thinking to textile design and production;

Skills: Mapping material, energy, water, and chemical flows across production stages;. conduct LCA for
fibre production;

Sustainability
Knowledge: Knowledge of textile manufacturing standards and certifications (GOTS, OEKO-TEX);
Knowledge of environmental compliance regulations for small processors and craft enterprises; Knowledge
of biodiversity impacts of fiber crops and grazing systems;

Skills: Sustainable sourcing of natural and bio-based fibers; Apply water stewardship practices relevant to
Irish processing regulations ; Resource use efficiency skills for energy, and chemical use in spinning,
weaving, knitting, and finishing; ; Use of low-impact dyes and finishing agents; ; assess biodiversity
impacts of growing fiber crops; ensure environmental compliance in production and processing stages.

Circularity
Knowledge: Understanding of Irish textile waste streams and their constraints; Knowledge of mono-
material design principles; Knowledge of mechanical and chemical recycling methods for textiles wastes;
Knowledge of wool and natural fibre non-apparel valourisation pathways (insulation, felt,
geotextiles).

Skills: Design textile products for durability and repairability; Grade and sort textile waste; Design mono-
material products; Apply wool valourisation pathways; Apply cascading use principles to textile materials.

Biotechnology
Knowledge: Knowledge of bio-based and biodegradable fiber products (e.g., hemp, flax, bacterial
cellulose); Understanding of enzymatic processes for wool scouring and fibre finishing; Knowledge of bio-
based dyes and natural colourants suitable for Irish fibres; Knowledge of microbial/plant-based fibre
treatments; Knowledge of fibre modification techniques; Knowledge of biorefinery processes applied to
textile wastes.

Skills: Apply enzymatic scouring and finishing to textiles; use bio-based dyes; apply microbial/plant-based
treatments; modify fibres for technical applications (felting, bonding, composites); apply biorefinery
processes to textile wastes to convert to high value products (

Digital
Knowledge: Digital mapping tools; data management and analysis; collaboration platforms for rural actors;
Digital product passports and eco-labeling systems; Digital traceability and supply chain transparency
tools. .

Skills: Use of digital design tools for sustainable textile development; Familiarity with digital product
passports and eco-labeling systems; Map fibre origin and processing digitally; Use data analytics for waste
reduction; Collaborate digitally across rural actors; Implement supply chain traceability.



Construction Industry
SECTOR 7 OF 7

The construction sector is increasingly expected to adopt bio-based and circular principles. Skills
in this sector span structural engineering, bio-materials science, waste management, and digital
building information systems, all oriented toward reducing embodied carbon and maximizing
material reuse.

Systems Thinking
Knowledge: Understanding the built environment as part of interconnected biological, energy, and resource
systems; Understanding of cross-sector linkages between construction, forestry, and bio-based supply
chains; knowledge of whole-life carbon assessment (WLC) process.

Skills: Map material and energy flows across a building's lifecycle; Applying whole-system thinking to
building design and deconstruction; Coordinate activities across sectors; Conduct whole-life carbon
assessments for buildings; Life-cycle assessment and carbon foot printing of construction projects.

Sustainability
Knowledge: Knowledge of green building standards and certifications (LEED, BREEAM, Passive House);
Knowledge of Irish Building Regulations, Near-Zero Energy Building (NZEB) and retrofit standards;
Understanding of Environmental Product Declarations (EPDs); Regulatory and policy literacy for bio-based
construction.

Skills: Sourcing and using eco-friendly, low-carbon materials (sustainable timber, recycled concrete, and
low-carbon steel); Green retrofitting existing buildings to meet modern sustainability standards;
Biodiversity protection and habitat-sensitive site management; Water stewardship.

Circularity
Knowledge: Knowledge of Design for Disassembly (DFD) principles and modular construction processes;
Knowledge of Irish construction waste streams and by-products reuse pathways; Knowledge of Irish EPA
regulations on management of construction waste; Knowledge of construction material banks and urban
mining concepts

Skills: Design buildings for disassembly; apply modular methods; Use agricultural/forestry by-products;
Comply with EPA waste regulations; Reuse Structural steels, timbers, and concrete aggregates to reduce
overall construction wastes; Apply cascading use of bio-based materials in construction.

Biotechnology
Knowledge: Knowledge of bio-based construction materials (timber, bamboo, hemp, straw, emerging
mycelium-based materials); Understanding of bio-based material properties (structural, thermal, acoustic)
and applications in construction; Knowledge of Compostability and biodegradation of materials;
knowledge of biogenic carbon storage in building materials

Skills: Specify and apply bio-based materials (timber, hemp, wool, mycelium); use bio-based binders and
low-carbon cement alternatives; Apply hempcrete and bio-based insulation; Assess compostability of
materials.

Digital
Knowledge: BIM platforms; energy modelling tools (DEAP, PHPP); GIS analysis; smart building
monitoring system; Data literacy.

Skills: Using digital technology to optimize design for efficiency and minimize waste; Using digital tools
for energy modelling (DEAP, PHPP); Conducting GIS-based site analysis; Using data analytics for waste
and resource optimization on construction sites; Using sensors and IoT for smart building performance
monitoring.



Skills Unique to Each Sector @

CROSS-SECTOR ANALYSIS

While significant skill overlap exists across sectors, each domain retains a core of highly
ecialized competencies that are not readily transferable without sector-specific training.

S
Iger;tifyir_lg these unique skills 1s critical ¥0r designing targeted curricula, professional
certifications, and apprenticeship pathways that serve the specific workforce needs of each sector.

Agriculture

Integrated pest and disease management

Use of bio-inputs (biofertilisers, biostimulants, biopesticides)
On-farm biomass production without degrading soil or biodiversity
Drought-resistant / heat tolerant crop variety adoption

*  Precision agriculture for crop and livestock tracking

Forestry & Wood
* @IS and remote sensing for forest management

»  Silviculture and forest regeneration

e  Sustainable forest management (SFM) principles

*  Fire prevention and adaptive forest management

*  Precision forestry (sensor-based thinning, smart harvesting)

Fisheries & Aquaculture

*  Recirculating aquaculture systems (RAS) design and operation
* Integrated multi-trophic aquaculture (IMTA)

*  Algae and seaweed cultivation and biorefining

*  Ecosystem-based fisheries management (EBFM)

* JoT-based smart aquaculture technology operation

Food & Beverage
«  HACCP and food safety management in circular processes

*  Food by-product identification and characterization

*  Development of alternative protein sources

«  Fermentation, enzymatic treatments, and bioconversion
*  Smart packaging technologies

Textile

*  Bio-based and biodegradable fiber production knowledge
*  Enzymatic and bio-based dyeing processes

*  Biopolymer properties and performance understanding

»  Digital product passports for textile eco-labeling

*  Mechanical and chemical recycling of textiles

Construction

Building Information Modeling (BIM) for circular design
Knowledge of bio-based materials (timber, hemp, mycelium, straw)
Design for disassembly and material recovery in buildings
Biogenic carbon storage in building materials

Material banks and urban mining concepts



Skills Shared Across Sectors

@ CROSS-SECTOR ANALYSIS

Shared circular bioeconomy skills matter because they make workforce mobility possible
across sectors, improve training efficiency by creating a common foundation, and strengthen
systemic resilience when industries face resource constraints, regulatory change, climate
shocks, or shifts in market demand. Rather than learning every pathway from scratch, workers
can build on a transferable core of methods, language, and tools that applies across agriculture,
forestry, fisheries, food, wood, textile, and construction.
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Shared Systems Thinking & Sustainability Skills

o CROSS-SECTOR ANALYSIS

Shared Systems Thinking

Systems thinking is the ability to see a sector
not as a collection of i1solated tasks, but as a
connected flow of inputs, outputs, feedback
loops, and consequences. In practice, this
means applying life-cycle thinking to daily
decisions: a forester does not only think about
timber yield, but also about carbon
sequestration, habitat function, soil health, and
post-harvest uses of wood; a food processor
does not only think about final products, but
also about by-product valorisation, packaging,
transport, and downstream recovery options.
In both cases, the same logic is used: what
happens at one stage affects environmental,
economic, and social outcomes elsewhere in
the chain.

Value chain mapping and material flow
analysis are practical tools that make this
thinking visible. They help workers identify
where biomass enters the system, how it
moves through processing and transformation
stages, where losses occur, and where value
can be recovered. Across all seven sectors,
these tools support decisions such as where to
reduce waste, where to redesign processes, and
where to create new products from side
streams.

Other Cross-cutting system=thinking

competences include;

* Life-cycle thinking applied to sector
practices, from resource extraction to
end-of-life recovery

e Understanding value chains and material
flow analysis as the basis for identifying
bottlenecks, losses, and opportunities

*  Mapping inputs, outputs, side streams,
and waste streams across production and
transformation steps

*  Understanding interconnected ecological,
economic, and social systems as the
context for every circular decision

Shared Sustainability Skills

Sustainability skills are shared because the
underlying methods are similar even when
the sectoral application differs. Life cycle
assessment and carbon footprinting are used
in agriculture to understand soil carbon and
fertilizer impacts, in forestry to assess
biogenic carbon and land-use effects, in
fisheries to consider blue carbon and
ecosystem pressures, in food processing to
measure Scope 3 emissions, in textiles to
track fiber lifecycle impacts, and in
construction to quantify embodied carbon.
The content changes, but the analytical
framework remains the same.

Biodiversity conservation awareness 1S
equally cross-cutting. It matters on farms, in
managed forests, in aquatic systems, in
industrial supply chains, and in the built
environment because every circular value
chain ultimately depends on healthy
ecosystems. Regulatory and policy literacy
spans the EU Taxonomy, CSRD, EU
Bioeconomy Strategy, and sector-specific
regulations.

»  Other cross-cutting sustainability skills
include

*  Life cycle assessment and carbon
footprinting applied across sector
contexts, from soil carbon to embodied
carbon

* Biodiversity conservation awareness
for land, forest, marine, and industrial
environments

*  Regulatory and policy literacy covering
the EU Taxonomy, CSRD, EU
Bioeconomy Strategy, and sector-
specific rules

*  Sustainable sourcing principles, carbon
accounting practices, and evidence-
based sustainability reporting



Shared Circularity & Digital Skills

% CROSS-SECTOR ANALYSIS
Shared Circularity Skills

Workers in all seven sectors need to be able
to analyse waste streams, handle and pre-
treat residual biomass, apply cascading use
principles, and execute  valorisation
processes that convert by-products into new
commercial outputs. These are not
background concepts — they are operational
competencies that determine  whether
circular value chains function in practice.

Workers also need to be able to apply
cascading biomass wuse and closed-loop
design in real operational settings. That
means making decisions about how biomass
should be allocated at each stage, choosing
highest-value uses first, designing systems to
minimize virgin inputs, preventing leakage,
and planning for recovery at end of life. In
practice, circularity depends on the ability to
make these decisions consistently across
farms, forests, aquaculture sites, processing
facilities, textile plants, and construction
projects.

Other cross-cutting circularity skills include;

« Competence in waste stream analysis:
identifying, classifying, and quantifying
residual biomass flows

*  Practical waste handling skills:
collection, sorting, pre-treatment,
storage of residual materials

« Ability to apply cascading biomass use
principles,  prioritising  highest-value
applications before energy recovery

*  Closed-loop system design competence:
minimising virgin inputs and enabling
material recovery at end of life

*  Waste valorisation competence: converting
by-products, residues, and side streams into
new products, ingredients, or revenue
streams

safe
and

Shared Digital Skills

Digital skills increasingly underpin every
circular bioeconomy role. Data literacy is
needed to operate precision agriculture
sensors, aquaculture IoT systems, forest
remote sensing, food traceability platforms,
and BIM environments in construction.
Although the technologies differ, the
underlying competence is the same: the
ability to read, interpret, validate, and act on
data. This includes understanding data
quality, recognizing trends, and translating
digital information into operational decisions
that 1mprove efficiency, traceability, and
resource use.

Digital traceability and transparency systems
are becoming more important across all
sectors, especially under EU regulation and

emerging product passport requirements.
These systems allow organizations to
document origin, composition, processing

history, and end-of-life options for bio-based
products. Decision support platforms and
dashboards help optimize inputs, monitor
outputs, track performance indicators, and
identify interventions that reduce cost and
environmental impact. As bio-based industries
become more interconnected and more
regulated, digital competence is no longer
optional — it is a prerequisite for circular
coordination.

Other cross-cutting digital skills include;
 Data literacy and analytics for sensing,

monitoring, reporting, and operational
decision-making

 Digital collaboration using  online
platforms, shared databases, and remote
coordination tools

« Use of decision support platforms and
dashboards for resource optimization and
performance management

 Digital traceability and transparency
systems, including digital product passports
and compliance documentation

 Process monitoring using digital tools
across production, logistics, and recovery
systems



Shared Bioeconomy & Biotechnology Skills

n CROSS-SECTORANALYSIS

Across all seven sectors, the bioeconomy skills category captures the applied, process-level
competencies that distinguish circular bioeconomy roles from conventional ones. While the
specific processes differ by sector, a set of core bioeconomy competencies recurs across
sectors.

Waste Valorisation
vy Competence

The ability to apply waste
valorisation processes is
explicitly listed as a
bioeconomy skill in
agriculture (anaerobic
digestion, composting),
forestry (chipping,
briquetting, pelleting,
biochar production),
fisheries (bioprocessing fish
wastes into value-added
products), food
(fermentation, enzymatic
treatments, extraction,
bioconversion), and textile
(biorefinery processes
applied to textile waste).

Bioprocessing & Biotechnology

Application

Biorefinery Process

Knowledge &

Application
Knowledge of
biorefinery processes is a
bioeconomy skill in
forestry (converting
forest biomass into
bioproduct), food
(bioprocessing and
biorefinery processes),
fisheries (algae
bioprocessing and
biorefining), textile
(biorefinery processes
applied to textile waste),
and construction
(bioprocessing skills for
producing bio-based
building components)..

Bio-Based Inputs,
Materials &
Products

Working with bio-based
inputs and materials is a
shared bioeconomy
competency: agriculture
requires competence in
handling and storing bio-
inputs; fisheries involves
non-food bio-product
development; textile
requires knowledge of bio-
based and biodegradable
fiber production and
biopolymer properties;
construction requires
knowledge of bio-based
construction materials and
their biological material
properties.

Biomass Production &

Quality Assessment

Applied bioprocessing competencies appear

across multiple sectors: food requires
applying fermentation and enzymatic
treatments,; fisheries requires applying

biotechnology to improve fish health,
disease resistance, and growth rates; textile
requires  biotextile  processing  skills
including bio-based dyeing; forestry
requires biochemical analysis skills.

Competence in biomass production and quality
assessment is a shared bioeconomy skill:
agriculture requires competence in on-farm
biomass production; forestry requires biomass
property and quality assessment skills for
evaluating wood properties for biofuels,
bioplastics, and engineered timber; fisheries
includes algae and seaweed cultivation as
biomass; food includes development of
alternative protein sources and creation of
novel food ingredients from bioresources.

. These are the competencies that enable workers to convert biological resources and residues
into value and they form a critical part of the shared foundational skill set.



Transversal Skills

CROSS-SECTOR ANALYSIS

Transversal skills provide the "connective tissue" of the circular bioeconomy workforce. While
sector-specific technical skills vary, these competencies are what enable integration across
sectors, adaptability to emerging technologies, and effective implementation of circular strategies.

Innovation & Problem-
Q Solving Skills

Innovation and problem-
solving are essential across all
bioeconomy sectors, as the
transition to a circular model
requires the redesign of
existing processes, products,
and value chains.

These skills enable
continuous improvement and
support the development of
novel bio-based products and
processes across agriculture,
forestry, fisheries,
construction, and textiles.

Interdisciplinary &
Cross-Sector
Collaboration

Workers must be able to
engage with professionals
from different fields,
understand diverse
perspectives, and integrate
knowledge across value
chains.

This is particularly important
for enabling resource flows
between sectors supporting
industrial symbiosis and
more efficient use of
biological resources.

Business
Management &
Entrepreneurship

Across all sectors, there
is a growing need to
understand circular and
green business models,
assess market
opportunities for bio-
based products, and
manage value chains
effectively.

These skills support the
commercialisation of
innovations, encourage
new enterprise creation,
and ensure that
sustainability transitions
are financially
sustainable and scalable.

Stakeholder Engagemes

Workers across all
sectors must be capable
of identifying relevant
stakeholders, facilitating
inclusive partlclpatlon
and managing competing
interests.

Engaging effectively
with communities,
industry partners,
researchers, and
policymakers ensures
that solutions are
context-specific, socially
acceptable, and aligned
with broader
sustainability goals.

Communication &
@ Interpersonal Skills

Effective communication and
interpersonal skills are
fundamental across all sectors,
as the circular bioeconomy
requires collaboration among
diverse actors — producers,
processors, policymakers, and
consumers.

. These skills are particularly
important for promoting
behavioural change and
supporting organisational
transformation.

5 Policy & Regulatory
Framework Literacy

A strong understanding of
policy and regulatory
environments is essential
across all sectors, as the
circular bloeconomy is
significantly shaped by
national and EU-level
strategies, standards, and
incentives.

Workers must be aware of
compliance requirements,
certification schemes, and
funding mechanisms that
influence sectoral practices.
This knowledge enables
organisations to align with
policy objectives, access
support mechanisms, and
contribute to the broader
sustainability transition.



Irish National Qualifications
Mapping & Proficiency Levels

The National Framework of Qualifications (NFQ) has
10 levels. Circular bioeconomy skills span the NFQ

Levels from 5-10,

Awareness — NFQ 5-6

Entry-level operatives, technicians and apprentices.

Can describe, identify and explain key concepts. QQI
Level 5 Certificate and Level 6 Advanced Certificate. <%

Delivered by Teagasc, BIM, SOLAS/ETB, ITGA.

Practitioner — NFQ 7-8

Applied technical and professional roles. Can
implement, conduct and apply skills in real-world
contexts. Delivered via Ordinary and Honours
Bachelor = Degrees at universities and

technological universities

Expert — NFQ 9-10

Research, policy and innovation leadership. Can
design, lead and evaluate complex systems. Delivered

via MSc and PhD programmes by Universities



Proficiency Indicators: Systems, Sustainability &
Circularity

SKkill Area

Systems-
Thinking

Sustainability

Circularity

Awareness (NFQ 5-6)

Describes sector as
interconnected
biological, economic
and social system

Identifies inputs,
outputs and waste
stream linkages across
the value chain.

Explains life-cycle
thinking and its
relevance to own sector

Understands
relevant Irish and
EU environmental
regulations for own
sector.

Explains LCA, and
biodiversity risk
concepts

Identifies
opportunities for
resource-use
efficiency

Identifies and
classifies waste
streams by type,
volume and
valorization potential

Explains biomass
cascading principles

Practitioner (NFQ 7-8)

Maps material,
energy and water
flows across
stages

Maps value chain
and identifies key
actors and

interdependencies

Identifies points
for circular
interventions
within the system

Conducts basic
LCA and carbon
footprinting for
products or
processes

Monitors
environmental
KPIs .

Achieves relevant
sustainability
certification.

Implements waste
valorisation
processes .

Quantifies
resource recovery
rates and tracks
circular economy
KPIs

Expert (NFQ 9-10)

Leads whole-system
redesign across
sectors (e.g.
forestry—
construction—waste)

Models ecological,
economic and social
trade-offs at
national/EU scale

Designs and audits
full LCA programmes
and ESG reporting
frameworks

Advises on regulatory
compliance, policy
alignment and sector-
specific standards

Develops circular
business models and
industrial symbiosis
networks

Benchmarks
performance against
EU Circular
Economy Action
Plan targets



Proficiency Indicators: Bioeconomy, Digital &
Transversal

SKkill Area

Bioeconomy &
Biotechnology

Digital

Transversal

Awareness (NFQ 5-6)

Explains biorefinery
concepts and the role
of bio-based
inputs/outputs in own
sector

Identifies key
valourisation.

Aware of biosafety
requirements and bio-
input handling rules

Navigates sector-
specific
management
platforms and
digital dashboards

Interprets basic data
outputs.

Engages with
online knowledge
networks, DSS
tools and platforms

Communicates
ideas clearly

Identifies
opportunities for
improvement and
innovation

Demonstrates
awareness of
relevant policy,
regulatory and
business contexts

Practitioner (NFQ 7-8)

Applies any
bioprocessing
methods in
production

Handles, stores and
assesses quality of
bio-inputs.

Evaluates bio-based
product options and
selects appropriate
bioprocessing routes

Uses precision
sensors and [oT
systems

Use data to optimise
resource use, reduce
waste and improve
efficiency

Implements digital
traceability and
supply chain
monitoring systems

Facilitates multi- .
stakeholder
engagement

Develops circular
bioeconomy .
business concepts

Applies
entrepreneurial
thinking to identify
new bioeconomy .
opportunities

Expert (NFQ 9-10)

Designs
biorefinery
processes and bio-
based product
development
pipelines

Leads R&D in
novel bio-based
materials,
chemicals, fuels or
food ingredients

Designs [oT and
Al-enabled
monitoring
systems for sector-
specific
applications

Integrates decision
support systems
and predictive
analytics across
value chains

Participates in
cross-sector
programmes at
national or EU level

Shapes policy
frameworks aligned
with Ireland's
Bioeconomy Action
Plan

Mentors emerging
professionals



IMPLICATIONS & RECOMMENDATIONS

Training Providers

O

The taxonomy of unique and shared skills has direct implications for how training providers
design, deliver, and accredit programs. The clearest response is to adopt a modular, layered
curriculum structure that separates shared foundational competencies from sector-specific
advanced modules, improving training efficiency, mobility, and workforce flexibility.

IMPLICATIONS

The Demand for Modular, Stackable Curricula
The taxonomy shows that circular
bioeconomy competencies are organized
into two distinct layers ; a shared
foundational layer common to all seven
sectors and a sector-specific advanced
layer. This means that continuing with
duplicated offerings creates inefficiency
and limits flexibility.

The Inadequacy of Classroom-Only Delivery

The taxonomy identifies highly applied,
process-level competencies that cannot be
developed meaningfully through classroom
instruction alone. This exposes a structural
weakness in conventional training delivery.

The Trainer Competency Gap

The taxonomy maps competencies that, in
many cases, outpace the current
knowledge base of the trainer workforce.
These areas are not yet well represented in

trainer professional development
pathways.

The Mobility Problem

The taxonomy demonstrates that a

substantial cluster is shared across all
seven sectors. Yet current certification
systems remain largely sector-siloed, so
workers trained in these competencies in
one sector often receive no formal
recognition when moving to another.

RECOMMENDATIONS

01 Design a Shared Foundational Module

Develop a cross-sector foundational short
course covering the six shared skill clusters at
NFQ 6-8. Make it stackable, micro-
credentialed, and available through blended
learning to maximize accessibility for
employed workers across all seven sectors.

02 Create Sector-Specific Specialization modules

Layer sector-specific modules on top of the
foundational offer. Each pathway should
address the unique competencies in this
taxonomy such as RAS design for
aquaculture, SFM for forestry, HACCP for food
processing, and BIM for construction — and be
co-developed with sectoral employers and
industry bodies to ensure relevance and uptake.

03 Establish Living Labs and Demonstration Sites

Partner with industry to create bioeconomy
living labs where learners can engage with real
life case studies like working biorefineries.
These sites provide practical exposure to real
operating environments and make abstract
circularity principles tangible.

04  Invest in Trainer and Faculty Development

Allocate dedicated professional development
funding to upskill trainers in circular
bioeconomy topics. Support structured industry
sabbatical programs, joint research
appointments, and continuing professional
development pathways so faculty can maintain
industry relevance and teach emerging
practices with confidence.



IMPLICATIONS & RECOMMENDATIONS

Universities

Universities occupy a pivotal role in generating the knowledge base and graduate talent pipeline that
will power the circular bioeconomy. The taxonomy reveals important structural gaps in how higher
education curricula are currently organized and highlights competencies that graduates entering bio-
based sectors increasingly need.

IMPLICATIONS

The Structural Inadequacy of Single-
Discipline Degrees

The taxonomy reveals that circular bioeconomy
roles require competencies that span life sciences,
engineering, environmental  policy, digital
technology, and business simultaneously, which
exposes a fundamental mismatch between the
disciplinary silos of most existing degree
structures and the integrative, systems-level
demands of the circular bioeconomy.

The Gap Between Research Output and
Sectoral Practice

Universities are  generating research  on
biorefinery integration, bio-based materials, and
circular supply chains without effectively
translating it into sectoral use. Universities face a
need to restructure research programs so that they
produce industry-facing outputs practice guides,
training frameworks, and technology transfer
mechanisms alongside academic publications.

The Missing Graduate Profile
The taxonomy makes clear that the circular
bioeconomy needs graduates who can operate
across multiple bio-based sectors, think at the
systems level, and integrate technical,
environmental, and  policy  knowledge..
Universities face a need to create this profile
before the labor market demand for it outpaces

supply.

RECOMMENDATIONS

Launch Interdisciplinary Bioeconomy
1 Degree Programs
Establish dedicated undergraduate and
postgraduate programs in Circular
Bioeconomy,

Embed Shared Skills as Core
02 Competencies

Integrate the shared skills in mandatory
core modules across all relevant degree
programs in across sectors

03 Establish Living Labs

Partner with industry to establish
bioeconomy living labs in real-world
sites where students can engage with
working biorefineries.

04 Build Research Partnerships

Develop joint research and technology
transfer mechanisms that connect
university research outputs directly to
sectoral practice.

05 Investin Faculty Development

Establish structured industry sabbatical
programs and joint research appointments
that keep faculty current with the rapid
technological and regulatory evolution of
the circular bioeconomy.



IMPLICATIONS & RECOMMENDATIONS
Workforce & Employers

O

For individuals currently employed across these sectors, the circular bioeconomy transition represents
both a challenge and a significant opportunity. The skills taxonomy makes clear that the workforce
will need to navigate two parallel demands: deepening sector-specific technical expertise while
simultaneously acquiring a new layer of circular, bioeconomy, and digital competencies that were not
traditionally part of these occupational profiles.

IMPLICATIONS

Existing Competencies Are Unrecognized

The taxonomy reveals that many workers
already possess competencies in waste
awareness,  biological  processes, and
sustainability. Yet these skills are rarely
formally recognized. The workforce needs
Recognition of Prior Learning (RPL)
frameworks specifically calibrated to the
circular bioeconomy taxonomy.

Critical Skill Gaps Are Widening

The taxonomy identifies several skill
categories  that  are significantly
underdeveloped across the current
workforce in most sectors.. Without
targeted, accessible upskilling , this gap
will widen as the circular transition
accelerates.

Workforce Mobility Is Constrained by
Invisible Skill Bridges

A cluster of skills 1s shared across all seven
bio-based sectors. This means that many
workers are mobile across sectors than
current labor market structures allow.. In
rural and coastal economies, this invisible
mobility represents a significant missed
opportunity for employment resilience.

New Roles Are Emerging Faster Than
Career Guidance Can Track

The circular bioeconomy is generating new
occupational profiles ( biorefinery process
technicians, circular textile designers, etc.)
that did not exist before and are not yet
reflected in standard career guidance
frameworks.

SRECOMMENDATIONS

For Employers

Conduct Skills Gap Audits: Use this
taxonomy as a benchmark to audit current
workforce skills against the circular
bioeconomy competency profile for your
sector. Identify critical gaps and use the
findings to prioritize training investment
and recruitment.

Co-Design Training with Providers:
Engage proactively with training providers
and universities to co-develop sector-
specific modules.

Create Internal Circular Bioeconomy
Champions:  Identify  high-potential
employees and train to a higher level to
cascade skills.

For Individual Workers

Use the Taxonomy for Self-Assessment:
use this taxonomy as a personal skills audit
tool to map existing competencies against
the full profile for a sector and identify
priority areas for upskilling.

Pursue Micro-Credentials in Shared
SKkills: Invest in short courses and micro-
credentials covering shared skill areas that
are transferable across bio-based sectors.

Engage in Peer Learning and
Professional Networks: Active
participation accelerates skills acquisition
and keeps workers connected to the latest
developments in practice.



IMPLICATIONS & RECOMMENDATIONS

Policy Makers

The taxonomy of circular bioeconomy skills has far-reaching implications for those
responsible for shaping education, labor market, and industrial policy. Policy makers at
national and regional level must translate the structured skill intelligence contained in this
taxonomy into actionable funding frameworks, regulatory reforms, and strategic investments
that align workforce capacity with the demands of the circular bioeconomy transition.

IMPLICATIONS

National SKkills Frameworks

The taxonomy reveals a significant and
growing gap between the competency
profiles embedded in current national
occupational standards and the circular
bioeconomy skills that workers across all
seven sectors now need.

Duplicated Training Infrastructure

The taxonomy demonstrates that a substantial
cluster of skills is shared across all seven bio-based
sectors. Yet current public investment in training
infrastructure is largely organized along sector-
specific lines, resulting in significant duplication.
This means policy makers face a need to rationalize
training investment around shared infrastructure.

Rural and Coastal Regions Face a Compounding
Skills Deficit

The taxonomy shows that the sectors most
concentrated in rural and coastal regions are also
among those facing the steepest circular
bioeconomy skills transitions, particularly in digital
competencies and systems thinking. This means
that without deliberate policy intervention, the
circular bioeconomy transition risks deepening
existing rural skills deficits and widening the urban-
rural digital divide.

Employer Demand for Circular Skills

The taxonomy identifies skill needs that are not
currently being met by existing training and
education provision. This gap exists partly because
there is no effective mechanism for translating
employer demand into curriculum design. Policy
makers need to create and incentivize the formation
of employer-led skills partnerships that can drive
demand responsive curriculum development.

RECOMMENDATIONS

Update National Occupational Standards

Commission an urgent review of occupational
standards across all seven sectors to formally
incorporate circular bioeconomy competencies into
recognized job profiles and national qualification
frameworks. This creates a systemic pull from the
labor market that drives curriculum reform in
training and higher education.

Establish Dedicated Bioeconomy Skills Fund

Create a national bioeconomy skills fund to support
the development and delivery of circular
bioeconomy training programs. Priority funding
should be directed to shared foundational modules,
sector-specific  specialization pathways, trainer
development, and living lab infrastructure.

Create Cross-Departmental Coordination
Mechanisms

Circular bioeconomy skills span the policy remits of
agriculture, environment, education, enterprise, and

marine departments. Policy makers should establish

formal inter-departmental coordination mechanisms

including shared policy frameworks and joint action
plans to ensure that skills development strategies are
not duplicated and aligned with broader bioeconomy
and climate targets.

Create Cross-Departmental Coordination
Mechanisms

Commission a national bioeconomy  skills
intelligence function potentially housed within
SOLAS, or the Higher Education Authority,
responsible for regularly updating the skills
taxonomy, monitoring labor market demand for
circular bioeconomy competencies, tracking training
participation and outcomes, and providing evidence
to guide policy and funding decisions.



Summary: Six Core Findings

KEY TAKEAWAYS

Sector Skills

Sector-unuque *
~ technical and
operational capabilities

Finding 1: Strong Shared Foundation
All seven sectors share a common cluster
of six skill areas; LCA, waste stream
analysis, waste handling, cascading
biomass use, regulatory literacy, and digital
collaboration which should form the basis
of a wuniversal circular bioeconomy
foundational qualification.

Finding 3: Digital Skills Gap Is Universal

Digital skills ranging from [oT operation
to digital traceability and data literacy are
identified as critical across every sector but
remain  significantly = underdeveloped.
Closing this gap is a prerequisite for the
effective ~ deployment  of  Circular
bioeconomy skills.

Finding 5: Modular Architecture Enables S¢

A modular, stackable curriculum structure
built on the shared skills foundation with
sector-specific layers above is the most
efficient and equitable design. Micro-
credentials, recognition of prior learning,
and blended delivery are essential enablers
of this architecture.

Cross-Sector Insights
Shared sklls and

workforce planning
guidance g

Core Domains

Systems —thinking ,
Sustamability, Circularity,
Bioeconom ,blgita]._,
Transvers

Finding 2: Sector-Specific Depth Required

Each sector retains highly specialized
competencies that require dedicated sector-
specific training. These cannot be
adequately addressed through generic
bioeconomy programs alone.

Finding 4: Systems Thinking Is
Non-Negotiable

The circular bioeconomy demands workers
who understand value chains, material
flows, and systemic trade-offs. Systems
thinking skills must be embedded at all
levels of training and education, from
apprenticeships to doctoral programs.

Finding 6: Policy Coherence Is the
Critical Enabler

Without aligned policy across departments
and without dedicated funding mechanisms
the best training designs will fail to reach
the workforce at scale. A national
bioeconomy skills observatory and a cross-
departmental coordination mechanism is
needed:



Conclusion: Building a Connected @
Workforce for the Bio-Based Economy

This sector skills mapping demonstrates that while each of the seven primary industries
analyzed has a distinctive set of technical competencies, there is a substantial and
strategically significant body of shared skills that cuts across all sectors. Systems thinking,
sustainability literacy, circular economy competencies, bioeconomy and biotechnology
awareness, and digital skills are universal requirements, and they represent the
foundational architecture for a connected, mobile, and future-ready primary industries
workforce.

The future of primary industry workforce development lies not in isolated sector silos, but
in connected ecosystems of skills where shared foundations enable mobility and sector-
specific excellence enables impact.

The most effective workforce strategies will be those that invest simultaneously in the
shared foundations and the sector-specific skills using a modular, stackable qualification
structure that allows learners to build broad transferability while developing deep expertise
in their primary sector.

Policy makers who act on this analysis by funding cross-sector qualification frameworks,
prioritizing bioeconomy and digital upskilling, and incentivizing employer co-investment
will be best positioned to build the resilient, adaptable workforce that the transition to a
sustainable bio-based economy demands.



About This Taxonomy
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0 This document was developed to support strategic workforce planning
across agriculture, forestry, fisheries and aquaculture, food and beverage,
wood, textile, and construction sectors. It is an output of the literature
review on circular bioeconomy skills by the Circular Bioeconomy
Education Centre at Muster Technological University and funded by the
Department of Agriculture, Food and the Marines .

©) This document is intended as a living resource. As the circular bioeconomy
evolves, the skills taxonomy informed by labor market intelligence, employer
feedback, and emerging research should be reviewed and updated regularly to
remain a relevant and actionable guide for all stakeholders.
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