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Abstract

This study develops evidence-based pathways for the EU aquaculture sector to
reach carbon neutrality by 2050, focusing on emissions arising along the full
farming chain: hatchery and grow-out operations, feed production and transport,
on-farm energy use, vessel use for cage and non-fed systems, and related
infrastructure and logistics. Emissions are quantified for five main production
systems (cages, non-fed, ponds, raceways and recirculating aquaculture
systems, RAS) over 2005-2024, providing the basis for assessing mitigation
options and long-term transition pathways.

A harmonised EU-wide database of CO,eq emissions was built for all
aquaculture species and five main production systems for 2005—-2024 using
life-cycle assessment, filling data gaps with ecologically similar species and
neighbouring countries and remodelling energy use with SimaPro to reflect
national energy mixes.

Eight scenarios were then designed, combining different tools considered
technically and economically feasible: emerging feed materials and breeding,
Al-based tools, renewable energy, integrated multi trophic aquaculture,
improved energy efficiency, increasing the share of non-fed aquaculture, and
offsetting tools such as buying carbon credits on the voluntary market and
paying for ecosystem restoration. Scenarios range from business-as-usual (no
policy or technology change) and a “high non-fed growth” baseline, to alignment
with EU climate targets, low-investment pathways, resilience-focused pathways,
and “maximum reduction” variants with and without offsets. For scenarios
emission reductions, that differ from business as usual, investment needs and
marginal abatement costs (MAC) were quantified; MAC ranges from about 46—
243 €/t COeq in 2026—-2030, 65-232 €/t CO,eq in 2026—2040, and 69-228 €/t
CO.eq in 2026—-2050, with system-specific MACs between roughly 41-72 €/t
CO.eq for cages, ponds, raceways and RAS, and higher costs (=172-227 €/t
CO.eq) for further reductions in already low-emission non-fed systems.

Sensitivity analysis with higher carbon prices (up to around 195, 252 and 495
€/t CO,eq in 2030, 2040 and 2050) shows a marked increase in MACs across
all systems, with electric boat dependent suspended and cage systems
reaching annual MACs of about 600 €/t CO,eq by 2050.

These MACs reflect both the costs of internal abatement measures within
aquaculture operations and the costs of compensating indirect upstream
emissions from feed, energy, transport and hatcheries, even though—under a
strict Climate Law interpretation—those upstream emissions should primarily be
reduced within the respective supplying sectors rather than by aquaculture
alone.
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A multi-criteria analysis and SWOT assessment, informed by surveys, focus
groups and interviews, evaluated economic, environmental and social trade-offs
and stakeholder views on each tool and scenario, and fed into the design of
reduction pathways with time-specific adoption rates per production system.
Even with these pathways, the model shows that emissions in 2030, 2040 and
2050 are still above the required caps, so direct mitigation is not enough to
reach carbon neutrality, especially as the sector is expected to grow; offsets are
therefore essential. The need for offsets arises because residual emissions
remain from energy, transport and infrastructure, and because feed-related
emissions, although indirect, are attributed to aquaculture, implying that fed
aquaculture can only become fully climate neutral if these supplying sectors
also decarbonise or if their residual emissions are compensated through
additional measures.

Scenario results excluding feed emissions show that feed is the dominant
source of GHGs in fed aquaculture (raising total emissions from about 1.8 to 2.8
million t CO,eq in 2026), that non-fed systems can approach near-zero
emissions by 2050 while fed systems retain residual emissions, and that—
without feed—suspended and cage systems have the highest abatement costs
(peaking around 600 €/t CO,eq by 2050) compared with lower, similar costs for
ponds, raceways and RAS.

Achieving carbon neutrality in EU aquaculture by 2050 is therefore only possible
through a combination of full deployment of available tools, credible offsetting,
strong public policy support across the whole value chain, and parallel
decarbonisation of indirect, upstream emission sources in feed, energy,
transport and their related sectors.

Eight lines of recommendation are proposed: drive energy efficiency and
digitalisation (e.g. audits, Al/loT for precision feeding), support decarbonisation
of feed and raw materials, accelerate the energy transition for transport and
operations, support breeding for resilience and efficiency, continue support for
IMTA and non-fed species, develop recognised methods and standards for
carbon offsetting, stimulate markets and consumer awareness for low-carbon
aquaculture products, and reinforce existing aquaculture policy and licensing
frameworks to reduce dependencies on external markets for non-EU aquatic
products and enable long-term low-carbon investment.

xi
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Executive Summary

This study provides evidence-based pathways for the EU aquaculture sector to
reach carbon neutrality by 2050, identifying where emissions occur across
production systems and along the value chain, and assessing which
combinations of solutions are technically and economically feasible at scale.
The analysis focuses on fed and non-fed systems, feed production and
logistics, energy use and transport, and the role of indirect, upstream emissions
linked to aquaculture inputs.

Emissions from aquaculture and fisheries fall under the Effort Sharing
Regulation (Regulation (EU) 2023/857), which stipulates a 40% collective
reduction of GHG emissions for all sectors by 2030 compared to 2005 levels.
Revised national targets in 2024 aimed for a 55% emissions reduction by 2030.
In February 2024, the European Commission proposed a 90% net greenhouse
gas (GHG) reduction by 2040 (compared to 1990 levels) as a step toward
climate neutrality by 2050.

To begin with, the study aimed to develop a harmonised database of CO,
equivalent (CO,eq.) emissions associated with the production of all aquaculture
species, from 2005 to 2024, across five production systems (cages, non-fed,
ponds, raceways and Recirculating Aquaculture Systems (RAS) systems) in EU
Member States, based on life cycle assessment (LCA) data. Emissions were
collected per tonne of live weight (t LW) and broken down by life cycle stage,
including feed production, feed transportation, grow-out, emissions related to
boat trips (for cage, freshwater and marine, and non-fed aquaculture only),
using a cradle-to-gate (') boundary.

Data gaps present for some species were filled using data from ecologically
similar species at the same trophic level. As studies from every Member State
were not available, data from countries with comparable environmental
conditions and industry infrastructure were used. Emissions were modelled
using SimaPro software (?) and these were adjusted according to the sources of
energy used within individual countries. LCA data from studies in countries
outside of Europe were used for certain species that are not well established
within the EU (e.qg. tilapia, malacostracans). When using data from studies
outside of Europe the energy profiles were re-modelled and adapted to the
sources of energy used in EU Member States. All assumptions and
recalculations aimed to ensure consistency and comparability across countries,

(') Cradle-to-gate refers to a "boundary condition" in Life Cycle Assessment that assesses a
product's environmental impact from raw material extraction (the "cradle") to the point it
leaves the factory (the "gate").

(3) https://simapro.com/

Xii
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species, and systems, enabling a robust analysis of EU aquaculture’s GHG
emissions.

The study further focused on identifying the various technological, managerial
and other tools to reduce GHG emissions in aquaculture in the European Union.
Following the inventory of tools, eight different scenarios were formulated for
achieving climate neutrality in the sector by 2050, thus:

e Scenario 1 assumes no policy or technological change.

e Scenario 1b estimates emissions in the hypothesis of a disproportionate
growth of non-fed (low trophic) aquaculture from 2041 to 2050.

e Scenario 2 aligns with the EU climate targets set under the Effort Sharing
Regulation (ESR) and Green Deal, assuming proportional emissions
reduction in aquaculture to meet the 2030, 2040, 2050 climate goals.

e Scenario 3 prioritises low-investment tools, such as replacing
conventional feed with emerging feed materials, promoting non-fed
aquaculture, integrated multitrophic aquaculture (IMTA), and conducting
energy audits.

e Scenario 3b prioritises low-investment tools with the inclusion of
offsetting mechanisms.

e Scenario 4 focuses on building climate resilience for the sector while
reducing emissions. This scenario includes, for example, use of Al-based
tools to improve feeding efficiency and for the early detection of
pathogens.

e Scenario 5 maximises the CO,eq emission reduction without cost
constraints by fully deploying emerging feed materials, Al tools,
renewable energy, species diversification, and IMTA systems.

e Scenario 5b maximises potential for emission reductions, assuming no
financial constraints and including offsetting mechanisms.

Scenario 1b extends Scenario 1 with the disproportionate growth of non-fed
aquaculture. Scenarios 3b and 5b are extensions of Scenarios 3 and 5
respectively with the inclusion of compensatory tools to tackle hard-to-abate
emissions.

These scenarios, further elaborated in Section 3, are based on the application
of what are considered to be technologically feasible tools: emerging feed
materials & breeding, Al-based tools, renewable energy, integrated multi-tropic
aquaculture, improvement of energy use efficiency, increasing share of non-fed
aquaculture, purchasing voluntary carbon credits, and supporting ecosystem
conservation and restoration.

xiii
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Overview of tools and scenarios

EmfZL%ing oA AT Voluntary ef:sppsct):m
s . e - Renewable of energy share of ystel
cenario no. Description materials carbon conservation
energy use non-fed :
. efficiency aquaculture EI L
breeding restoration

1 Business-as-usual
1b Increased growth of the non-fed X

aquaculture industry
2" Alignment with EU Climate Targets X X X X X
3 Prioritisation of low investment X X X

Prioritisation of low investment with the
3b . X , X X X X

inclusion of carbon credits
4 Prioritisation of the resilience of the sector X X x

to climate change.

Maximum potential for emission
5* reductions, assuming no financial X X X X X

constraints

Maximum potential for emission

reductions, assuming no financial
5b X X X X X X X

constraints and including carbon credits
and ecosystem restoration

*Scenario 2 and 5 have the same tools but differ in adoption levels.
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The study calculated emissions reductions, investments costs and the cost per
tonne of CO,eq-abated across six scenarios, from Scenario 2 to Scenario 5b
(Section 4). Using these calculations, the Marginal Abatement Cost (MAC) was
derived to assess the cost-effectiveness of each scenario. The values vary over
the periods as follows:

e 2026-2030: ranging from 46 to 243 €/t CO,eq
e 2026-2040: ranging from 65 to 232 €/t CO,eq
e 2026-2050: ranging from 69 to 228 €/t CO,eq

Marginal Abatement Cost of scenarios

Marginal Abatement Cost of scenarios

& 200

2

S 150

-

Ll

o 100
) “ i
0

Scenario 2 Scenario 3 Scenario 3b Scenario 4 Scenario & Scenario 5b

mMAC _2030 =MAC 2040 wMAC_2050

The wider social-economic impacts of the tools and scenarios are also
assessed (Section 5), providing input to formulation of pathways. To this end, a
survey, plus focus group meetings and interviews were conducted to inform a
multi-criteria and SWOT analysis. The results show the diverging views on
applicability and desirability of the tools across different production types. The
Multicriteria Analysis (MCA) informs the formulation of pathways in task 5, for
each production type, and the SWOT analysis is used to inform the formulation
of recommendations.

The last section of the study proposes and evaluates reduction pathways for the
five aquaculture production systems studied. The reduction pathways consist of
time-specific adoption targets for the relevant tools. Building upon the scenario
analysis, it is concluded that in order to achieve carbon neutrality, all available
tools need to be implemented together in combination with offsetting
mechanisms.

The MCA and stakeholder consultations informed the formulation of adoption
pathways per tool per aquaculture type. The calculation tools developed under
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Section 6 are used to calculate emission reduction achieved for the pathways
and the MACs. The MAC was evaluated for five production systems over the
periods 2026—2030, 2026—-2040, and 2026—2050, with the following ranges
observed for each system:

e Cage: ranging from 65 to 68 €/t CO,eq
e Non-fed: ranging from 172 to 227 €/t CO,eq
e Pond: ranging from 60 to 62 €/t CO,eq
e Raceways: ranging from 66 to 72 €/t CO,eq
e RAS: ranging from 41 to 52 €/t CO,eq

The above- assessments, in conjunction with interviews and the SWOT
analysis, are the basis for the formulation of recommendations along the
following eight lines:

Drive energy efficiency and digitalization

Support decarbonisation of production of feed and raw materials
Accelerate the Energy Transition for transport and operations

Support breeding programs for resilience and efficiency

Continue support for IMTA including non-fed species

Develop recognized methods for carbon offsetting

Continue effort to stimulate market development and consumer
awareness for low-carbon footprint aquaculture products

8) Strengthen the aquaculture regulatory framework increasing clarity and
specificity and streamlining licensing

~NOoO ok~ WN -
N N N N N N N

The evaluation of these pathways, to assess if they can meet the GHG
emission reduction targets for 2030 (55%), 2040 (90%) and 2050 (carbon
neutrality), is presented in detail below. The baseline used here are the 2005
aquaculture emissions.

This study is based on the premise that the aquaculture sector has to abate
scope 1 (direct emissions), scope 2 (purchased energy with emissions
decreasing to 2050) and scope 3 emissions (feed production and feed
transport). This is not to say that the costs related to reducing these emissions
should be borne by the aquaculture sector alone, and indeed under the climate
law (3) the responsibility to reduce emissions falls to the relevant sector.

It is concluded that the above measures are not sufficient to reach the target of
carbon neutrality and that this can only be reached if offsetting measures are
taken. There are two main reasons for this: (1) all energy production, transport
and construction come with residual GHG emissions that are not offset by
aquaculture practices; and (2) including feed-related emissions in the carbon

(®) Regulation (EU) 2021/1119 of the European Parliament and of the Council of 30 June 2021
establishing the framework for achieving climate neutrality and amending Regulations (EC)
No 401/2009 and (EU) 2018/1999 (‘European Climate Law’)
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footprint of aquaculture, implies that achieving carbon neutrality in fed
aquaculture requires achieving carbon neutrality in fisheries and agriculture too.

The study was explicitly designed to assess how the aquaculture sector can
move towards carbon neutrality in a context where upstream agriculture
remains significantly emissive. If all aquaculture feed would be carbon neutral at
the point of purchase — as stipulated in the Climate Law — the analysis would
yield different results.

Emission reduction needed to achieve 2030, 2040, and 2050 targets

Emission reduction needed to achieve 2030, 2040,
and 2050 targets
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The extent to which offsetting measures are needed to reach the climate targets
differs per production type and over time. With the exception of cage
production, aquaculture is expected to need more offsetting measures to reach
the 2040 target, than is needed to reach the 2050 target. This is explained by
the fact that various tools to reduce GHG emissions are not ready to implement
at large-scale in the next years and the expected adoption rates increases
largely in the period 2040-2050.

It is stressed that the baseline is set at 2005, in line with the Effort Sharing
Regulation. These GHG emission reduction targets are also highly challenging
to achieve in light of the expected growth of the EU aquaculture sector until
2050.

The study concludes that reduction of GHG emissions from the aquaculture
sector, the need for which stems also from the Effort Sharing Regulation
(Regulation (EU) 2023/857), is a highly demanding objective, which can only be
achieved by strong governance support at both EU and Member State level,
efforts to reduce GHG emissions in the whole aquaculture supply chain and the
use of offsetting measures.
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1 Introduction

1.1 Background

The European Green Deal, launched in 2019, is the European Union’s (EU)
growth strategy aiming to transform the EU into a climate-neutral economy by
2050. It addresses critical environmental challenges such as climate change,
biodiversity loss, and environmental degradation, while fostering economic
growth, innovation, and investment. The European Climate Law (Regulation
(EU) 2021/1119) (*) enshrines this 2050 climate neutrality goal into law.

The EU aquaculture sector, contributing approximately 2 million tonnes CO.eq
in 2019 (European Commission, 2024a), faces challenges from rising energy
costs, post-pandemic inflation, and geopolitical tensions. Emissions from
aquaculture and fisheries fall under the Effort Sharing Regulation (Regulation
(EU) 2023/857) (°), which accounts for nearly 60% of EU domestic emissions.
Revised national targets in 2024 aim for a 55% emissions reduction by 2030,
with higher-income Member States adopting more ambitious goals.

In February 2024, the European Commission proposed a 90% net greenhouse
gas (GHG) reduction by 2040 (compared to 1990 levels) as a step toward 2050
climate neutrality. Similarly, the Energy Transition Communication for the EU
Fisheries and Aquaculture Sector (COM(2023) 100 final) (European
Commission, 2023) outlined actions to increase energy efficiency and transition
to low-carbon and renewable energy, further described in Implementing the
Strategic Guidelines on EU Aquaculture Energy transition in the EU aquaculture
sector (SWD(2024) 280 final) (European Commission, 2024b).

Emissions of greenhouse gasses in the aquaculture industry stem from
transport, electricity, feed production, and production systems. A study, Techno-
economic analysis for the energy transition (European Commission, 2024a),
highlighted key solutions: optimizing feed through Precision Fish Farming (PFF)
to reduce Feed Conversion Ratios (FCRs); implementing energy audits to cut
energy use; and adopting emerging feed formulations like insect-based
proteins. While transitioning is feasible, challenges remain, including high costs,
renewable energy needs, and port infrastructure development.

This study aimed “to develop evidence-based recommendations for actionable
pathways towards climate-neutrality for the EU aquaculture sector”. The report

(*) OJL243,9.7.2021, ELI: http://data.europa.eu/eli/req/2021/1119/0j

(5) OJL 111, 26.4.2023, ELI: http://data.europa.eu/eli/req/2023/857/0j



http://data.europa.eu/eli/reg/2021/1119/oj
http://data.europa.eu/eli/reg/2023/857/oj

EU Aquaculture: GHG Reduction Costs and Pathways to Net Zero by 2050 — Final Report

presents a summary, objectives and results per task, followed by overarching
conclusions. For the detailed description of the methodologies, we refer to
Annex 1.

1.2 Scope of work

Temporally this project looked at two key periods: 2005 to 2024 and 2026 to
2050. Historical data on production within the EU aquaculture sector were used
to establish GHG emissions per year, Member State, production system, and
species between 2005 and 2023. Whilst in the second period potential tools
were explored for their emissions reduction potential with a focus on EU
emissions reductions targets for years 2030, 2040, and 2050.

Geographically this project covered EU Member States only and emissions
were calculated at both Member State and EU level. Pathways to net zero
emissions were discussed on the EU level with attention paid at Member State
level when heterogeneity was revealed.

1.3 Structure of the report

This report is structured sequentially from the establishment of the initial
emissions baseline (2005 emissions calculations) through analysis of potential
emissions reduction tools and scenarios and their costs before a final realistic
pathway and recommendations for achieving said pathway are presented.

Table 1 - Report and Task Structure

1S Task name Objective SRR,
No. chapter No.

to update and complement existing data on GHG
emissions produced by the EU aquaculture

! S GEITET sector from 2005 to 2024, at European Member 2
State level

2 GHG reduction to develop feasible and cost-effective renewable 3
scenario energy scenarios for the EU aquaculture sector

3 Scenario cost to calculate the cost-effectiveness of reducing 4
analysis GHG emissions through the different scenarios
Impact, limitations, to assess the wider social-economic impacts of

4 gaps, and sensitivity the tools and scenarios, providing input to 5
analysis of scenarios  formulation of pathways

5 Proposed reduction to propose recommendations for carbon 6

pathways neutrality by 2050
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2 Baseline definition

2.1 Summary

This first task aimed to develop a harmonised database of CO, equivalent
(CO.eq.) emissions associated with the production of all aquaculture species,
from 2005 to 2024, across five production systems (Ponds, raceways, cages,
Recirculating Aquaculture Systems and non-fed aquaculture) in EU Member
States, based on existing life cycle assessment (LCA) data. Emissions were
collected per tonne of LW and broken down by life cycle stage, including
hatchery, feed production, feed transportation, grow-out, and emissions related
to boat trips (for cage and non-fed aquaculture only), using a cradle-to-gate (°)
boundary.

Data gaps present for some species were filled using data from ecologically
similar species. For missing data for specific Member States, data from
neighbouring countries were used, assuming comparable environmental
conditions affecting production cycles and emissions. Emissions were then
modelled using SimaPro software (”) adjusting them for specific sources of
energy used within individual countries. LCA data from studies in countries
outside of Europe were used for certain species that are not well established
within the EU (e.g., tilapia, malacostracans). All assumptions and recalculations
aimed to ensure consistency and comparability across countries, species, and
production systems, enabling a robust analysis of EU aquaculture’s GHG
emissions.

2.2 Objectives

The goal of this task is to update and complement existing data on GHG
emissions produced by the EU aquaculture sector from 2005 to 2024
(production for 2024 estimated), at European Member State level, as outlined in
the Commission Staff Working Document (SWD) “Implementing the Strategic
Guidelines on EU Aquaculture Energy transition in the EU aquaculture sector”
(SWD(2024)0280). This work includes the delivery of an Excel-based database
to provide an overview of aquaculture-associated GHG emission per country
and species per production system. The database is used in task 2, to design

(8) Cradle-to-gate refers to a "boundary condition" in Life Cycle Assessment that assesses a
product's environmental impact from raw material extraction (the "cradle") to the point it
leaves the factory (the "gate").

(") https://simapro.com/
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the baseline scenario, and in task 3 for calculation of GHG emissions reduction
under various emission reduction scenarios.

Estimating CO,eq. emissions from EU aquaculture presented several
challenges due to the sector’s diversity in terms of species and production
systems. The methodology description in Annex 1 outlines the sequential steps
required to construct the database and provides an explanation of the
assumptions made throughout the research process.

In the references the emissions at farm gate (after culture phase) have been
considered, excluding processing or transport.

2.3 Results

2.3.1 Structure of the database

The database is composed of a total of 33 columns for finfish and 15 columns
for non-fed aquaculture, representing sorting data, calculation data and CO.eq
emissions (Table 2 and Table 3). Screenshots of the database can be found in
Annex 1.

Table 2 — Detailed description of the fish database

Column Column name Data description Data source

Species Species grouped at family level FishStatJ

Production environment (seawater,

freshwater, brackish water) FishStatJ

B Environment

Specific year included in the

€ R database (from 2005 to 2024)

Categorisation of the data per 4
production systems: ponds,
raceways, RAS and cages
Percentage of systems used per

E % PS Used production system, species and time
frame retrieved

European Commission
and national databases

Production System
(PS)

European Commission
and national databases

E Production per Annual production for each group of Calculated (%PS*total
system (t) species and production system annual production)
G Total production (t) Total annual productlon for each FishStatJ
group of species
CO,eq emissions per Emissions extracted from previous . L
H t of LW (t CO,eq /t studies before country specific L i o i

LW) adjustments 4]
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Column Column name Data description Data source

Total CO,eq
emissions per system
(tCO; eq),

Electricity use (kWh/
tLW)

CO.,eq emissions
from all processes
except electricity use
(COzeq)

CO.,eq emissions
from electricity use
per t of LW (t CO,eq/
t LW) adjusted per
specific country

Total CO,eq
emissions from
electricity use (t
CO.eq)

Total CO,eq
emissions excluding
hatchery stage (t
CO.eq)

Total CO,eq
emissions for feed
production +
transportation (t
CO.eq)

CO,eq emissions
from grow-out stage
(electricity +
materials) (t CO,eq)

FCR

Total feed consumed

(t)

Amount of feed
transported per trip (t)

Distance travelled per
trip (km) (average
assumed)

Amounts of trips
required to transport
total feed (units)

CO,eq emissions per
trip (t COzeq / 250
km) Calculated with
SIMAPRO

Emissions from production in
different systems

Electricity used, data extracted from
previous studies before country
specific adjustments

All emissions derived from sources
different from electricity consumption

Emissions remodelled considering
specific sources of energy used in
different countries

Emissions due to electricity use
considering country-specific sources
of energy

A column added to facilitate
subsequent calculations

Emissions from feeding activity
including feeding transportation
(production and transportation will
be disaggregated in subsequent
columns)

"materials" includes different
sources of emissions within the
grow-out stage, not uniform in
different studies used (e.g. use of
lime in ponds, specific equipment,
etc.)

Feed Conversion Ratio, used
subsequently to estimate emissions
associated with feed transportation

Feed consumed to support
production indicated in column F

Assumed 28 t for all species,
systems and countries

Distance between feed producer
and fish farm, assumed 250 km

Based on annual feed consumption

Calculation for single trip with full
load

Calculated (column H *
column F)

Literature (list in Table
46)

Calculated (% from the
literature * column 1/100)

Modelled in SimaPro
(Data in column |
modelled according to
country-specific energy
mix sourced by
EUROSTAT)

Calculated (column L *
column F)

Calculated (column M *
column K)

Calculated (% from the
literature * column N/100)

Calculated (% from the
literature * column N/100)

Literature

Calculated (column Q *
column F)

Assumption considering
average truck size

Assumed after consulting
stakeholders

Calculated (column R/
28)

Calculated using
Simapro. 7000tkm
imputed (250X28),
represents transportation
of 28t of feed for 250km
(emissions from 1 trip),
for calculation purpose
only



EU Aquaculture: GHG Reduction Costs and Pathways to Net Zero by 2050 — Final Report

Column Column name Data description Data source

AB

AC

AD

AE

AF

AG

Total emissions from
feed transportation

Total CO,eq
emissions from other
processes (t CO,eq)

Total CO,eq
emissions from
hatchery stage (t
CO.eq)

Total CO,eq
emissions from boat
fuel consumption (t
CO.eq)

CO.,eq emissions for
feed (transportation +
production) per t of
LW (t CO,eq/t LW)
CO.,eq emissions
from grow-out stage
per tof LW (t CO,eq /t
LW)

CO.,eq emissions
from hatchery stage
per t of LW (t CO,eq /t
LW)

CO,eq emissions
related to other
stages per t of LW (t
CO,eq /t LW)

CO.,eq emissions
from fuel consumption
for boat trips per t of
LW (t CO,eq /t LW)

TOTAL CO.eq
emissions per t of LW
(t COzeq tLW)

Total CO,eq
emissions (t CO,eq)

t CO,eq for total number of trips

Emissions from other minor sources
such as materials, maintenance,
cleaning etc.

10% of total emissions (assumption
made)

Trips with vessels from nearest
harbour to cages (only for cage
aquaculture)

Emissions from feeding activity
including feeding transportation
expressed int CO,eq /t LW

Emissions for electricity and
materials expressed in t CO,eq / t
LW

CO,eq emissions from hatchery
stage expressed in t CO,eq /LW

Emissions from other minor sources
such as materials, maintenance,
cleaning etc. expressed in t CO,eq
/LW

Trips with vessels from nearest
harbour to cages (only for cage
aquaculture) expressed in t CO,eq
LW

Emissions per LW including all
processes and sources and country-
specific

Emissions for total annual
production including all processes
and sources

Calculated (Column V *
column U)

Calculated (column N -
(column O + columnn P)

10% extracted from
literature (Table 1)

Calculated (column AE *
column F)

Calculated (column O /
column F)

Calculated (column P /
column F)

Calculated (column Y /
column F)

Calculated (column X /
column F)

Literature

Calculated
(AA+AB+AC+AD)

Calculated (column N +
10% for hatchery)
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Table 3 - Detailed description of the non-fed database

Column name Data description Data source

Species Species grouped at genus level FishStatJ

Production environment (seawater,

B Environment brackish water) FishStatJ
Specific year included in the
E VEED database (from 2005 to 2024) )
Production Svstem Categorisation of the data per 5
D (PS) y production systems: longlines, raft, European Commission
bouchout, on bottom and off bottom)
Percentage of systems used per
E % PS Used system, specie and time frame European Commission
retrieved
. Total annual production for each .
F Total production (t) group of species FishStatJ
G Production per Annual production for each group of Calculated (%PS*total
systems (t) species and production system annual production)
H Zrl:%:fnizc(lf tgg 2O/i Emissions from vessel (when used) Literature (list in Table
LW) 269 extracted from published studies 46)
| Fuel-associated CO2 Total Emissions from vessel (when Calculated (column G *
emissions (t CO,eq) used) column H)
J gaotcf;?nriys—;isn(;c(l?ted Emission due to hatchery stage Literature (list in Table
COzeq HLW) when present (t CO,eq/t LW) 46)
2
K ggct;?nr?/;;z?‘c;cE?ted Total mission due to hatchery stage Calculated (column J *
COZeq) when present column G)
2
L Other CO2 emissions Emission from other sources Literature (list in Table
(t COzeq/t LW) expressed in t CO,eq/t LW 46)
Other CO2 emissions o Calculated (column G *
M Total emission from other sources
(t CO.eq) column L)
N CO2 emissions pertof  Total emissions expressed in t Literature (list in Table
LW(t CO,eq/t LW) CO,eq/ t LW 46)
o Total CO2 emissions Emissions for total annual production  Calculated (column N *
per year (t CO,eq) including all processes and sources column G)

Due to the complexity and the important amount of data, a second
“‘presentation” database was modelled, containing only total annual production
and the CO,eq emissions organized by life cycle phase, species, country and
period, without considering the calculation columns. Screenshots of this
database can be found in Annex 2.
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During the same period, non-fed aquaculture represented 54% of aquaculture
production in terms of LW and it was responsible for only 18% of aquaculture-
associated GHG emissions (Figure 1).

Among the different systems for the fish production, the most used was cage
production (22%), responsible for 40% of the emissions. The least used method
was RAS production (2%) responsible for 12% of the emissions. Fish farmed in
ponds and raceways represented the 13% and 9% of the production,
respectively. These two systems were responsible for the 20% and 10% of the
emissions (Figure 1).

Figure 1 — Aquaculture production (a) and associated emissions (b) from
different production methods in EU from 2005 to 2024

Production in EU from 2005 to 2024 Emissions in EU from 2005 to 2024
18%

‘ v

m Ponds = Raceways m RAS m Cages = Non-fed

Source: Calculations based on FAO FishStatJ production volume data (a) and calculations and
sources specified in the methodology (Annex 1) (b).

When the different systems used for non-fed aquaculture were analysed, non-
fed aquaculture (using including longlines, rafts and vertical hanging ropes)
resulted the most used method (57% of production with this method) and the
method responsible for most emissions (58%) (Figure 2). The second most
used method is on-bottom culture, responsible for 32% of production and 40%
of emissions. Production of non-fed aquaculture in ponds and with the bouchout
method are only marginal (Figure 2).
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Figure 2 — Contribution to non-fed aquaculture emissions in EU Member States
of different processes and stages during the last 20 years for specific production
systems

PRODUCTION EMISSIONS

m Bouchot mOn-bottom mPonds M Suspended

Source: Calculations based on FAO FishStatJ production volume data (a) and calculations and
sources specified in the methodology (annex 1) (b).

The relative impact of different stages and processes of the aquaculture
production was also analysed. The production and transportation of feed was
the most impactful process, contributing to 54% of aquaculture-associated
emissions during the last 20 years. The second most impactful process was the
grow out stage, including electricity use and other processes like use of different
materials and products. Emissions from boat trips in cage aquaculture only
contributed to 2% of the emissions during the same period.
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Figure 3 — Contribution to aquaculture-associated emissions in EU Member
States of different processes and stages of the production system during the last
20 years (2005-2024)

P

28%

m Feed production and transportation m Grow-out stage (electricity + other)
m Other processes m Hatchery
m Boat fuel

Source: Own calculations

When the contribution of the different sources of emissions is analysed for
separate production methods, feed production and transportation has a higher
impact than other sources in cage aquaculture. This is due to the fact that the
grow out stage involves minimal use of electricity. In RAS aquaculture, the feed
produces a higher amount of emissions per tonne of LW, probably because
these feeds contain high-quality feedmaterials with carefully balanced amino
acid, energy, and fatty acid profiles to support rapid growth. However, the
contribution of feed production to total emissions in RAS is only 42% because of
the high amount of electricity needed to run the system.

10
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Figure 4 - Contribution to fed aquaculture emissions in EU Member States of
different processes and stages during the last 20 years (2005-2024) for specific
production systems

CAGE POND

9%

TANKS AND RACEWAYS RAS

9%

mFeed mGrowout mOther mHatchery mBoatfuel

Source: Own calculations

11
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3 GHG reduction scenarios

3.1 Summary

This task focused on identifying the various technological, managerial and other
tools to reduce GHG emissions in aquaculture in the European Union. Following
the inventory of tools, 5 different scenarios were formulated for achieving
climate neutrality in the sector by 2050. The scenarios represent different
approaches to reduce GHG emissions in the EU Member States’ aquaculture
sector by 2050.

The first scenario (Business-as-usual) assumes no policy or
technological change. The aquaculture production from 2025 to 2050 is
based on an estimated annual growth of 1.6%.

The second scenario aligns with the EU climate targets set under the
Effort Sharing Regulation (ESR) and Green Deal, assuming proportional
emissions reduction in aquaculture to meet the 2030 (55% reduction),
2040 (90% reduction), 2050 climate goals (carbon neutrality).

The third scenario prioritizes low-investment tools such as replacing
conventional feed with emerging feed materials, promoting non-fed
aquaculture, IMTA and conducting energy audits.

The fourth scenario focuses on building climate resilience for the sector
while reducing emissions. This scenario includes, for example use of Al-
based tools to improve feeding efficiency and for the early detection of
pathogens.

The fifth scenario maximises the CO,eq emission reduction without cost
constraints by fully deploying emerging feed materials, Al tools,
renewable energy, species diversification, and IMTA systems across the
EU.

Two extra scenarios were considered where the costs and potential of
voluntary carbon credits were investigated as additional tools to apply to
Scenario 3 and 5, termed 3B and 5B respectively.

A sixth scenario (1B) was also included in order to estimate emissions in
the hypothesis of a higher growth of non-fed aquaculture from 2041 to
2050

3.2 Objectives

To develop feasible and cost-effective renewable energy scenarios for the EU
aquaculture sector that help in reducing fossil-fuel consumption per kg of
aquaculture products and achieve climate-neutrality in the sector by 2050 with
interim milestones for 2030 and 2040.

12



EU Aquaculture: GHG Reduction Costs and Pathways to Net Zero by 2050 — Final Report

3.3 Results

3.3.1 Tools to reduce GHG emissions in aquaculture

Following the consultations with stakeholders, the list of tools to use in the
different scenario was finalised.

3.3.11 Tool 1: Emerging feed materials and breeding
programs

It is estimated that 70% of fed aquaculture associated GHG emissions are due
to aquafeed production and transport. The production of aquafeeds currently
involves fishing, growing and processing raw materials such as soybean meal,
wheat, fishmeal and fish oil, which require significant energy inputs and
generate emissions during cultivation, harvesting, processing, and transport.
Moreover, synthetic fertilizers used in crop production further contribute to the
GHG emissions associated with aquafeeds production. Hence, one of the most
powerful tools to reduce GHG emissions generated by the aquaculture sector is
the use of aquafeeds where traditional feed materials are replaced with more
sustainable sources of lipids and protein.

There are many candidates to replace traditional sources. Single-cell proteins,
insects, by-products of fish and terrestrial animals, microalgae, plant protein
alternative to soy and other marine biomasses have been investigated as more
sustainable tools to reduce GHG emissions associated with production of fish
feed. A high number of different formulations have been tested, with many of
them still not available on the market.

For the purposes of the present study, a literature review was carried out to
select potential most promising alternative feed materials with the lowest
emissions.

Five emerging feed materials were selected (Table 4) and, for each of them,
another literature review was carried out to assess the percentage of inclusion
of the ingredient in aquafeeds that gave the best results when tested on
different species.

13
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Table 4 — Emerging feed materials identified to reduce GHG emissions associated with aquafeeds production

(Bava et al., 2019)

(Modahl & Brekke, 2022)

(Schade & Meier, 2021)

(Campos et al., 2020)

(Jean & Brown, 2024)

Ingredient

Black Soldier Fly larvae meal
(Hermetia illucens)

Tenebrio molinal meal

Microalgae Nannochloropsis
Oceania dried biomass

Poultry by-products meal

Single Cell Protein (SCP)

Production method

Produced using Brewer's grain as
substrate

Produced with diet based on vegetable
waste food and brewery side-streams

Produced in tubular bioreactors, main
carbon source industrial CO2

Produced via gas fermentation of
carbon dioxide, oxygen, and hydrogen,
using wind-powered water electrolysis
to produce hydrogen and oxygen with
carbon dioxide captured from corn
ethanol.
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Kg CO.eql/kg
of protein

1.53

2.37

4.63

1.04

0.73

Percentage of replacement

40 (average for all species)

40 (average for all species)

10 (Salmon and similar species)

100 (Tilapia and other low trophic
species)

25-40 in common carp shrimp

10 (salmon, carp and trout), 50 (Nile
tilapia and other species)

40 (average for all species)
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The CO.eq. generated and the highest percentage of protein replacement for
different species are also indicated in the table

Replacement of feed materials in aquafeeds can lead to decreased digestibility
and increased FCR (Gasco et al., 2018), offsetting in part the reduction of the
emissions. Specific breeding programs aimed at the selection of genotypes with
higher capacity to assimilate and digest the emerging feed materials, should be
carried out in parallel with the adoption of the emerging feed materials to avoid
this negative effect and make sure to exploit the emissions reduction potential
of using sustainable sources of protein. For the present study, we assume that
tailored breeding programs are implemented to maximise the environmental
benefits of the emerging feed materials.

3.31.2 Tool 2: Al-based tools

The use of artificial intelligence (Al) in aquaculture has the potential to
contribute to the reduction of GHG emissions generated by this sector. Al tools
can help to optimise the feeding process (Rather et al. 2024), to monitor fish
health (Panda and Baral, 2023), and to manage environmental conditions such
as temperature, oxygen levels and pH. Al can optimize aeration, pumping, and
other energy-consuming processes based on real-time data (Capetillo-
Contreras et al., 2024). Smart feeding systems can minimize the feed wasted
and improve the FCR (Chen et al. 2022). Al-powered computer vision and big
data analytics can also detect early signs of disease or stress by monitoring fish
behaviour and physical condition. This allows timely interventions, reducing
mortality, the use of antibiotics and the need for energy-intensive interventions
(Fernandes and Dmello, 2025).

Conventional software currently used in aquaculture support operations without
advanced automation, relaying on user-defined thresholds for alert. They focus
on real-time data logging, stock management, and basic monitoring. These
software programs are based on manual inputs, use of spreadsheets, and they
prioritise data collection from sensors, and decision support through
dashboards and notifications.

The main challenge in adopting these tools is that Al models require large, high-
quality datasets for training and validation. Al can support decision-making but
must be properly trained before for real-world applications. Training an Al model
begins with defining the problem the Al is meant to address and collection of
relevant data. The model is then developed and trained in an iterative process,
followed by evaluation using unseen data to test its performance and accuracy.
Continuous monitoring and updating (proper machine learning) ensure the
model remains accurate and effective as new data and user feedback become
available.
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An example of existing Al-based tool already applied to aquaculture is the
Norwegian platform AquaCloud, although its use is restricted to Norway for the
moment. Over 30 Norwegian fish farmers, producing about 55% of Norway's
farmed Atlantic salmon and rainbow trout biomass, share data on the
AquaCloud platform and they actively use it to predict sea lice outbreaks using
analytics on production data. AquaCloud was developed in 2017 and since then
Norwegian fish farmers share anonymised data on biomass, temperature,
oxygen, and more on a central platform. The farmers follow specific loT-based
sensor protocols, and a partner-led steering committee ensures transparency,
with legal frameworks for secure, voluntary collaboration. AquaCloud facilitates
Al-driven predictions, better monitoring, and cross-company insights without
competitive risks, positioning it as Norway's leading aquaculture data hub.

In the present study, when we suggest adopting this tool in a scenario, we
assume that at least 80% of EU aquaculture farmers adopt these three
technologies:

1. smart water quality monitoring
2. automatic feeding system
3. Al-based technology for early detection of diseases

There is a lack of peer-reviewed studies assessing the reduction of emissions
when Al-based tools are used. Global Seafood Alliance reports that the
Japanese company Umitron achieved 20% of GHG emissions reduction when
using an Al-based tool that combines the three technologies listed above (8).
Hence, in this study we assume that the adoption of Al-based tools in
aquaculture reduce emissions by 20%.

3.3.1.3 Tool 3: Renewable energy

EU Member States rely on different mixes of renewable and non-renewable
energy sources to produce energy. Apart from France, which depends largely
on nuclear power, most countries still rely on high-emission, non-renewable
sources such as coal and oil (EUROSTAT, 2025). To achieve the required
emission reduction targets, it is crucial to shift toward more sustainable energy
sources, available in different countries.

This tool is suggested for Scenario 2, 4 and 5, at different intensities. As
different sources of energy are available in different countries, we calculated the
reduction of emissions associated with the adoption of different sources of
energy using the software SimaPro.

(8) https://www.globalseafood.org/advocate/can-carbon-mitigation-strategies-for-aquafeeds-
help-cut-aquacultures-greenhouse-gas-emissions/
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Different energy sources used in Member States were selected and modelled in
the software. To ensure a single and consistent data source for energy related
emissions per source across all Member States, European energy production
was used in the software to represent average emissions by energy source in
Europe.

The emissions generated from producing 1 kWh of electricity using the different
sources of energy were calculated by the software and entered in a specific
table (Table 5).

Table 5 — Emissions related to the use of 1 kWh of different EU energy sources
calculated using SimaPro

Emissions for the consumption
Energy source of 1 kWh of different energy

Energy source

category sources (kg CO,eq)

Non-renewable Coal 1.1
Non-renewable Lignite 1.3
Non-renewable Peat 1.18
Non-renewable QOil and petroleum products 1.02
Renewable Hydro 0.0047
Renewable Wind 0.0166
Renewable Solar 0.047
Renewable Geothermal 0.0714
Renewable Lgigfg’iﬁgfﬁg’;gy\;vasm (e 0.00533
Renewable Biomass 0.159
Non - renewable Uranium 0.00703

By averaging the emissions of the energy sources categories (renewable and
not renewable), an estimation of the emission reduction when switching from
non-renewable to renewable energy in Europe was calculated. Nuclear power
was kept in a separate category as it is a non-renewable source of energy with
very low carbon emissions.

Transitioning from a non-renewable to a renewable/low emissions energy
source was therefore estimated to decrease emissions by 95.6%, while
switching from non-renewable to nuclear energy reduces emissions by 99.4%
(Table 6).

17



EU Aquaculture: GHG Reduction Costs and Pathways to Net Zero by 2050 — Final Report

Table 6 — Energy source categorization and reduction rate estimation based on
emissions modelled with Sima-Pro

Average emissions for | Average emissions reduction rate
Energy source the energy from a high emissions energy

category consumption of 1 kWh | source to a low-emissions energy
(kg COzeq) source (%)

Non-renewable / High

. 1.15 NA
emissions
Renewable / low emissions 0.05 95.6
Nuclear 0.01 994

3.3.1.4  Tool 4: Integrated Multitrophic Aquaculture (IMTA)

Integrated multitrophic aquaculture (IMTA) is a sustainable production method
where different aquatic species from various trophic levels (such as fish,
shellfish, and seaweed) are cultivated together in a way that the waste and by-
products of one species serve as food or nutrients for another. This approach
enhances environmental sustainability by reducing pollution, reusing nutrients,
and improving ecosystem health, while also diversifying economic outputs for
farmers.

IMTA helps reduce GHG emissions associated with aquaculture by minimising
waste and lowering the need for chemical fertilizers. IMTA systems use organic
waste and excess nutrients efficiently, which prevents eutrophication and
reduces the environmental footprint. Additionally, it fosters biodiversity and
promotes climate resilience by creating synergistic interactions among species.
Exact percentages for emissions reduction associated with adoption of IMTA
are difficult to estimate. Alam et al (2024 ) estimated that emissions in IMTA
systems can be 15-20% lower than traditional single-species aquaculture
systems, depending on the setup and species involved. This percentage was
assumed in the present study.

3.3.1.5 Tool 5: Improvement of energy use efficiency

Implementing measures such as upgrading to energy-efficient equipment,
conducting regular maintenance, optimizing transportation and operational
practices, performing energy audits, and investing in staff training can
substantially improve energy efficiency, reduce costs, and minimise
environmental impact.

Energy-efficient water pumps, aerators, and lighting systems consume less
power while maintaining optimal performance. Ensuring that equipment is
regularly maintained keeps systems running at peak efficiency. Dirty or worn
components often cause machinery to consume more energy to achieve the
same output.
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Transportation logistics and everyday operational procedures significantly affect
energy use. By streamlining routes, consolidating shipments, and adopting fuel-
efficient vehicles, aquaculture operators can reduce transportation-related
energy consumption. Additionally, optimizing feeding schedules, water
circulation, and harvesting routines helps minimise energy waste within
production processes.

Conducting comprehensive energy audits allows aquaculture facilities to identify
key areas of inefficiency. Audits provide data to implement improvements,
guiding investment decisions, and tracking progress over time.

Finally, well-trained staff play a crucial role in sustaining energy efficiency
efforts. Educating employees about energy-saving practices, equipment
handling, and maintenance protocols fosters an energy-conscious culture.
Informed staff can quickly spot inefficiencies and contribute to continuous
improvement initiatives.

In the present study, when suggesting this tool for a scenario, we assume that
one or more of the following actions are implemented:

Upgrade to Energy-Efficient Equipment

Regular maintenance

Optimize Transportation and Operational Practices
Energy Audits

Staff Training

Moreover, we assume that the improvement of energy use efficiency reduces
the GHG emissions associated with operational activities (pumps, monitoring
system etc.) by 10% (de Vet et al., 2024).

3.3.1.6  Tool 6: Diversification of farmed species

In aquaculture, adopting different cultured species can help decrease the
sector’s vulnerability to climate change by promoting the use of more climate-
resilient organisms that thrive under altered environmental conditions. For
instance, saline intrusion and increased storm surges may encourage the
cultivation of brackish water and euryhaline species, while elevated water
temperatures and higher turbidity could benefit species adapted to low
dissolved oxygen levels or to pathogens more frequent at higher temperature.

For example, production of barramundi could be introduced in coastal areas
with increasing salinity due to rise of sea level (Cusimano et al. 2025). Or
meagre production could be increased in the Mediterranean as this species is
more tolerant to the increasing sea temperature (KruZzic et al., 2016).

The emission reduction associated with this tool are indirect and they are linked
to the reduced mortality when production species more suitable for the climatic
conditions. For this study, we do not consider diversification a tool to reduce
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emissions, but we included it as it is important to increase aquaculture
resilience to climate change, and we believe diversification of farmed species
should be implemented in EU in the next 25 years.

3.3.1.7  Tool 7: Increasing share of non-fed aquaculture

This tool was used only for one scenario (1B) for which a higher growth of non-
fed aquaculture was assumed from 2041 to 2050 (2% growth vs 1% for fed
aquaculture). Considering the generally low emissions associated with non-fed
aquaculture, an increased production of protein with this method was
considered a tool to reduce GHG emissions while increasing the production.

3.3.2 Tools to offset hard-to-abate emissions

3.3.2.1 Voluntary carbon credits

The voluntary carbon credit markets consist of various initiatives and
certification schemes all based on the principle that by buying credit, an emitter
financially supports the reduction or removal of the equivalent GHG emissions
somewhere else. The demand for voluntary carbon credits has led to a
proliferation of privately governed certification standards and purchase of these
credits can be used as a method to offset hard-to-abate emissions.

One prime example of such certification is The Verified Carbon Standard (VCS)
which presents itself as “the world’s most widely used GHG crediting program. It
drives finance toward activities that reduce and remove emissions, improve
livelihoods, and protect nature” (°).

Voluntary credits are generally cheaper than the compliance credits (described
above). According to a 2020 report by the World Bank (World Bank, 2022),
carbon prices on the VCM start at less than 1 US$/t CO,eq and increase to

119 US$/t CO2eq. The price for almost half of emissions is at less than 10 US$/t
CO.eq as of 2020 (World Bank, 2020). Live carbon price trackers show that the
price for voluntary credits has decreased, with e.g. the price of an aviation
industry offset credit now (4" August 2025) at 0.33 US$/t CO.,eq ('°).

Concerns about double claiming and more generally, questioning the adequacy
of offsetting have led various stakeholders to redefine the rules of the market to
ensure its credibility and legitimacy (Kreibich 2024). The Carbon Removals and

(°) https://verra.org/programs/verified-carbon-standard/

(19) https://carboncredits.com/carbon-prices-today/
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Carbon Farming (CRCF) Regulation (EU/2024/3012) (") is the first EU-wide
voluntary framework for certifying carbon removals, carbon farming and carbon
storage in products across Europe. In the coming years, it is expected that the
European Commission will approve certification schemes that apply the CRCF
rules.

It is important to note that the CRCF does not currently provide a specific
eligibility route for most aquaculture activities (except possibly some seaweed-
based activities) with the carbon removal credentials of bivalve and other low
trophic forms of aquaculture not being sufficiently established or quantified. The
offsetting assumptions used below in this report refer to the broader voluntary
carbon market, which is evolving and where methodologies for marine and
coastal projects are still under development.

3.3.2.2  Support ecosystem conservation and restoration
projects of carbon-capturing marine and freshwater
habitats

Under this tool, the remaining GHG emissions are offset by supporting marine
ecosystem conservation and restoration projects that focus on habitats with
high carbon sequestration potential. A study was carried out on the cost of
ecosystem restoration in Europe, but this is not specified per type of ecosystem
(Institute for Environment and Sustainability Joint Research Centre et al 2015).
Another study concluded that “Marine restoration costs might span from
approximately US$ 0.5-25 million per hectare for shallow-water habitats”. This
is then compared to the benefits created: “Existing economic assessments of
coastal-ecosystem restoration report benefit-cost ratios typically between 0.05
and 1.7 (De Groot et. al., 2013) (where 1 corresponds to 100% return on
investment) reaching a value of 4 for coral reef restoration”. This includes
climate benefits among others (Danovaro et al 2025).

A recently published study calculated the benefit-costs ratio for kelp restoration
projects in southern Australia (Carnell et al 2025). In this study, the costs for
restoration are related to the culling of sea urchins (dive time, travel) and the
application of ‘green gravel’ to re-seed the kelp forest. When calculated per ha,
the median estimated cost for restoration was AU$ 37 450 / €20 750 (Further
AUS$ values converted to Euro as of Aug 2025 ('?), (interquartile range (IQR)
€19 770 - €23 570) per ha.

These costs are held against the benefits of a restored kelp forest, i.e. water
purification, wild fisheries biomass provisioning, recreational fishing and global

(") OJ L, 2024/3012, ELI: http://data.europa.eu/eli/req/2024/3012/0j

(?) Google Finance - Australian Dollar to Euro 22/08/2025
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climate regulation. A large variation in the benefits was reported, from €9 480 -
€68 160 per ha, with a median of €19 900 per ha. This includes all reported
benefits. Zooming in on climate regulation, the estimates used GHG reduction
though the use of carbon capture range from 0.01 — 1.61 t C ha™! depending on
the biomass estimated for each reef. The study valued these at the most recent
Australian Carbon Credit unit price (18.88 AU$/t of COz).

On a more critical note, Tolgyesi et al (2025) concluded that there is limited
carbon sequestration potential from global ecosystem restoration. This study
does not include marine ecosystems, only wetlands. If we zoom in on wetlands,
it states that ‘Total area predicted for wetland restoration including all freshwater
and saltwater herbaceous wetlands (excluding permanent water and wooded
wetlands) was 2.83 million km? (9.8%), concentrated in the American Midwest
and Eastern Asia, where wetlands have been extensively drained for
agriculture.

3.3.3 Scenarios

The five core scenarios represent different pathways to reduce GHG emissions
in the EU Member States aquaculture sector by 2050. The first scenario
(Business-as-usual) assumes no policy or technological change. The production
is based on trends and estimations made accordingly. The second scenario
aligns with the EU climate targets set under the ESR and Green Deal, assuming
proportional emissions reduction in aquaculture to meet the 2030, 2040, 2050
climate goals. The third scenario prioritizes low-investment tools such as
replacing conventional feed with emerging feed materials, promoting non-fed
aquaculture, IMTA and conducting energy audits. The fourth scenario focuses
on building a climate resilience by using Al for early pathogen detection. This
scenario also includes an increased diversification of farmed species. While this
tool does not influence significantly costs and emissions reduction, it has been
included in this scenario because a diversified aquaculture production lowers
the risks associated with climate change. Finally, the fifth scenario maximises
the CO,eq emission reduction without cost constraints by fully deploying
emerging feed materials, Al tools, renewable energy, species diversification,
and extensive IMTA systems across the EU. Scenarios 3b and 5b are
extensions of Scenarios 3 and 5 respectively with the inclusion of additional
tools to tackle hard-to-abate emissions (Table 7).
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Table 7 — Overview of tools and scenarios

Emerging

feed Al-based Renewable
materials & tools energy

Description

breeding

Business-as-usual

Increased growth of
the non-fed
aquaculture industry

Alignment with EU
Climate Targets

Prioritisation of low
investment

Prioritisation of low
investment with the
inclusion of carbon
credits

Prioritisation of the
resilience of the
sector to climate
change.

Maximum potential
for emission

reductions, assuming X X X

no financial
constraints

Maximum potential
for emission
reductions, assuming
no financial

constraints and X X X

including carbon
credits and
ecosystem
restoration

* Scenario 2 and 5 have the same tools but differ in adoption level
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Improveme Increasing
nt of energy share of U I
IMTA carbon
use non-fed .
- credits
efficiency aquaculture
X
X X
X X
X X X
X X
X X
X X X

Support
ecosystem

conservation
and restoration
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3.3.3.1 Scenario 1: Business-as-Usual (BAU)

This scenario assumes no significant changes or additional mitigation measures
are implemented in the aquaculture sector up to 2050. Projected annual
production growth is based on an estimated annual rate of 1.6% The average
growth rate over this period is used to forecast production volumes through to
2050.

GHG emissions in this scenario are calculated using the baseline data from task
1, which provides emission factors per unit of production. An annual increase in
production of 1.6% (FAO 2024) was assumed for all countries to calculate the
aquaculture emissions in 2030, 2040 and 2050.

3.3.3.2  Scenario 1b: Differentiated growth rates for non-fed
aquaculture

Scenario 1b, like Scenario 1, assumes no action will be taken until 2040.
However, this scenario assumes that from 2041 to 2050 non-fed aquaculture
will increase at a yearly rate of 2.0%, while other aquaculture types will grow at
1.0% per year. This scenario aims to investigate the costs and reduction of
emissions in a scenario where a higher portion of protein and lipids produced is
provided by shellfish.

3.3.3.3  Scenario 2: Alignment with EU Climate Targets

This scenario models emission reductions consistent with the EU ESR and the
European Commission’s climate targets for 2030, 2040, and 2050. These
targets vary between Member States, reflecting national circumstances such as
GDP, existing emissions, and potential for reduction (Table 8). The scenario
lays out a 90% reduction in emissions by 2040 and a 100% reduction by 2050.

To achieve these goals, five key tools are suggested

e Renewable energy

e Emerging feed materials and selective breeding

e Al-based tools to optimise Feed Conversion Ratio (FCR), manage water
and for early detection of diseases

e Integrated Multi-Trophic Aquaculture (IMTA)

¢ Improved equipment efficiency and durability

The first tool of this scenario is the gradual replacement of non-renewable
energy sources with renewable sources. Wind, solar, geothermal and biomass
energy can gradually substitute fossil fuels. The percentages of gradual
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replacement for different countries, indicated in Table 8, from 2025 to 2050
suggested in this scenario for different countries are indicated in Table 8.

The percentages were allocated based on the following consideration:

e Current utilisation of renewable sources: in countries where renewable
sources of energy are most used, the increase in use of renewable
energy is smaller. Vice versa, countries that currently use less renewable
energy sources, were assigned a high renewable energy effort.

e Energy resources available in the country: specific characteristics of the
country (size, location, geology and climate) were taken into consideration
to estimate the capacity of each country to produce renewable energy.
Countries with great unused potential, like some Mediterranean countries
who do not extensively use solar power, were assigned a greater
transition effort. On the contrary, small countries with limited natural
resources were assigned a lower transition effort.

e Economic capacity of the country: as renewable energy requires financial
investments, countries with lower funding availability were assigned a
lower transition effort, at least in the first two periods of time (2025-2030
and 2031-2040).

Each tool contributes to the overall emission reduction targets of each country,
but not at the same rate. Their combined effect is modelled and summarised in
the following table (Table 8) which illustrates country-level progress toward the
2025-2050 climate goals, broken down into the five presented tools.

Table 8 — Scenarios and corresponding emission reduction rates goals towards
2050, according to Scenario 2

Total Emerging
s . feed Improved
emissions | Renewable . -
. materials + efficiency of
reduction energy b . .
oal reeding equipment
goal. programs
2026 - 2030
Austria 48% 10% 25% 5% 3% 5%
Belgium 47% 10% 25% 5% 2% 5%
Bulgaria 10% 2% 5% 1% 1% 1%
Croatia 16.7% 4% 5% 2% 0.7% 5.0%
Cyprus 32% 10% 15% 1% 1% 5%
Czechia 26% 5% 14% 1% 1% 5%
Denmark 50% 15% 20% 5% 3% 7%
Estonia 24% 5% 10% 5% 2% 2%
Finland 50% 20% 20% 5% 2% 3%
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Country

France
Germany
Greece
Hungary
Ireland
Italy
Latvia
Lithuania
Malta
Netherlands
Poland
Portugal
Romania
Slovakia
Slovenia
Spain

Sweden

Austria
Belgium
Bulgaria
Croatia
Cyprus
Czechia
Denmark
Estonia
Finland
France
Germany
Greece
Hungary
Ireland
Italy
Latvia
Lithuania

Malta

Total
emissions
reduction

goal.

47.5%
50%
22.7%
18.7%
42%
43.7%
17%
21%
19%
48%
17.7%
28.7%
12.7%
22.7%
27%
37.7%
50%

42%
43%
80%
73.3%
58%
64%
40%
66%
40%
42.5%
40%
67.3%
71.3%
48%
46.3%
73%
69%
71%

Renewable
energy

10%
20%
10%
8%
20%
20%
5%
5%
4%
13%
7%
10%
3%
5%
6%
8%
20%

10%
10%
30%
30%
30%
30%
20%
30%
10%
10%
20%
30%
30%
20%
20%
30%
30%
30%

Emerging
feed
materials +
breeding
programs

20%
20%
5%
5%
15%
15%
3%
5%
4%
20%
7%
10%
3%
5%
6%
8%
10%

2030 - 2040
20%
20%
30%
30%
20%
20%
10%
20%
20%
20%
10%
30%
30%
20%
20%
30%
30%
30%

26

5%
5%
4%
3%
3%
5%
3%
5%
4%
5%
1%
3%
3%
5%
6%
8%
10%

10%
10%
10%
5%
3%
6%
5%
5%
5%
8%
5%
5%
5%
4%
2%
10%
3%
5%

5%
3%
1%
1%
2%
2%
3%
5%
4%
5%
1%
3%
3%
5%
6%
8%
5%

1.00%
1.00%
5%
5%
3%
6%
2%
6%
2%
2%
2%
1%
3%
2%
2%
1%
3%
3%

Improved
efficiency of
equipment

7.50%
2%
2.7%
1.7%
2%
1.7%
3%
1%
3%
5%
1.7%
2.7%
0.7%
2.7%
3%
5.7%
5%

1%
2%
5%
3.3%
2%
2%
3%
5%
3%
2.5%
3%
1.3%
3.3%
2%
2.3%
2%
3%
3%



EU Aquaculture: GHG Reduction Costs and Pathways to Net Zero by 2050 — Final Report

Country

Netherlands
Poland
Portugal
Romania
Slovakia
Slovenia
Spain

Sweden

Austria
Belgium
Bulgaria
Croatia
Cyprus
Czechia
Denmark
Estonia
Finland
France
Germany
Greece
Hungary
Ireland
Italy
Latvia
Lithuania
Malta
Netherlands
Poland
Portugal
Romania
Slovakia
Slovenia
Spain

Sweden

Total
emissions
reduction

goal.

42%
72.3%
61.3%
77.3%
67.3%

63%
52.30
40.00

10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%
10%

Renewable
energy

20%
30%
30%
30%
30%
25%
25%
20%

3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%

Emerging
feed

materials +

breeding
programs

15%
30%
20%
30%
30%
25%
20%
10%
2040 - 2050
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%

27

5%
5%
5%
10%
5%
5%
5%
5%

3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%

1%
5%
5%
2%
1%
3%
1%
2%

0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%

Improved
efficiency of
equipment

1%
2.3%
1.3%
5.3%
1.3%

5%
1.3%

3%

0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
0.5%
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Table 9 — Adoption rate of Scenario 2 to achieve carbon neutrality by 2050

Period

2025-
2030

2030-
2040

2040-
2050

Emerging
feed materials
+ breeding
programs

20% of fish
produced fed
with emerging
feed materials

40% of fish
produced fed
with emerging
feed materials

70% of fish
produced fed
with emerging
feed materials

10% of fish
farms
integrating the
system with
more species

30% of fish
farms
integrating the
system with
more species

60% of fish
farms
integrating the
system with
more species

Improved
efficiency of
equipment

20% of farms
improving
efficiency of
structures and
equipment

50% of farms
improving
efficiency of
structures and
equipment

90% of farms
improving
efficiency of
structures and
equipment

Use of Al-
based tools

10% of EU
farms sharing
data and
adopting Al-
based tools for
feeding, water
management
and early
detection of
disease

30% of EU
farms sharing
data and
adopting Al-
based tools for
feeding, water
management
and early
detection of
disease

60% of EU
farms sharing
data and
adopting Al-
based tools for
feeding, water
management
and early
detection of
disease

Renewable
energy

20% of energy
used in the
sector
produced with
renewable
sources

50% of energy
used in the
sector
produced with
renewable
sources

90% of energy
used in the
sector
produced with
renewable
sources

To achieve the target of carbon neutrality by 2050, after analysing the
emissions reductions attained, it is assumed that the remaining emissions will
be offset through the adoption of the voluntary carbon market.

3.3.34

Scenario 3: Prioritise low investment

The tools selected for this scenario are considered inexpensive action that can
be taken without major investments for the fish farmers. These tools consist of:

e Replacement of conventional materials with emerging feed materials

e |Integrated Multi-Trophic Aquaculture (IMTA) in existing farms

e Improved efficiency of equipment and structures

For this scenario, the tools are applied across all EU countries.

The table below show the extension of the use of the tools we suggest for the
three periods focus of this study.
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Period

Table 10 — Detailing Scenario 3

Emerging

feed materials

+ breeding
programs

Improved
efficiency of
equipment

0, 1 0,
S @i 51 ?af’mc: fen |2n? A;Oc:lfi;arms
2026- produced fed . . proving
. : integrating the efficiency of
2030 with emerging :
. system with structures and
feed materials . .
more species equipment
10% of fish 60% of farms
o )
SV s farms improving
2030- produced fed . . -
. : integrating the efficiency of
2040 with emerging :
. system with structures and
feed materials . .
more species equipment
0, T 0,
DU Er f2a0rr<:30f fen |1n(1) Or{;vci)ri o
2040- produced fed . . proving
: : integrating the efficiency of
2050 with emerging ;
. system with structures and
feed materials . .
more species equipment

For this scenario, we also assume the good practice of carrying out site pre-
assessments for the new farms to avoid sensitive ecosystems will be adopted.
Before expanding aquaculture facilities, GIS-based mapping or ecological
screenings should be used to avoid areas like blue carbon ecosystems
(seagrass beds, salt marshes) and/or carbon sinks.

These assessments are relatively inexpensive and can prevent high long-term
costs associated with environmental damage, short-term, large scale carbon
emissions, legal issues, and/ or restoration costs/impacts.

3.3.35 Scenario 4: Prioritise the resilience of the sector to

climate change

To prioritise the resilience of the EU aquaculture sector to climate change, the
following tools were identified:

¢ Replacement of conventional feed materials with emerging feed
materials

e Integrated Multi-Trophic Aquaculture (IMTA) in existing farms

¢ Improved efficiency of equipment and structures

e Use of Al-based tools for early detection of pathogens or harmful events
(such as algal blooms) due to climate warming

e Diversification of farmed species
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The last point was not included in the calculations of task 3 as it was assumed
that this tool does not reduce emissions but increases resilience to climate
change. Different species have varying tolerances to temperature, salinity,
oxygen levels, and other climate-induced stressors. By producing multiple
species or genetic strains with diverse environmental tolerances, aquaculture
operations can maintain productivity even if some species perform poorly under
changing conditions. This approach acts as ecological and economic insurance,
spreading risks and improving the system's overall adaptability to climate
variability and change. Furthermore, diversification enables the implementation

of IMTA.

The table below show the extension of the use of the tools we suggest for the
three periods focus of this study.

Table 11 — Detailing Scenario 4

Emerging feed

materials +
breeding programs

Improved
efficiency of
equipment

Use of Al-based tools

30% of fish produced

2026- X .
fed with emerging
2030 .
feed materials
2030- 50% gf fish pro_duced
fed with emerging
2040 .
feed materials
oo B0 offh prduces
2050 ging

feed materials

3.3.3.6

5% of fish
farms
integrating the
system with
more species

10% of fish
farms
integrating the
system with
more species

20% of fish
farms
integrating the
system with
more species

20% of farms
improving
efficiency of
structures and
equipment

60% of farms
improving
efficiency of
structures and
equipment

100% of farms
improving
efficiency of
structures and
equipment

30% of EU farms sharing
data and adopting Al-based
tools for feeding, water
management and early
detection of disease

50% of EU farms sharing
data and adopting Al-based
tools for feeding, water
management and early
detection of disease

80% of EU farms sharing
data and adopting Al-based
tools for feeding, water
management and early
detection of disease

Scenario 5: Maximum potential for emission

reductions, assuming no financial constraints.

For this scenario, we assume the adoption of all the tools, as specified in the

table below.
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Emerging

feed materials

Period

+ breeding
programs

Table 12 — Detailing Scenario 5

IMTA

Improved
efficiency of
equipment

Use of Al-
based tools

Renewable
energy

2026- 50% of fish 10% of fish 20% of farms 50% of EU 30% of energy
2030 produced fed farms improving farms sharing used in the
with emerging integrating the efficiency of data and sector
feed materials system with structures and adopting Al- produced with
more species equipment based tools for  renewable
feeding, water sources
management
and early
detection of
disease
2030- 80% of fish 50% of fish 60% of farms 80% of EU 60% of energy
2040 produced fed farms improving farms sharing used in the
with emerging integrating the efficiency of data and sector
feed materials system with structures and adopting Al- produced with
more species equipment based tools for  renewable
feeding, water sources
management
and early
detection of
disease
2040- 100% of fish 100% of fish 100% of farms 100% of EU 100% of
2050 produced fed farms improving farms sharing energy used in
with emerging integrating the efficiency of data and the sector
feed materials system with structures and adopting Al- produced with
more species equipment based tools for renewable
feeding, water sources
management
and early
detection of
disease

3.3.4 Hard-to-abate scenarios

3.3.4.1 Scenario 3b: Prioritizing low investments and
offsetting remaining emissions on the voluntary

carbon market

This scenario builds upon Scenario 3. After analysing what GHG emission
reduction is achieved under Scenario 3, this Scenario 3b assumes that the
remaining emissions are offset on the voluntary carbon market, in simple words:
The aquaculture sector would then buy carbon credits on the voluntary market.

The reason to focus on offsetting on the voluntary carbon market only is that
other tools to offset hard-to-abate emissions are more expensive.
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3.3.4.2  Scenario 5b: Exploring the maximum potential for
emission reduction and offsetting remaining
emissions by supporting ecosystems conservation
and restoration

This scenario builds upon Scenario 5. After analysing what GHG emission
reduction is achieved under Scenario 5, Scenario 5b assumes that the
remaining emissions are offset by supporting conservation and restoration of
marine and freshwater ecosystems. In simple words: The aquaculture sector
would then financially support ecosystem conservation and restoration projects
to offset remaining emissions.
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4 Scenarios cost analysis

4.1 Summary

Task 3 analysed emissions reductions, investment costs, and cost per tonne
CO.eq abated (Marginal Abatement Cost or MAC) across proposed scenarios
using a financial accounting approach. Key findings include:

MAC generally increases over time but varies widely across six scenarios:

e 2026-2030: 46-243 €/t CO,eq

e 2026-2040: 65-232 €/t CO,eq

e 2026-2050: 69-228 €/t CO,eq

e Lower MAC values (46-69 €/t CO,eq) are competitive with current
voluntary carbon credit prices (around 56 €/t CO,eq). The alignment
between MAC values and voluntary carbon credit prices indicates that
these measures could be financially feasible for aquaculture producers.

Cost-effective rankings:

e 2026-2030: Scenario 5b is most cost-effective (46 €/t CO,eq, 18.9 million
tonne CO,eq reduction).

e 2026-2040: Scenario 3b ranks best (65 €/t CO,eq, 61.6 million tonnes
CO.eq reduction).

e 2026-2050: Scenario 3b remains the most cost-effective (69 €/t CO.eq,
111.6 million tonnes CO,eq reduction).

Scenario 3b heavily relies on offsetting mechanisms, as it incorporates only
three tools for adoption. In contrast, Scenario 5b achieves 100% adoption of all
proposed tools and integrates an offsetting approach through supporting
ecosystem conservation and restoration. While Scenario 5 utilises all tools
available to abate emissions, it manages to reduce only 50% of total emissions.
To meet the target, as demonstrated in Scenario 5b, the remaining emissions
are addressed via offsetting. However, the effectiveness of these offsetting
mechanisms remains unproven and is further discussed in task 4.

In addition, task 3 also considered the impacts of changes in investment costs
for tool implementation, discount rates, and emissions from feed on the MAC.
Furthermore, granular analysis was conducted for Scenario 5b.
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4.2 Objective

The objective of this task is to calculate the cost-effectiveness of reducing GHG
emissions through the different scenarios formulated under task 2.

4.3 Results

4.3.1 Scenario cost analysis

The analysis reveals that the marginal abatement cost for different scenarios
generally increases overtime throughout the implementation periods. The
average MAC across European countries for six scenarios is presented in the
figure below. Across scenarios, MAC values show a wide range:

e 2026-2030: ranging from 46 to 243 €/t CO,eq
e 2026-2040: ranging from 65 to 232 €/t CO,eq
e 2026-2050: ranging from 69 to 228 €/t CO,eq

The lower end of the MAC spectrum (46 to 69 €/t CO,eq) presents a financially
feasible for aquaculture producers, as it is competitive with current voluntary
carbon credits prices, which have traded approximately 56 €/t CO,eq in recent
times (Gold Standard 2025), and are projected to increase around 100 €/t
CO.,eq by 2035 (EY 2025). However, the higher end MAC values around

232 €/t CO,eq, exceed the current spot price of voluntary carbon credits,
suggesting potential financial challenges for adoption at these levels. This is
due to the high costs associated with implementing innovative decarbonization
tools in that specific scenario. The lower-cost scenarios, on the other hand,
achieve cost-effectiveness by maintaining a certain level of adoption for tools
while also incorporating offsetting mechanisms, such as the purchase of
voluntary carbon credits and supporting ecosystem conservation and
restoration.
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Figure 5 — Marginal abatement cost for 6 scenarios
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Across the six scenarios, MAC values exhibit a relatively wide range, reflecting
the impact of technology adoption rates, technology costs, and their emission
reduction potential. This information is summarised in the table below for further
clarification.

Table 13 — Marginal abatement cost and emission reduction across scenarios

Projected . Total .
Projected . Marginal
abated L. projected
. . . emissions abatement
Period emissions . reduced
. offsetting . cost (€/t
with tools (t COzeq) emissions CO,¢eq)
(t COzeq) 2¢q (t COzeq) 2¢q
2026-2030 788 020 18 141 202 18 929 222 75
2 2026-2040 6 646 276 54 961 267 61 607 542 86
2026-2050 16 757 117 94 870 510 111 627 627 117
2026-2030 997 419 0 997 419 243
3 2026-2040 6 876 904 0 6 876 904 232
2026-2050 18 282 851 0 18 282 851 228
2026-2030 997 419 17 931 803 18 929 222 61
3b 2026-2040 6 876 904 43 324 691 61 607 542 65
2026-2050 18 282 851 93 344 776 111 627 627 69
2026-2030 1295 444 0 1295 444 218
4 2026-2040 8 573 659 0 8 573 659 205
2026-2050 23 260 579 0 23 260 579 188
2026-2030 3 282 967 0 3 282 967 158
5 2026-2040 22 548 102 0 22 548 102 206
2026-2050 60 455 715 0 60 455 715 218
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Projected . Total .
Projected . Marginal
abated o projected
. s . emissions abatement
Period emissions - reduced
. offsetting . cost (€/t
with tools (t COzeq) emissions CO%eq)
(t COzeq) 269 (t COzeq) 2¢q
2026-2030 3 282 967 15 646 255 18 929 222 46
5b 2026-2040 22 548 102 39 059 440 61 607 542 90
2026-2050 60 455 715 51171912 111 627 627 129

As shown in the Table 13, Scenarios 3 and 3b share similarly high adoption
rates of emerging feed materials and breeding programs (100% by 2050), as
well as improved energy efficiency (100% by 2050) and IMTA (20% by 2050).
However, the MAC of Scenario 3b is significantly lower than that of Scenario 3
(65 €/t CO,eq versus 232 €/t CO,eq in the 2040 period). The critical
differentiating factor is that Scenario 3b incorporates the purchase of voluntary
carbon credits, a mechanism with a relatively low cost (56 €/t CO,eq). By
leveraging this low-cost tool to offset residual emissions, Scenario 3b emerges
as the most cost-effective scenario to achieve net-zero emissions by 2050.

A similar comparison can be made between Scenarios 5 and 5b. Both
scenarios employ maximum levels of technological adoption across all tools.
However, the key distinction lies in the integration of Scenario 5b with
supporting ecosystem conservation and restoration at a significantly lower cost
(23.3 €/t CO,eq) compared to the higher expense of additional internal
technological abatement. This integration substantially lowers the overall MAC
for Scenario 5b.

Likewise, this principle explains the performance difference seen in Scenario 2,
which seeks to achieve net-zero emissions as targeted under the ESR.
Scenario 2 combines a progressive renewable energy with the use of carbon
credits. Although Scenario 2 also utilises the purchase of carbon credits for
offsetting, like Scenario 3, its MAC is considerably higher because it adopts all
tools, whereas Scenario 3 focuses on only three tools.

Scenario 4, despite employing a moderate mix of tools, neither incorporates
carbon credits nor initiates a renewable energy. As a result, the total emission
reduction achieved is relatively low and the cost of abatement remains high.

4.3.2 Ranking of scenarios

Figure 8 illustrates the Marginal Abatement Cost Curves for three time periods:
(a) in the short term (2026—2030), (b) in the medium term (2026—-2040), and (c)
in the long-term (2026—2050). Each graph plots the MAC (€/t CO,eq) against
the emission abatement in million tonnes CO,eq on the vertical axis, with
different scenarios (2, 3, 3b, 4, 5, and 5b). The ranking of scenarios is ordered
by their respective MACs.
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In the short term (Figure 6) by 2030, Scenario 5b is the most cost-effective
option, with the lowest MAC of 46 €/t CO,eq, achieving the highest abatement
of 18.9 million tonnes CO,eq. This scenario leverages ecosystem conservation
and restoration support as its offsetting tool. Following closely is Scenario 3b,
which achieves the same abatement level of 18.9 million tonnes at a slightly
higher MAC of 61 €/t CO,eq by relying on the purchase of voluntary carbon
credits to offset emissions. Similarly, Scenario 2 also achieves the same
abatement level of 18.9 million but at a marginally higher MAC of 75 €/t CO.eq,
as it combines all available tools, including voluntary carbon credits, to reach
ESR target.

In contrast, Scenario 5 achieves a modest abatement of 3.3 million tonnes at a
higher MAC of 158 €/t CO.eq, as it relies only on technological tools without
employing offsetting mechanisms. Scenario 4 provides higher abatement of
12.9 million tonnes, but its MAC is also higher at 218 €/t CO,eq. Finally,
Scenario 3 is the least cost-effective, achieving the smallest abatement of 0.99
million tonnes at the highest MAC of 243 €/t CO.eq.

Figure 6 - Marginal abatement cost curves for the periods 2026-2030
Margina_l Abatement Cost Curve: 2026-2030

€48 €61 €75

Emission Abatemant (Milllon tCO,eq)

€158

€218 €243

Scenarios (ordered by MAC)

Numbers above bars indicate Marginal Abatement Cosl (ERC0,eq)

In the medium term by 2040 (Figure 7), with the adoption rate increase
described in task 2, this ranking has slightly changed. Scenario 3b is the most
cost-effective option, with the lowest MAC of 65 €/t CO,eq, while achieving the
highest abatement level of 61.6 million tonnes CO,eq. Closely following
Scenario 3b is Scenario 5b, which achieves the same abatement level of 61.6
million tonnes but at a slightly higher MAC of 90 €/t CO,eq. Similarly, Scenario
2 also reaches an abatement level of 61.6 million tonnes, though at a slightly
higher MAC of 96 €/t COeq.
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In contrast, Scenario 3 achieves a relatively modest abatement of 6.8 million
tonnes, but at the highest MAC of 232 €/t CO,eq. Scenarios 4 and 5 provide
higher abatement levels, 8.6 million tonnes and 22.5 million tonnes,
respectively, but their MACs remain high, at approximately 205 €/t CO.eq.

Figure 7 - Marginal abatement cost curves for the periods 2026-2040
Marginal Abatement Cost Curve: 2026-2040
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In the long-term for the period 2026-2050 (Figure 8) as the adoption rate
continues to increase to achieve net zero, this ranking remains similar to that of
the medium term. Scenario 3b remains the most cost-effective option, with the
lowest MAC of 69 €/t CO,eq, while achieving the highest abatement level of
111.6 million tonnes of CO,eq. It is followed by Scenario 2, which achieves the
same abatement level of 111.6 million but at a higher MAC of 117 €/t COeq.
Similarly, Scenario 5b also reaches an abatement level of 111.6 million tonnes,
though at a slightly higher MAC of 129 €/t CO,eq.

In contrast, Scenario 3 and Scenario 4 achieve relatively modest abatement
levels of 18.3 million tonnes and 23.2 million tonnes, respectively, but at the
highest MACs of 228 €/t CO,eq and 188 €/t CO,eq, respectively. Scenario 5
provides a higher abatement level of 60.5 million tonnes, but its MAC remains
high at 218 €/t CO.eq.
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Figure 8 - Marginal abatement cost curves for the periods 2026-2050
Marginal Abatement Cost Curve: 2026-2050
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4.3.3 Sensitivity analysis

This section presents how variations in key variables influence the marginal
abatement cost. The three key variables considered are: changes in total costs
(including annual CAPEX and OPEX), the discount rate, emissions associated
with feed and feed transportation, and growth rate of production projection.

4.3.3.1 Changes in total costs (including annual CAPEX
and OPEX)

Figure 9 presents how changes in total costs influence the MAC across various
scenarios over time. In general, MAC values decrease proportionally with
reductions in total costs, demonstrating a direct relationship between total cost
changes and MAC, while maintaining emission abatement. The total cost
adjustments range from a 30% increase to a 30% decrease.

For instance, during the period 2026-2030, when total costs rise by up to 30%,
Scenario 3 shows the highest MAC at 315 €/t CO,eq, indicating its sensitivity to
cost increases. Even when total costs decrease, such as by 20%, Scenario 3
reduces its MAC to 194 €/t CO,eq but continues to lead the other scenarios.

The sensitivity in Scenario 3 stems from the relatively low abatement potential
of its three adopted tools. Emerging feed materials and breeding program,
IMTA, and improved equipment efficiency are applied at adoption rate of 100%,
20%, 100% respectively. The adoption of these three tools across all five
production systems results in high investment costs. In contrast, their combined
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emission abatement potential remains modest at 24.3%, 17%, and 10%
respectively. As a result, the MAC per tonne of CO2eq is higher compared to
other scenarios, such as Scenarios 4 and 5, which incorporate renewable
energy capable of reducing emissions by up to 96%.

Scenarios 2, 3b, and 5b have relatively lower sensitivity to cost variations,
maintaining more stable and lower MAC values. This stability is attributed to
their reliance on offsetting to address the remaining emissions, which involves
relatively lower investment costs compared to the implementation of tools. As a
result, the MAC per tonne remains lower in these scenarios.
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Figure 9 — Effects of total cost changes on marginal abatement costs
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4.3.3.2 Changes in discount rate

The discount rate ('3) also has an impact on the MAC by determining how future
costs and benefits are valued in present terms. A higher discount rate reduces
the present value of future expenditures, making long-term costs and benefits
appear less significant and lowering the MAC. Conversely, a lower discount rate
increases the weight of future costs, raising the overall MAC across scenarios
and over periods (Figure 10).

("3) A discount rate is the rate of return used to discount future cash flows back to their present
value
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Figure 10 — Effects of discount rate changes on marginal abatement costs
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4.3.3.3 Changes in emissions related to feed

Scenario 5b is used to test the impact of changes of emission reduction by
aquafeed production on the MAC. More specifically, the aquafeed industry is
expected to align with ESR targets which are 55% emissions reduction by 2030,
90% by 2040 and net zero emissions by 2050. Figure 11 illustrates how
reducing emission factors for feed production will impact the MAC of Scenario
5b through 2030, 2040 and 2050.

Under the first assumption, where the emission factors related to feed remain
the same over time (2026—-2050), the total cost of abatement increases
significantly due to the high cumulative emissions abated. For example, by
2050, the total abatement reaches 111 627 627 tonnes, but with a relatively
lower MAC of €129, the total cost of abatement is €14.4 billion.

In contrast, under the second assumption, where emission factors decrease
over time to achieve net zero emissions by 2050, the total abatement by 2050 is
lower at 74 697 099 tonnes, but the MAC is slightly higher at €183.
Consequently, the total cost of abatement in 2050 is €13.7 billion, which is lower
than the first assumption. This indicates that reducing emission factors over
time not only aligns with ESR but also reduces the overall cost of abatement
when compared to allowing emission factors to remain constant.
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Figure 11 — Effects of emission factor for feed changes on marginal abatement
costs for Scenario 5b
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4.3.3.4  Changes in growth rate projection

As proposed during the ETP workshop, growth rate projections can vary by
150% of the baseline rate of 1.6%. To assess the impact of these changes on
the MAC for Scenario 5b, we consider growth rates of 0.8%, 1.6% (baseline),
and 2.4%.
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The results reveal that in 2030, the MAC remains constant at 46 €/t CO,eq
across all growth rates, indicating no immediate impact. By 2040, slight
variations emerge: a lower growth rate of 0.8% results in a MAC of 90 €/t
CO.eq, while the baseline (1.6%) and higher growth rate (2.4%) show MACs of
89 €/t CO,eq and 91 €/t CO,eq, respectively. By 2050, the MAC increases
more noticeably with growth rate changes, ranging from 129 €/t CO,eq at 0.8%
growth to 127 €/t CO,eq at 1.6% growth and 131 €/t CO,eq at 2.4% growth.

Emission reductions, on the other hand, show a clear positive correlation with
growth rates. By 2030, emission reductions are similar across all growth rates.
By 2050, emission reductions reach approximately 100 million tonnes CO,eq for
a 0.8% growth rate, 122 million tonnes CO,eq for the baseline 1.6% growth

rate, and over 120 million tonnes CO,eq for a 2.4% growth rate.
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Figure 12 — Changes of growth rate projection on MACs and Emission reduction
for the Scenario 5b
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4.3.4 Granularity analysis

We used Scenario 5b to analyse granularity ('4). Based on the principles “MAC
values that fall outside the range of the median plus or minus 2.5 times the

(**) Granularity analysis examines MAC data at the country level to identify outliers.
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median absolute deviation will be identified as significant outliers,” as described
in the methodology section, four countries are identified as outliers: France,
Ireland, Italy, and Portugal. These countries have exceptionally high MAC
values compared to the EU average during the periods 2026-2030, 2026-2040,
and 2026-2050. The specific MAC values are as follows:

e EU: 46; 90; 129 €/t CO,eq respectively

e France: 87; 192; 284 €/t CO,eq respectively
e lreland: 80; 171; 250 €/t CO,eq respectively
e ltaly: 71; 151; 219 €/t CO,eq respectively

e Portugal: 69; 144; 209 €/t CO,eq respectively

Table 14 reveals the underlying drivers of these MAC outliers, which stem from
an unfavourable ratio of high investment costs to limited emission reduction
potential. These four countries face substantial investment requirements, with
total CAPEX ranging from €210—1 678 million and total annual OPEX reaching
€552—4 415 million.

Despite these significant investments, the cost savings remain modest (€22-
176 million) and the emission reduction potential is limited (1.8-10.6 tonnes
CO.eq per tonne of LW). The cost burden is particularly significant because all
four countries operate both cage and non-fed systems, which require
substantial initial investments in electric boats. The combination of high total
annual CAPEX and OPEX, and relatively small emission reduction creates the
exceptionally high MAC values observed in these countries, making them
outliers compared to the EU average.

Table 14 - Summary of costs and emission reductions of outliers for the period

2026-2050
Total

pro-:-j?Jt:tlion azztjél a-:\c:\tl?;l LG (s CHTTE )

ST volume CAPEX (€ | OPEX (e sar;l"i'lrl‘igf‘)(e "(*g‘i‘lfit")?‘“

(million LW) million) million) t CO,eq)
France 5.95 1678 4 415 112 10.6
Ireland 1.1 336 872 52 2.3
Italy 4.0 1215 3130 176 9.6
Portugal 1.1 210 552 22 1.8
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5 Impact, limitations, gaps, and sensitivity analysis
of scenarios

5.1 Summary

Task 4 assesses the wider social-economic impacts of the tools and scenarios,
providing input to formulation of pathways. To this end, a survey, focus groups
meetings, and interviews were conducted to inform a multi-criteria analysis
(MCA) and SWOT (Strengths, Weaknesses, Opportunities and Threats)
analysis. The results show the diverging views on applicability and desirability of
the tools across different production types. The MCA informs the formulation of
pathways in Chapter 6, for each production type, and the SWOT analysis is
used to inform the formulation of policy recommendations, also in (Chapter 6).

5.2 Objectives

The objectives of this task are the following:

e To assess the social-economic impacts and policy implications of the
scenarios developed in task 2 for aquaculture production.

e To consider possible gaps and limitations and where the ETP should
focus its work to reduce the gap.

5.3 Results

5.3.1 Qualitative multi-criteria analysis

To prepare the qualitative MCA, a long list of potential criteria was identified,
covering economic, environmental and social aspects. This list includes at least
the criteria mentioned in the Terms of Reference and has been extended by a
few more based on knowledge of the research team. By adding definitions of
each criterion, conducting a weighting exercise (scoring 1-3) to determine the
relevance for policy and the level of detail of available data, and by validation
with CINEA/DG MARE in the meeting held on 28™" August, the final list of
criteria was decided.

The final list of criteria, and the definitions provided can be found below in Table
15. The final column indicates whether we had a quantitative or qualitative
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assessment, and where the expected data will come from. The expert
judgement indicates input from the survey where possible, and if that is not
enough information, expertise within the consortium and research team can
also be used, with the assistance of supporting literature.

The quantitative data on CAPEX, OPEX and GHG emissions from production
resulted from the previous tasks 1-3. These data were transformed to the same
Likert scale, ranging from -2 to 2, to be able to make the right comparisons in
the MCA. This was done by the project team by ranking the tools from having
the lowest calculated costs/least calculated emissions (ranked with O, since
negative is not possible) to having the highest calculated costs/most calculated
emissions (ranked with 2).

Following the collection of the assessments for the different criteria from the
surveys and the available cost data from tasks 1-3, the results are presented in
Table 15.
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Table 15 - Final criteria selected for multi-criteria analysis

Criteria Category Criteria Definition Explanation Likert scale (-2 to 2) Data Availability

A positive indicator on this criterion means that the
tool matches with the current regulatory
landscape.

Match with current regulatory How well is the tool covered by existing
landscape regulations

Qualitative: Expert
Judgement

A positive indicator on this criterion means that the

Number of employees in the The number of employees engaged tools will increase the number of employees in the

Qualitative: Expert

. sector within the aquaculture sector EU Aquaculture sector. Judgement
ocia
Imolications for safety — worker A positive indicator on this criterion means that the Qualitative: Expert
Potential safety implications P ) y-Ww ’ tool will have positive impact on the safety - EXP
consumer, working conditions etc. D Judgement
implications for workers.
. ... A positive indicator on this criterion means that the e
Impact on skills required HQW welliis the tool coverediby existing tool is currently covered by existing skills in the Oz [
skills across the sector L2 ) Judgement
sector e.g. not much training is required.
A negative indicator on this criterion means that the Quantitative: Task 3 ->
CAPEX Capital costs to implement scenarios  tool will have a higher CAPEX compared to not normalised into
implementing this tool (positive score not possible). qualitative
A negative indicator on this criterion means that the o
. . : . . Quantitative: Task 3 ->
Operational costs to implement tool will have higher operational costs compared to . .
OPEX . . . . s normalised into
scenarios not implementing this tool (positive score not s
. qualitative
. possible).
Economic S o
A positive indicator on this criterion means that
. . How are operational costs for there is a reduction in operational costs (cost Qualitative: Expert
Operational cost reductions : X
aquaculture producers reduced savings) perceived for the aquaculture producers Judgement
(negative not possible).
. . . A positive indicator on this criterion means that the e
Industry Readiness AT EETE? (S el 9 M2 CE tool is ready to be implemented by the aquaculture QB (2
the tool : Judgement
industry.
GHG emissions from Greenhouse gas emissions (per tonne A positive indicator on this criterion means that the Quantitative: Task 1-2 -
; ga P tool has a reduction in the GHG emissions emitted > normalised into
production and/or total for industry) . . o
during production. qualitative
Environmental Impacts like the introduction of invasive e L
| . . : ; . A positive indicator on this criterion means that the e
mpact on wild populations species, depletion of wild stocks due to . e . : Qualitative: Expert
A . . tool will have a positive impact on wild populations
and ecosystems overfishing for fish oil and fish meal, Judgement

. and ecosystems.
water pollution
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Criteria Category Criteria Definition Explanation Likert scale (-2 to 2) Data Availability
Water usage Amount of fresh water required for the A positive indicator on this criterion means that the Qualitative: Expert
9 same volume of production tools will decrease the amount of water usage. Judgement
Amount of space required for the new
Land usage aquaculture production systems, also A positive indicator on this criterion means that the Qualitative: Expert
9 related to the destruction of habitats tools will decrease the amount of land usage. Judgement

(e.g. wetland conversion for ponds)
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In total, 16 experts were present in the focus groups or so-called MCA
validation workshops (see also Table 16). These experts were asked to divide
100 points between the different criteria. This was done based on four
questions to simplify the process. Experts were first asked to divide 100 points
between the four social criteria, then 100 points for the four economic criteria
and 100 points for the four environmental criteria. Finally, they could divide 100
points between the three aspects: social, economic and environmental. It was
allowed to divide the points equally, or to put more emphasis on one or multiple
criteria or aspects by giving it more points. By multiplying the scores, for
example CAPEX with the score for economic criteria, and diving by 100, the
final percentages were generated per expert (e.g. 20*50/100 = 10%). Individual
expert scores were then averaged. Results of this for each production system
can be found below. The first row shows the number of responses per
production system.

Table 16 - Stakeholder weighting for the social, economic and environmental

criteria.
Cage Pond Raceway RAS Suspended
Number of stakeholder responses 4 6 1 3 2
Impact on skills required 5% 7%
Social Match with current regulatory landscape - 7%
Number of employees in the sector 3% 3% 2% 5%
Potential safety implications 3% 4%
CAPEX 7%
Economic OPEX 40

Operational cost reductions

Industry readiness

GHG emissions from production

Impact on wild populations and ecosystems
Land usage 2% 4%

Water usage

Environmental

In general, the economic criteria were given most importance by the
stakeholders (ranging between 37% (for cage) and 47% (for pond). This is the
sum of all economic criteria above) and the social criteria the least importance
(ranging between 20-25%). Only for cage systems, all environmental criteria
were together perceived slightly more important (42.5%) than the economic
criteria (37.5%). For raceway and non-fed systems, the impact on wild
populations and ecosystems was considered the most important criterion. We
did not classify the background of the expert based on the criteria (i.e. Social/
Economic/ Environmental experts) but rather based on their expertise on
production systems. Overall, despite the diverse backgrounds of the experts, it
is clear that economic considerations remain substantial in their views,
suggesting the continued importance of economic criteria in efforts to reduce
GHG emissions in aquaculture.
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Once the scores and assessment of each criterion against the technological tool
was completed by industry experts, the data was used to create five different
MCA'’s, one for each production system. Both equal weighting and stakeholder
weighting is applied to come to the final MCA scores for each scenario.

5.3.1.1 Cage aquaculture

When analysing the MCA results for cages (Table 17) for the social criteria, it
can be observed that all tools are expected to increase the number of
employees in the sector, but none of them match closely with the current
regulatory landscape. This finding aligns with studies showing that European
aquaculture could contribute more substantially to employment and coastal
development (Falconer et al., 2023). On the one hand, IMTA scores highest for
the criterion “number of employees in the sector”. On the other hand, IMTA is
perceived as the tool that matches the least with the current regulatory
landscape. IMTA systems associated with cages have been shown to diversify
livelihoods and create additional on-site employment opportunities (Ridler et al.,
2007; Hossain, Senff, & Glaser, 2022).

In terms of economic criteria, the stakeholder inputs show that IMTA is the
costliest tool (both in CAPEX and OPEX). Renewable energy also involves
substantial capital investment, emerging feed materials and Improvement of
Energy Use Efficiency are associated with relatively high operational costs. In
contrast, purchasing carbon credits and funding ecosystem conservation and
restoration support are viewed as the only tools with comparatively low costs,
although these options also score lower across other criteria. Additionally,
stakeholders indicated that other tools such as Al-based Tools and
improvements in energy use efficiency would deliver the greatest cost savings,
largely due to increased efficiency. This aligns with previous studies showing
that the application of Al and digital decision-support tools in cage aquaculture
can optimise feeding, reduce feed waste, and enhance energy management,
resulting in operational cost savings and improved environmental performance
(Chang et al., 2021; Lu et al., 2022; Huang et al., 2025). Similarly, improving
energy-use efficiency, particularly through integrating renewable sources such
as hydro, solar, and wind power, can reduce energy intensity and lower
production costs over time, while also reducing environmental impacts (Bujas et
al., 2022).

According to the stakeholder sessions, industry readiness for Breeding
Programs is high, whereas readiness for Ecosystem conservation and
restoration support and IMTA is lower. This result aligns with the established
role of breeding programs as a cornerstone of productivity and resilience in
cage-based finfish aquaculture. Selective breeding has historically delivered
substantial improvements in growth rate, feed efficiency, and disease resistance
in species such as salmonids, demonstrating a high level of technical maturity
and strong readiness for further expansion (Gjedrem & Robinson, 2014).
Recent developments, such as the routine use of genomic selection within
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commercial salmon breeding programs, further highlight that breeding
technologies are not emerging concepts but are already embedded in
mainstream industry practice (D’Agaro et al., 2021).

Considering the environmental criteria, the stakeholder groups are of the
opinion that the tool renewable energy results in most GHG emission
reductions. This is in line with literature. Life-cycle assessments of open-water
salmonid production systems show that energy and fuel use are major
contributors to total greenhouse-gas emissions (Ayer & Tyedmers, 2009;
Pelletier et al., 2009). Fuel consumption alone accounts for about one-quarter of
total emissions, indicating that reducing fossil-fuel dependence and improving
energy efficiency would substantially lower the carbon footprint of cage
aquaculture (Pelletier et al., 2009). Similarly, evidence from offshore seabass
cage production indicates that vessel fuel use represents a comparable share of
emissions, underscoring the potential for emission reductions through improved
fuel efficiency and the adoption of low-carbon energy sources (Garcia et al.,
2019). Renewable energy could have a negative impact on land usage from all
tools for cages. This is because of the space that, for example, wind farms or
solar panels require on land. Al-based Tools and emerging feed materials are
perceived by stakeholders to be able to reduce the impact on wild populations
and ecosystems the most.
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Table 17 - MCA results for cage systems

— Equal weight Stakeholder
Category Criterion (total=100%) | Weighting

Social Match with current 8.3 53
regulatory landscape

Social Number of employees 8.3 91
in the sector

Social Potential safety 8.3 2.5
implications

Social Covered by skills in 83 31
sector

Economic CAPEX 8.3 7.1

Economic OPEX 8.3 7.4

Economic Operat.lonal cost 8.3 13.1
reductions

Economic Industry Readiness 8.3 9.9

Environmental GHG ermssmnsfrom 8.3 11.5
production
Impact on wild

Environmental | populations and 8.3 7.4
ecosystems

Environmental | Water usage 8.3 11.9

Environmental | Land usage 8.3 11.7

Emerging feed
materials

-0.33
1.20
0.00
0.50
0.00
-1.75
0.00
0.67

1.00

0.80

-0.20

-0.20

Breeding
programs

0.33
1.20
0.20
0.67
-0.50
-1.00
0.33
1.33

0.20

0.40

0.00

0.00

Al-
based
tools
0.50
1.00
0.80
0.83
-1.00
-1.25
1.50

0.50

0.40

1.00

0.40

0.40

IMTA

-0.83

1.40

0.50

0.50

-2.00

-2.00

0.00

-0.33

0.30

0.60

0.20

0.20

Renewable
energy

0.33

0.40

0.40

0.83

-1.50

-0.75

1.17

0.83

1.50

0.20

0.40

-0.40

Improvement
of energy use
efficiency
0.50
0.40
0.40
1.00
0.00
-1.50
1.50

0.33

0.40

0.00

0.20

-0.20

Carbon
credits

-0.20

0.40

0.40

0.20

0.00

-0.50

0.00

0.60

0.40

0.40

-0.20

Marine
ecosystem
restoration

-0.20
0.80
0.40
-0.40
0.00
-0.25
0.00

-0.40

0.60

0.00

0.00

A positive number means the tool has a positive impact on the criterion (and vice versa). See Table 17 for a detailed explanation of the Likert scale used (-2 to 2).
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When combining the scores from each tool into the scenarios, applying equal
weight to each criterion (Table 18), Scenarios 2 and 5 are the most
advantageous (0.21). It should be noted that the only difference between
Scenario 2 and 5 is the adoption rate, so for the MCA these two scenarios will
always have the same outcome (since they consist of the same set of tools).
Scenario 4 and 5b score relatively high as well (0.19). The stakeholders gave
operational cost reductions on average the highest weight, followed by almost
all environmental criteria (Table 19). In the end, Table 19 shows the same
results as for the equal weighting: Scenarios 2 and 5 still score the best.

Table 18 — Equal weighted scores for each scenario for cage systems

Scenario  Scenario  Scenario  Scenario  Scenario  Scenario  Scenario
1 2 3 3b 4 5 5b
Weighted Social Score 0.00 0.18 0.16 0.14 0.18 0.18 0.15
Weighted Economic Score 0.00 -0.08 -0.10 -0.08 -0.09 -0.08 -0.06
Weighted Environmental Score 0.00 0.11 0.08 0.08 0.10 0.11 0.10
Weighted Total Score 0.00 0.21 0.13 0.14 0.19 0.21 0.19

Table 19 — Stakeholder weighted scores for each scenario for cage systems

Scenario  Scenario  Scenario  Scenario  Scenario  Scenario  Scenario
1 2 3 3b 4 5 5b
Weighted Social Score 0.00 0.12 0.12 0.10 0.13 0.12 0.10
Weighted Economic Score 0.00 -0.01 -0.05 -0.04 -0.02 -0.01 -0.01
Weighted Environmental Score 0.00 0.13 0.09 0.09 0.11 0.13 0.12
Weighted Total Score 0.00 0.24 0.16 0.16 0.22 0.24 0.22

Key takeaways from the MCA for cage aquaculture for the formulation of
reduction pathways are the following:

Improving energy use efficiency and use of Al-based tools are both seen
as attractive tools to reduce GHG emissions from the sector.

IMTA is conceptually interesting but at the moment not a production
practice that is commercially attractive. Various barriers impede the
large-scale adoption of IMTA.

The renewable energy will require a substantive investment, among
others in electric vessels.

The use of emerging feed materials is impeded by constraining
regulations and high operational costs.

When comparing the various scenarios, Scenarios 2, 4, 5 and 5b, in
which all tools to reduce GHG emissions are adopted, score best.

5.3.1.2 Low-trophic aquaculture

Low-trophic aquaculture was not presented as a tool as such. However, it might
be interesting to introduce it in certain systems or increase its share of
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production. Stakeholders were therefore asked to score low-trophic aquaculture
against the criteria for raceway, RAS and non-fed aquaculture. For non-fed
systems, low-trophic aquaculture is by its nature already included. It thus
follows logically from the MCA that low-trophic aquaculture scores highest for
many criteria (Table 20). Low-trophic aquaculture is therefore left out of the
interpretation of results below.

Stakeholder inputs from the survey indicated that IMTA does not align well with
the current regulatory landscape for non-fed aquaculture, and similar challenges
were noted for purchasing carbon credits and funding ecosystem conservation
and restoration support, which lack clear governance frameworks and
established implementation pathways. This matches evidence from the
literature highlighting regulatory fragmentation, licensing uncertainty, and limited
institutional support as major barriers to IMTA development (Hossain et al.,
2022; Buck et al., 2018). The stakeholders also noted that IMTA is not well
supported by existing skills in the sector, reflecting broader skill and
infrastructure gaps documented in the aquaculture governance literature (Jolly,
2023). In contrast, the Renewable energy was viewed as more achievable from
a skills perspective. Despite these constraints, IMTA was recognised as having
the potential to increase employment, as its multi-species production structure
generally requires more labour than conventional non-fed systems (Hossain et
al., 2022).

Insights from task 3 indicate that CAPEX and OPEX patterns remain consistent
with earlier findings for cage systems. In accordance with that, breeding
Programs are expected to deliver the greatest cost savings after Low Trophic
Aquaculture, reflecting well-documented gains in growth rate, feed efficiency
and survival that reduce production costs over time (Abaho et al., 2025;
Gjedrem et al., 2012). The other tools are not expected to lower operational
costs. In terms of implementation capacity, industry readiness is highest for the
Renewable energy. By contrast, readiness for IMTA, carbon credits, and
ecosystem conservation and restoration support remains low due to regulatory
uncertainty and technical skill gaps commonly noted in the literature (Hossain et
al., 2022; Buck et al., 2018).

The stakeholders identified that implementation of renewable energy is
expected to deliver the greatest reduction in GHG emissions, consistent with
evidence showing that decarbonising energy use is one of the most effective
pathways to reduce emissions in open-water aquaculture systems. Breeding
Programs were viewed as having a slightly negative impact on wild populations
and ecosystems, reflecting concerns about genetic interactions and ecological
effects if selectively bred stocks escape into surrounding environments, risks
documented for domesticated fish in marine cage systems (Glover et al., 2017;
Bolstad et al., 2021). By contrast, IMTA was considered a tool that could reduce
land requirements, as its multi-trophic design makes more efficient use of
marine space without the need for additional terrestrial infrastructure (Buck et
al., 2018).
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Table 20 — MCA results for non-fed systems

- Equal weight Stakeholder
Category Criterion (total = 100%) Weighting
Social Match with current regulatory 8.3 48
landscape
Social Number of employees in the 8.3 85
sector
Social Potential safety implications 8.3 8.8
Social Covered by skills in sector 8.3 3.0
Economic CAPEX 8.3 3.0
Economic OPEX 8.3 8.0
Economic Operational cost reductions 8.3 17.0
Economic Industry Readiness 8.3 12.0
Environmental GHG emissions from production 8.3 7.0
Environmental Impact on wild populations and 8.3 19.0
ecosystems
Environmental Water usage 8.3 5.5
Environmental Land usage 8.3 3.5

Breeding
programs

0.67
1.00
0.33
0.00
0.00

-1.00

0.50
0.20
-0.33
0.33

0.67

IMTA

Renewable energy

Low trophic
aquaculture

1.00

1.00

-0.33

Carbon
credits

-0.67

0.33

0.00

0.50

0.00

-0.50

0.00

-0.50

0.00

0.00

0.33

Marine
ecosystem
restoration

-1.33
0.00
0.00
-1.00
0.00
-0.25
0.00

-1.00

0.00

0.00

0.67

A positive number means the tool has a positive impact on the criterion (and vice versa). See Table 17 for a detailed explanation of the Likert scale used (-2 to 2).
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When combining the scores from each tool into the scenarios, Scenarios 2 and
5 score most positive (both for equal and stakeholder weighting). This is mainly
due to the GHG emissions from production that would be reduced because of
the Renewable energy. When applying equal weighting, Scenarios 3, 3b and 4
are not positive because the negative scores of the economic criteria do not
outweigh the positive environmental scores.

Table 21 — Equal weighted scores for each scenario for non-fed systems

Scenario  Scenario  Scenario  Scenario  Scenario  Scenario  Scenario
1 2 3 3b 4 5 5b
Weighted Social Score 0.00 0.06 0.01 0.01 0.01 0.06 0.00
Weighted Economic Score 0.00 -0.12 -0.17 -0.14 -0.17 -0.12 -0.11
Weighted Environmental Score 0.00 0.16 0.13 0.10 0.13 0.16 0.13
Weighted Total Score 0.00 0.09 -0.03 -0.03 -0.03 0.09 0.02

Table 22 — Stakeholder weighted scores for each scenario for non-fed systems

Scenario  Scenario  Scenario  Scenario  Scenario  Scenario  Scenario
1 2 3 3b 4 5 5b
Weighted Social Score 0.00 0.06 0.06 0.04 0.06 0.06 0.02
Weighted Economic Score 0.00 -0.01 -0.07 -0.08 -0.07 -0.01 -0.06
Weighted Environmental Score 0.00 0.08 0.04 0.04 0.04 0.08 0.07
Weighted Total Score 0.00 0.13 0.04 0.01 0.04 0.13 0.04

Key takeaways from the MCA for non-fed aquaculture for the formulation
of reduction pathways are the following:

¢ Increasing the share of low-trophic aquaculture in the EU is evaluated
positively because of relatively low GHG emissions.

e Improving energy use efficiency and use of Al-based tools are both seen
as attractive tools to reduce GHG emissions from the sector.

e IMTA is conceptually interesting but at the moment not a production
practice that is commercially attractive. Various barriers impede the
large-scale adoption of IMTA.

e When comparing the various scenarios, Scenarios 2 and 5, in which all
relevant tools are adopted, score best.

5.3.1.3 Pond aquaculture

During the discussion, stakeholders suggested that the pond industry is ready
for the emerging feed materials and breeding programs tools. This is in line with
the long-standing use of selective breeding and feed innovation in pond
aquaculture, particularly for species such as carp, tilapia, and catfish. Breeding
programs for these species have already delivered substantial genetic gains in
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growth, feed efficiency, and disease resistance, indicating a high level of
technical readiness (Gjedrem, Robinson, & Rye, 2012; Nguyen, 2016). The
integration of emerging feed materials, including plant proteins, insect meals,
and microalgae, has also become common practice, helping to reduce reliance
on fishmeal in many pond systems (Rana et al., 2009).

The stakeholders’ discussion also highlighted that GHG emissions from
production will reduce significantly with the renewable energy, but it does
require a lot more land. Accordingly, recent studies show that greenhouse-gas
(GHG) emissions from pond aquaculture are strongly influenced by
management practices, including feed input, aeration, and stocking density.
Improved system designs, such as in-pond raceways, can reduce carbon
emissions while maintaining high productivity, demonstrating considerable
potential for emission reductions through energy-transition measures (Li et al.,
2025). However, expanding pond-based production or installing on-site
renewable-energy systems would require additional land, potentially increasing
competition with agricultural and wetland areas (Boyd et al., 2010; Bosma &
Verdegem, 2011).

Another insight from the session is that the tool of carbon credits is currently not
supported by existing skills in the sector. This is consistent with recent studies
showing that producers in pond aquaculture typically lack the technical capacity
required to participate in carbon-accounting or low-carbon certification systems
(Zhang et al., 2024). Similarly, Al tools and Renewable energy are also facing a
challenge regarding the lack of current skills in the sector. Adoption of digital
tools and Al is constrained, as many producers lack the practical knowledge
required to operate appropriate hardware and software, and confidence in the
reliability of Al systems remains low (Fernandes & D’Mello, 2024; McDonald et
al., 2024). Comparably, capacity gaps are evident for renewable energy, where
high upfront costs and limited technical expertise remain key obstacles to
integrating solar and other renewable-energy systems into pond operations (Vo
et al., 2021; Isaac, 2025).
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Table 23 - MCA results for pond systems

— Equal weight Stakeholder
Category Criterion (total = 100%) Weighting
Social Match with current 8.3 73
regulatory landscape
Social Number of employees in the 8.3 75
sector
Social Potential safety implications 8.3 3.0
Social Covered by skills in sector 8.3 3.9
Economic CAPEX 8.3 13.4
Economic OPEX 8.3 10.1
Economic Operational cost reductions 8.3 10.7
Economic Industry Readiness 8.3 12.5
Environmental Sl ermssmns from 8.3 6.0
production
Environmental Impact on wild populations 83 8.9
and ecosystems
Environmental Water usage 8.3 4.5
Environmental Land usage 8.3 12.3

Emerging feed
materials

0.00

0.00
0.25
0.50
0.00
-1.75
0.00
1.25

1.00

0.25

0.00

-0.25

Breeding
programs

-0.25

0.50
0.50
0.50
-0.67
-1.00
0.00
1.25
0.20
-0.75

-0.25

-0.75

Al-based
tools

-0.25

0.00
0.75
-0.75
-1.33
-1.25
0.40
0.75

0.40

0.75

0.50

0.25

IMTA

0.75

1.00
-0.50
0.50
-2.00
-2.00
0.50
1.00

0.30

1.00

1.00
0.00

Renewable energy

-0.50

1.00
-0.25
-0.75
0.00
-0.75
0.00
-0.33
1.50
-0.25

0.00

-1.25

Carbon
credits

-0.50

0.75
0.25
-1.00
0.00
-0.50
0.00
-0.75

0.50

0.25
0.00

Marine
ecosystem
restoration

-0.25

1.25
0.75
-0.50
0.00
-0.25
0.00
-0.50

1.25

1.00
0.00

A positive number means the tool has a positive impact on the criterion (and vice versa). See Table 17 for a detailed explanation of the Likert scale

used (-2 to 2).
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When combining the scores from each tool into the scenarios, Scenario 3
scores the best for pond systems when using equal weighting (Table 24). This
is mainly due to the positive score of the social criteria. When using the
stakeholder weighting, the positive scores of the social and environmental
criteria do not outweigh the negative economic scores (Table 25). This is
because the pond experts gave the economic criteria the most importance
(Table 25). This would mean that, according to stakeholders, none of the
scenarios will result in a more overall positive impact than the Business-as-
Usual scenario (Scenario 1). If only social criteria would be considered,
Scenario 3 scores best. If only environmental criteria would be considered,
Scenario 5b scores best.

Table 24 — Equal weighted scores for each scenario for pond systems

Scenario  Scenario  Scenario  Scenario  Scenario  Scenario  Scenario
1 2 3 3b 4 5 5b
Weighted Social Score 0.00 0.05 0.10 0.07 0.07 0.05 0.04
Weighted Economic Score 0.00 -0.10 -0.10 -0.10 -0.10 -0.10 -0.09
Weighted Environmental Score 0.00 0.06 0.05 0.06 0.08 0.06 0.10
Weighted Total Score 0.00 0.01 0.06 0.03 0.05 0.01 0.05

Table 25 — Stakeholder weighted scores for each scenario for pond systems

Scenario  Scenario  Scenario  Scenario  Scenario  Scenario  Scenario

1 2 3 3b 4 5 5b
Weighted Social Score 0.00 0.04 0.07 0.05 0.05 0.04 0.04
Weighted Economic Score 0.00 -0.13 -0.12 -0.12 -0.13 -0.13 -0.12
Weighted Environmental Score 0.00 0.02 0.02 0.03 0.05 0.02 0.06
Weighted Total Score 0.00 -0.07 -0.03 -0.04 -0.03 -0.07 -0.03

Key takeaways from the MCA for pond aquaculture for the formulation of
reduction pathways are the following:

e |[MTA is an interesting production practice that is expected to reduce the
GHG emissions from pond aquaculture.

e The use of Al-based tools is seen as attractive tools to reduce GHG
emissions from the sector.

e The renewable energy will require a substantive investment and is not
evaluated positively.

e The use emerging feed materials is evaluated mildly positively but is
expected to increase operational costs.
e There are little differences in the scoring of the scenarios.

5.3.1.4  Raceway aquaculture

The tool of “renewable energy” has the strongest positive effect on GHG
emissions reduction. More efficient system designs, such as in-pond raceways,
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have been shown to lower direct GHG emissions compared with traditional
pond systems (Li et al., 2025). Globally, species produced in energy-intensive
systems, particularly shrimp and prawns, exhibit high emission intensities due to
substantial aeration and pumping requirements, whereas low-input species
such as bivalves show much lower emissions (MacLeod et al., 2020). Research
on U.S. catfish production further demonstrates the mitigation potential of
cleaner energy sources, farmed catfish operations currently source only limited
amount of their direct energy use from renewables, indicating considerable
scope for decarbonisation as energy systems evolve (Scroggins et al., 2022).

Stakeholders indicate that Al tools are currently not supported by current skill
base in the sector and it will decrease the number of employees in the sector.
The industry of raceway production systems is not ready for Al tools. The
limited readiness of raceway systems for Al tools reflects broader skill and
infrastructure gaps in aquaculture.

Intelligent farm systems require stable data transmission, reliable networking,
and specialised hardware-software integration, yet these capacities remain
underdeveloped in many production settings (Wang et al., 2021). Other findings
show that uptake of advanced technologies is hampered by a lack of trained
personnel, insufficient technical knowledge, and limited access to extension
support, factors that challenge the adoption of technology-intensive systems
such as raceways (Ayisi et al., 2016; Kyule et al., 2025). Some studies also
confirm that high investment costs, data-security concerns, and unfamiliarity
with Al remain key barriers to adoption, alongside low confidence in the
reliability of Al systems (Georgopoulos et al., 2023; Fernandes & D’Mello,
2025).

Breeding programs are perceived by stakeholders to significantly reduce the
water and land usage. This is in accordance with the earlier research which
stated that selective bred stocks typically achieve higher growth rates, on
average 12.5% per generation, and show improved feed conversion and
survival (Gjedrem et al., 2012). These gains enable farms to produce more
biomass within the same production area and with lower water input per unit of
output. Other studies also show that faster growth and better feed efficiency
directly translate into more efficient utilisation of production area and water
resources (Olesen et al., 2003; Gjedrem & Baranski, 2009).

Furthermore, emerging feed materials are perceived to have a positive impact
on wild populations and ecosystems but increase the operational costs.
Reducing reliance on fishmeal and fish oil through alternative materials can
lessen pressure on wild stocks and mitigate pollution associated with intensive
production (Huntington and Hasan, 2009). However, these benefits come with
higher operational costs. Emerging feed materials, including functional additives
and plant-based components, often raise feed costs, with increases depending
on material type and inclusion level (Hossain et al., 2024). High production and
processing costs also limit the affordability of algal meals and microbial
biomasses compared with conventional feed commodities (Cottrell et al., 2020).
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Table 26 — MCA results for raceway systems

s Equal weight | Stakeholder
Category Criterion (total =100%) | Weighting
Social Match with current 83 12.0
regulatory landscape
Social Number of employees in 8.3 4.0
the sector
Social Pote.nna.lsafety 8.3 2.0
implications
Social Covered by skills in sector 8.3 2.0
Economic CAPEX 8.3 12.0
Economic OPEX 8.3 6.0
Economic Opera'flonal cost 8.3 12.0
reductions
Economic Industry Readiness 8.3 10.0
Environmental CHE em|35|0ns from 8.3 8.0
production
Impact on wild
Environmental [populations and 8.3 18.0
lecosystems
Environmental |Water usage 8.3 2.0
Environmental [Land usage 8.3 12.0

Emerging
feed
materials
0.50
0.00
0.25
0.75
0.00
-1.75
-1.00
0.00

1.00

1.33

0.75

0.75

Breeding
programs

0.25

1.00

0.50

0.50

-0.67

-1.00

0.25

0.25

0.20

0.67

1.25

1.25

Al-based
tools

-0.25

-1.50

1.00

-1.50

-1.33

-1.25

0.50

-1.25

0.40

1.00

0.50

0.75

IMTA

-0.25

0.75

-0.25

0.00

-2.00

-2.00

-0.25

-0.75

0.30

1.00

1.25

0.50

Renewable
energy

0.00

0.00

0.25

0.25

0.00

-0.75

0.50

0.00

1.50

0.00

0.00

0.25

Improvement
of energy use
efficiency
0.25
0.00
0.50
-0.50
0.00
-1.50
0.50

-0.50

0.40

0.00

0.00

0.00

Low trophic
aquaculture

0.25
0.75
0.00

0.25

-0.25

-0.25

0.00

0.50

0.25

Carbon
credits

-1.50

-0.33

-0.25

-0.75

0.00

-0.50

0.00

-1.25

0.00

0.25

-0.25

Marine
ecosystem
restoration

-1.00
0.33
0.00
-0.25
0.00
-0.25

0.00

-0.25

0.50

0.50

0.25

A positive number means the tool has a positive impact on the criterion (and vice versa). See Table 17 for a detailed explanation of the Likert scale used (-2 to 2).
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When combining the scores from each tool into the scenarios, Scenario 3

scores the best for raceway systems when using equal weighting (Table 27).
This is mainly due to the relatively high scores for environmental criteria, which
score considerably higher than the social and economic scores for all scenarios.
When the stakeholder weights are used to assess the scenarios (Table 28), the
result is similar. Scenario 3 is still perceived as the most positive, followed by

Scenario 2 and 5. Scenario 3b and 5b do not add much compared to the

business-as-usual.

Table 27 — Equal weighted scores for each scenario for raceway systems

Weighted Social Score

Weighted Economic Score

Weighted Environmental Score

Weighted Total Score

Scenario
1
0.00
0.00
0.00
0.00

Scenario
2
0.03
-0.18
0.21
0.07

Scenario

3

0.09

-0.19

0.22
0.12

Scenario
3b
0.02
-0.18
0.19
0.03

Scenario
4
0.03
-0.21
0.22
0.05

Scenario
5
0.03
-0.18
0.21
0.07

Scenario
5b
-0.01
-0.16
0.18
0.01

Table 28 — Stakeholder weighted scores for each scenario for raceway systems

Weighted Social Score

Weighted Economic Score

Weighted Environmental Score

Weighted Total Score

Scenario
1
0.00
0.00
0.00
0.00

Scenario
2
0.02
-0.17
0.25
0.11

Scenario

3

0.05

-0.18

0.26
0.14

Scenario
3b
0.00
-0.17
0.21
0.04

Scenario
4
0.02
-0.20
0.27
0.09

Scenario
5
0.02
-0.17
0.25
0.11

Scenario
5b
-0.03
-0.15
0.22
0.04

Key takeaways from the MCA for raceway aquaculture for the formulation
of reduction pathways are the following:

e The use emerging feed materials is evaluated positively yet is expected
to increase operational costs.

e IMTA is an interesting production practice than is expected to improve
the environmental performance of raceway aquaculture, including a
reduction of GHG emissions. It is expected to come with higher CAPEX

and OPEX.

e The use of Al-based tools is evaluated quite negatively for raceway

aquaculture.

e The renewable energy is evaluated positively although an increase in
operational expenditures is foreseen.

e There are little differences in the scoring of the scenarios, slightly

favouring the scenarios in which all tools are used.
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5.3.1.5 RAS aquaculture

Across the tools assessed, the stakeholders find that renewable energy is the
tool that aligns most clearly with the current regulatory landscape for RAS
aquaculture. Accordingly, prior research highlighted that aquaculture
decarbonisation requires lowering energy-intensive inputs, improving feed and
energy efficiency, and reducing fuel use across production systems (He et al.,
2018). This focus is reinforced by life-cycle assessment studies showing that
electricity consumption is a dominant environmental hotspot in RAS, positioning
energy efficiency and low-carbon technologies as the most direct pathways for
meeting environmental and climate expectations (Bohnes et al., 2019; Bergman
et al., 2020).

Findings indicate that Al based tools are expected to have a positive impact on
worker safety in RAS facilities, as manual tasks such as water-quality
monitoring, sampling and inspection continue to expose operators to chemical,
biological and ergonomic risks. Emerging Al systems, including sensor
networks, computer vision and predictive analytics, enable continuous system
monitoring, early anomaly detection and reduce the frequency of direct manual
interventions, hence, could improve overall safety in aquaculture operations
(Capetillo-Contreras et al., 2024; Ragab et al., 2024; Ma et al., 2025).

In terms of skills of the workforce, the emerging feed materials appear to be the
tool that is best supported within the RAS system, according to the
stakeholders. As observed in other literature, the feed formulation, nutritional
monitoring and ingredient evaluation are well-established practices in
aquaculture, and industry reviews of insect meals, algal proteins and single-cell
protein emphasis that these innovations can be incorporated into existing
feeding strategies rather than requiring entirely new production paradigms
(Glencross, 2020; Rumbos et al., 2021).

According to the economic criteria, we found that capital expenditure
requirements were identified only for Breeding Programs, Al-based Tools and
IMTA, with IMTA showing the highest associated costs. Stakeholders identified
Improved Energy Use Efficiency as the measure with the greatest potential to
reduce operational costs, reflecting the high energy intensity of RAS and the
demonstrated impact of efficiency measures on lowering operating expenditures
(Badiola et al., 2018). Breeding Programs were ranked second, consistent with
evidence that genetic improvement enhances growth performance and feed
conversion efficiency, thereby reducing feed-related costs, which represent the
largest share of operational expenses in aquaculture (Gjedrem & Rye, 2018;
Houston et al., 2020).

From the stakeholder session, we learn that RAS industry is not ready for
Ecosystem conservation and restoration support, as current evaluations show
major economic and technical limitations. Likewise, Vielma et al. (2022) report
that many RAS farms remain unprofitable, suggesting the sector lacks the
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capacity required for more complex restoration efforts. Industry readiness is
similarly low for IMTA and purchasing voluntary carbon credits, while readiness
is higher for emerging feed materials and breeding programs.

Similar to the previous findings, the renewable energy is expected to deliver the
largest overall reduction in greenhouse-gas emissions in RAS systems.
Artificial-intelligence applications are also increasingly demonstrated to support
biodiversity conservation by improving species detection, habitat monitoring,
and ecological forecasting at large spatial scales (Alotabi and Nassif, 2024;
Ullah et al., 2025). None of the tools for RAS are perceived to have a negative
impact on water and land usage, as supported by some studies that RAS
notably exhibits lower water and land-use intensity (Tian and Dong, 2023;
Brown et al., 2024).
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Table 29 - MCA results for RAS systems

- Equal weight Stakeholder
Category Criterion (total=100%) | Weighting
Social Match with current regulatory 8.3 78
landscape
Social Number of employees in the 8.3 6.8
sector
Social Potential safety implications 8.3 5.0
Social ICovered by skills in sector 8.3 3.7
Economic CAPEX 8.3 16.5
Economic OPEX 8.3 12.3
Economic Operational cost reductions 8.3 10.7
Economic Industry Readiness 8.3 5.5
Environmental GHG emissions from production 8.3 9.8
Environmental Impact on wild populations and 8.3 7.9
lecosystems
Environmental \Water usage 8.3 3.8
Environmental Land usage 8.3 10.2

Emerging feed Breeding Al-based

materials

-0.14

0.29

0.14

1.14

0.00

-1.75

1.00

1.29

1.00

1.00

0.43

0.67

Programs

0.29
0.33
0.57
0.71
-0.67
-1.00
1.57
1.14
0.20
0.43
0.86

1.00

tools

0.29

0.00

1.29

0.00

-1.33

-1.25

1.14

0.14

0.40

1.17

0.43

0.50

IMTA

0.17

0.80

0.50

0.00

-2.00

-2.00

0.00

-0.33

0.30

0.50

0.83

0.00

Improvement

Renewable energy of energy use

0.86

0.33

0.29

0.43

0.00

-0.75

1.14

1.00

1.50

0.57

0.71

0.50

efficiency
0.57
0.00
0.57
0.00
0.00
-1.50
2.00
0.29
0.40
0.57
0.86

0.83

Low trophic
aquaculture

0.67
0.60
0.67

0.83

0.83

0.50

0.83
0.80

0.33

Carbon
credits

-0.43

0.17

-0.43

-0.14

0.00

-0.50

0.14

-0.14

-0.43

0.14

0.00

Marine
ecosystem
restoration

-0.29
0.83
0.29
-0.57
0.00
-0.25
0.43

-1.00

1.00
0.29

1.17

A positive number means the tool has a positive impact on the criterion (and vice versa). See Table 15 for a detailed explanation of the Likert scale used (-2 to 2).
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When combining the scores from each tool into the scenarios, Scenarios 2 and
5 score the best for both equal and stakeholder weighting. With equal
weighting, Scenario 3 scores second best, while Scenario 5b scores second
best with the stakeholder weighting. The environmental scores are relatively
equal (and high) for both weighting exercises, while the stakeholders put a

higher importance on the economic criteria compared to the equal weighting.

Table 30 - Equal weighted scores for each scenario for RAS systems.

Weighted Social Score

Weighted Economic Score

Weighted Environmental Score

Weighted Total Score

Scenario
1
0.00
0.00
0.00
0.00

Scenario
2
0.13
-0.03
0.22
0.32

Scenario

3

0.12
-0.04
0.21
0.29

Scenario
3b
0.09
-0.04
0.17
0.21

Scenario
4
0.13
-0.05
0.21
0.28

Scenario
5
0.13
-0.03
0.22
0.32

Scenario
5b
0.09
-0.03
0.20
0.26

Table 31 - Stakeholder weighted scores for each scenario for RAS systems.

Weighted Social Score

Weighted Economic Score

Weighted Environmental Score

Weighted Total Score

Scenario
1
0.00
0.00
0.00
0.00

Scenario
2
0.09
-0.13
0.20
0.17

Scenario

3

0.08
-0.15
0.19
0.12

Scenario
3b
0.05
-0.13
0.15
0.08

Scenario
4
0.08
-0.17
0.19
0.10

Scenario
5
0.09
-0.13
0.20
0.17

Scenario
5b
0.06
-0.11
0.19
0.15

Key takeaways from the MCA for RAS aquaculture for the formulation of
reduction pathways are the following:

e The use of emerging feed materials is evaluated positively yet is

expected to increase operational costs.

e |[MTA is an interesting production practice than is expected to improve
the environmental performance of aquaculture, including a reduction of
GHG emissions. It is expected to come with higher CAPEX and OPEX.

e The use of Al-based tools is seen as attractive tools to reduce GHG
emissions from the sector.

e Improving energy use efficiency is evaluated as a tool that can increase
operational expenditures.

e The renewable energy is evaluated positively although an increase in
operational expenditures is foreseen.

e There are little differences in the scoring of the scenarios, slightly

favouring the scenarios in which all tools are used.

71




EU Aquaculture: GHG Reduction Costs and Pathways to Net Zero by 2050 — Final Report

5.3.2 Limitations

5.3.2.1 PESTEL Analysis for EU Aquaculture

Prior to the SWOT analyses, a brief PESTEL analysis for the European
aquaculture sector was conducted. This analysis aimed to shed light on the key
factors that may influence the feasibility and the pace at which the transition
toward carbon neutrality is to take place.

P - Political Factors

The EU aquaculture sector operates under a strategic framework driven by
European policies aiming for sustainability, competitiveness, and resilience
(European Commission 2021; European Court of Auditors 2023).

Strategic Policy Alignment: The sustainable development of aquaculture
is a main objective of the Common Fisheries Policy (CFP)(European
Court of Auditors 2023), and it is promoted by the European Green Deal
as a source of protein with a lower carbon footprint (European
Commission 2021). Aquaculture is also an important component of the
EU sustainable blue economy and the European Ocean Pact (European
Commission 2025).

The Farm to Fork Strategy sets specific objectives for aquaculture,
including the significant increase of organic aquaculture by 2030 and the
reduction of antimicrobial use for farmed animals and in aquaculture by
50% by 2030 (European Commission 2020b).

Strategic Guidelines: The European Commission provides strategic
guidelines for a more sustainable and competitive EU aquaculture for the
period 2021 to 2030. Member States (MS) are required by the CFP
Regulation to draw up Multi-annual National Strategic Plans (MNSPs) for
aquaculture, which should be aligned with the Commission’s guidelines
(European Commission 2021).

EU Funding: EU funds are allocated through mechanisms like the
European Maritime and Fisheries Fund (EMFF, 2014-2020) and its
successor, the European Maritime, Fisheries and Aquaculture Fund
(EMFAF, 2021-2027) (€1.0 billion allocated). The overall aim of CFP
support is to ensure long-term environmental sustainability and achieve
economic and social benefits (European Court of Auditors 2023)
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Policy Support Mechanisms: The Commission launched the EU
Aquaculture Assistance Mechanism (%) to support MS and stakeholders
in implementing the strategic guidelines, offering logistical,
administrative, and technical assistance.

E - Economic Factors

The EU aquaculture sector is characterized by stagnation in production volume
alongside increases in value, operating within a highly import-dependent market
(European Court of Auditors 2023) (Scientific Technical and Economic
Committee for Fisheries 2025).

Market Position: The EU aquaculture sector is small, accounting for less
than 1% of global aquaculture production (1.1 million tonnes in 2020).
Imports represent more than 60% of the EU’s seafood supply. (European
Court of Auditors 2023; Scientific Technical and Economic Committee for
Fisheries 2025))

Production Trends: Between 2014 and 2020, EU aquaculture
production volume remained relatively stable. However, the value of
production increased by 25% during the same period. In 2022, the total
nominal turnover was €4.8 billion (European Court of Auditors 2023;
Guillen et al 2025).

Competitiveness and Profitability: The sector has experienced
increased value and strong recovery in Gross Value Added (GVA) and
Earnings Before Interest and Taxes (EBIT) in 2021 and 2022, suggesting
resilience (Scientific Technical and Economic Committee for Fisheries
2025). However, key economic indicators like Return on Investment
(ROI), Future Expectations of the Industry (FEI), labour productivity, and
capital productivity show declines or challenges, indicating a need for
improvements in efficiency and investment strategy (Scientific Technical
and Economic Committee for Fisheries 2025).

Cost Pressures: Rising operational costs, particularly high energy prices
and increased raw material (feed) prices (which rose 32% between 2021
and 2023), negatively impact profitability (Scientific Technical and
Economic Committee for Fisheries 2025). Competition from international
markets where production costs may be lower (e.g., wages, regulatory
compliance) poses a threat to competitiveness (Scientific Technical and
Economic Committee for Fisheries 2025).

('®) https://aguaculture.ec.europa.eu/
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Financial Allocation: EMFF support allocated to aquaculture
(€1.2 billion for 2014-2020) had a relatively low absorption rate compared
to other priorities (European Court of Auditors 2023).

Structure: Production is highly concentrated in four countries (Spain,
France, Greece, and Italy), accounting for 64% of total EU aquaculture
volume in 2022 (European Court of Auditors 2023).

S - Social Factors

Social factors revolve around employment stability, community impact, cultural
heritage, and the crucial issue of public perception and acceptance.

Employment: The sector had approximately 41 000 full-time equivalent
(FTE) employees in 2022 (Scientific Technical and Economic Committee
for Fisheries 2025).

Rural Contribution: Aquaculture generates jobs and economic
opportunities, particularly supporting rural coastal communities and
remote island areas where alternative employment may be limited
(European Commission 2021; Publications Office of the European Union
2022).

Social Acceptance (or lack thereof): Social acceptance is a key priority
and a major challenge (European Commission 2021))(Scientific
Technical and Economic Committee for Fisheries 2025). A negative
perception of aquaculture activities by local stakeholders, often related to
environmental impact, can be an obstacle to establishing new facilities
(Billing et al 2021; European Commission 2021).

Consumer Trends: There is increasing consumer demand for
sustainable products, high quality standards, and local origin information
(European Commission 2021; Publications Office of the European
Commission 2021). Efforts are needed to improve communication and
transparency about EU aquaculture activities to dispel "myths" and
highlight benefits (European Commission 2021; Publications Office of the
European Union 2022).

Cultural Heritage: Traditional freshwater aquaculture, particularly pond
fish production (e.g., carp), maintains cultural heritage and culinary
traditions in Central and Eastern Europe, often linked to seasonal
consumption (Christmas/Easter)(Publications Office of the European
Commission 2021).

Animal Welfare: Animal welfare is an increasing public concern, though
it has not featured prominently in scientific literature. Improving welfare
regulations is considered a clear priority (European Commission 2021)(
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(Publications Office of the European Union 2022), see also EU
Reference Centre for Animal Welfare ().

T - Technological Factors

Innovation is driven by the need for sustainability, efficiency, and resilience,
focusing heavily on modern production systems and alternative feeds.

Advanced Production Systems: The development and adoption of
high-tech production systems are emphasized:

o Recirculating Aquaculture Systems (RAS): These systems
offer a fully controlled environment, low water use, full disease
control, and efficient land use, enabling production close to
markets. However, they require significant investment, high
energy use, and specialized staff (European Commission
2021)(Publications Office of the European Commission 2021).

o Integrated Multi-Trophic Aquaculture (IMTA): This involves
cultivating species from different trophic levels together to utilize
waste products (European Commission 2021)(Publications Office
of the European Commission 2021).

Feed Innovation: There is a critical need to ensure sustainable feed
systems by developing and using emerging feed materials, such as
algae or insects, to limit reliance on fish meal and fish oil sourced from
wild stocks (European Commission 2021; European Court of Auditors
2023). Emerging feed materials are also developed to reduce
dependency on wild-caught fish for fish oil and meal (Van Riel et al 2023)
and reduce the environmental impacts of aquaculture feed (Modahl and
Brekke 2022; Serra et al 2024).

Modernization: Investments in modernization or the development of
closed recirculation systems are popular funding measures (European
Court of Auditors 2023). Funds are directed towards the green transition
in aquaculture, supporting the modernization of fish farms into more
environmentally friendly and climate-adapted facilities (Scientific
Technical and Economic Committee for Fisheries 2025).

Knowledge Transfer: Promoting research, innovation, and the transfer
of knowledge and best practices is a strategic action supported by EU
funds (European Commission 2021)(European Court of Auditors 2023).

('®) EURCAW Agua - Home
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E - Environmental Factors

The environmental impacts of aquaculture are under regulatory scrutiny. There
are weaknesses in implementation, monitoring, and specific challenges related
to climate change and production inputs. On the other hand, the environmental
benefits of aquaculture are promoted as well.

Sustainability Goal: Aquaculture is positioned as contributing to a
sustainable food system, offering a protein source with a low carbon
footprint compared to terrestrial animal husbandry (Tsakiridis et al 2020).
This goes especially for non-fed species like shellfish (European
Commission 2021)(European Court of Auditors 2023).

Negative Impacts: Potential negative environmental impacts include
sedimentation, water pollution/effluents (nitrogen/phosphorus discharge),
habitat degradation, contamination, genetic interaction (escapes), and
the spread of diseases and parasites. The introduction of alien species is
also a concern (European Commission 2021)(European Court of
Auditors 2023)( (Publications Office of the European Union 2022).

Climate Change: The sector must adapt to the disruptive impacts of
climate change, such as drought (affecting freshwater farms) and
potential sea-level rise/floods (Cubillo et al 2021; European Commission
2021).

Environmental Benefits: Certain types of aquaculture offer ecosystem
services, such as biodiversity conservation, water/landscape
management, carbon capture, and reduction of nutrient concentration
(e.g., shellfish water filtering capacity or extensive pond fish production)
(European Commission 2021)(Publications Office of the European
Commission 2021)(Publications Office of the European Union 2022).

Policy Gaps in MS: Some key national strategies for the environment,
such as Marine strategies and River Basin Management Plans (RBMPs),
do not properly take aquaculture into account (European Court of
Auditors 2023).

Monitoring Deficiency: At EU level, there are currently no reliable
indicators or monitoring data available to track the sector’s overall
environmental sustainability or the effectiveness of increased EU funding
toward this goal. Various methodological challenges hamper the
consistency and comparability of LCA studies (Bohnes et al 2019). The
development of Product Environmental Footprint Category Rules
(PEFCR) for aquaculture addresses this problem. In May 2025, the
PEFCR for marine fish was accepted.

76



EU Aquaculture: GHG Reduction Costs and Pathways to Net Zero by 2050 — Final Report

L - Legal Factors

Aquaculture, unlike fisheries, is not an exclusive EU competence but it is still
regulated by EU rules for environmental protection and health. The first non-
binding strategic guidelines for the sustainable development of EU aquaculture
were adopted in 2013. New strategic guidelines were adopted in 2021 and EU
countries have reviewed their national strategies in light of the new guidelines.

Regulatory Complexity: The regulatory framework is "diverse and
extremely complex," encompassing a wide range of EU instruments and
MS legislation, relating to everything from land-use planning to food
safety and animal health (Publications Office of the European Union
2022).

Administrative Barriers (Licensing): Member States’ spatial planning
and licensing procedures still hamper aquaculture growth (European
Court of Auditors 2023). Producers frequently face a high administrative
burden, complicated procedures, and long licensing processes. In some
regions (e.g., Galicia, Spain; ltaly), issues like competition requirements
or uncertainty regarding license duration have discouraged investment
(European Court of Auditors 2023).

Spatial Planning Mandates: Maritime spatial planning (MSP) is
mandatory. While implementation has been slow in some Member
States, all now have plans. Two Staff Working documents have been
prepared to provide relevant authorities in EU Member States and other
policymakers with potential solutions to the challenges of aquaculture
(SWD(2024) 281 final for freshwater and land-based aquaculture
(SWD(2024) 107 final for marine aquaculture).

EU Legislation Enforcement: The legal framework seeks to regulate
impacts in line with best practice and is largely effective in mitigating
many negative impacts (Publications Office of the European Union
2022). Reportedly, the interpretation of EU legislation, particularly
regarding water quality and environmental impact (Water Framework
Directive/Marine Strategy Framework Directive), is not uniform across all
MS, undermining the level playing field for producers (European
Commission 2021).

Specific Legal Concerns: There are emerging areas where the
regulatory framework needs strengthening, specifically concerning
animal welfare and the framework surrounding the aquaculture of
macroalgae and microalgae (Publications Office of the European Union
2022).
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For each of the five scenarios a SWOT analysis diagram has been developed,
incorporating results of the analyses conducted in tasks 1-3, the expert focus
groups and the validation interviews with experts to validate the findings of the
gaps and limitations:

5.3.3 SWOT Scenario Business as usual

The first scenario (Business-as-usual) assumes no policy or technological
change. The production is based on trends and estimations made accordingly.

Scenario 1 assumes a growth rate of 1.6% for all production systems. Scenario
1b assumes different grow rates for fed (1%) and non-fed aquaculture (2%).
Both scenarios are included in the SWOT below.

Table 32 —- SWOT analysis for Scenario 1 and 1b

Strengths Weaknesses

e Mature sector that has proven e Current trends are not in line with
viability. what we assume (fed aquaculture

e 1b: Low-trophic (non-fed) is growing faster than non-fed).
aquaculture is credited for its e The sector does not grow 1.6%
environmental benefits. per year for all systems.

e Aquaculture products have low
carbon footprint compared to
other food products containing
protein.

e Aquaculture products contribute
to food security.

e There is policy support for e Lack of space, both on land
aquaculture. (pond) and on sea (cages, non-
e There is consumer demand for fed).
fish products. e Weak regulatory landscape is a

barrier to further growth.

5.3.4 SWOT Scenario Alignment with EU Climate Targets

The second scenario aligns with the EU climate targets set under the ESR and
Green Deal, assuming proportional emissions reduction in aquaculture to meet
the 2030, 2040, 2050 climate goals. This scenario includes the following tools:
emerging feed materials, Al-based tools, renewable energy, IMTA and
improvement of energy use efficiency.
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Table 33 — SWOT analysis for Scenario 2

Strengths Weaknesses

Some of the scenarios are ready to
implement (e.g. improvement of
energy use efficiency) and will
reduce the costs for the sector.
Al-based tools will reduce the costs
of operations because of increased
efficiency.

Al-based tools could reduce the
impact on wild populations and
ecosystems, animal welfare, and
reduce mortality.

Using co-products for feed
materials would make an
aquaculture company more
circular.

Aquaculture products contribute to
food security.

IMTA is still a ‘new’ concept (does
not match with current regulatory
landscape, costly to implement,
industry not ready).

Al-based tools can currently not
observe fish behaviour well
enough.

Currently low adoption rate of
emerging feed materials, the
industry does not seem ready for
it.

Insect production for feed is
energy intensive.

The energy mix per Member State
will become more renewable, their
climate impact will reduce.
Al-based tools are in rapid
development and can create new
applications and data driven
decisions. Due to these
developments, the technology will
become more affordable.

Using co-products for emerging
feed materials will result in a lower
carbon footprint.

With emerging feed materials, there

will be less reliance on feed import
from outside the EU (fish meal, fish
oil, soybean).

Electrification of fishing vessels

means technologies are developed.

Al-based tools need
computational capacity, which is
energy intensive (displacement
effect: energy is saved in
aquaculture sector but consumed
in data centres).

Complex regulations make it
difficult to implement emerging
feed materials.

There is little demand for ‘low
carbon products’ from
consumers.

Member States are dependent on
electricity prices and renewable
energy rates of their country,
which influences their
competitiveness with the EU
sector.

There is a disparity in marginal
abatement costs between EU
Member States.

5.3.5 SWOT Scenario Prioritise low investment

The third scenario prioritizes low-cost tools such as replacing conventional feed
with emerging feed materials, promoting non-fed aquaculture, IMTA and
conducting energy audits. Scenario 3 and the extended Scenario 3b are
considered together in this SWOT. Scenario 3 includes the following tools:
emerging feed materials, IMTA and improvement of energy use efficiency.

Scenario 3b also includes carbon credits.
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Table 34 — SWOT analysis for Scenario 3 and 3b

Strengths Weaknesses

e There is policy support for e IMTA is still a ‘new’ concept
alternative breeding. (does not match with current

e Aquaculture products contribute regulatory landscape, costly to
to food security. implement, industry not ready).

e 3b: carbon credits are a relatively

o e There is reluctance of adoption
cheap way to reduce emissions.

from the feed companies.

e Complicated EU legislation about
using waste from the processing
back into the fish feed.

e The high carbon footprint of some
emerging feed materials is a
concern.

e Individual farmers are not in
control for the renewable energy.
The infrastructure is managed on
EU level.

e There could be a conflict of
regulations, when ponds are in
Natura2000. Ponds are seen as
nature beneficial, but that limits
co-production with electricity.

e There is funding available. ¢ Availability of emerging feed
o Regulatory landscape is a match, materials is a concern.
for feed, breeding and energy use e 3b: debatable actual GHG
efficiency. reductions of the voluntary
e Improvement of energy use market.
efficiency will result in cost o Competition with others, long-
reductions. term supply of credits (there is not
e The renewable energy tool will enough to offset things).

result in the highest GHG
reduction potential (95%).

e 3b: the voluntary carbon market is
in place

e 3b: only small differences in
marginal abatement costs
between EU Member States.

5.3.6  SWOT Scenario Prioritise the resilience of the sector
to climate change

The fourth scenario focuses on building climate resilience by replacing
conventional materials with emerging feed materials, integrating multi-trophic
aquaculture in existing farms, improving energy use efficiency, and using Al-
based tools for pathogen detection or harmful events. The strengths,
weaknesses, opportunities and threats of this scenario are included in Table 35
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below. There is much overlap with Scenario 2, only renewable energy is not
included in Scenario 4.

Table 35 — SWOT analysis for Scenario 4

Strengths Weaknesses

For emerging feed materials, Al-
based tools, IMTA, and
improvement of energy use
efficiency, the same applies as in
the SWOT for Scenario 2.
Capital investments are lower
compared to Scenario 2/5.

There is no extra land needed to
produce renewable energy (since
the tool of renewable energy is
not included).

For emerging feed materials, Al-
based tools, IMTA, and
improvement of energy use
efficiency, the same applies as in
the SWOT for Scenario 2.
Without the Renewable energy,
GHG emissions from production
are difficult to reduce.

The tools included in this scenario
are all very costly.

For emerging feed materials, Al-
based tools, IMTA, and
improvement of energy use
efficiency, the same applies as in
the SWOT for Scenario 2.

Finally, the fifth scenario maximises the CO,eq emissions reduction without cost

For emerging feed materials, Al-
based tools, IMTA, and
improvement of energy use
efficiency, the same applies as in
the SWOT for Scenario 2.
Without renewable energy, there
will be less competition between
EU Member States about energy
prices.

5.3.7 SWOT Scenario Maximum potential for emission

reduction

constraints by fully deploying emerging feed materials and breeding, Al-based
tools, renewable energy, extensive IMTA systems across the EU, and
improvement of energy use efficiency. Scenario 5 is similar to Scenario 2
(includes same tools) but differs in adoption level. Scenario 5b is different
because it includes the purchase of voluntary carbon credits and funding
ecosystem conservation and restoration support as well. Therefore, mainly

Scenario 5b is considered in this SWOT.

Table 36 — SWOT analysis for Scenario 5 and 5b

Strengths Weaknesses
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e The same applies as in the
SWOT for Scenario 2.

e 5Db: carbon credits and ecosystem
conservation and restoration
support could increase the
number of employees in the
sector.

e 5Db: carbon credits and ecosystem
conservation and restoration
support are relatively cheap tools
to implement.

The same applies as in the
SWOT for Scenario 2.

5b: the industry readiness for
carbon credits and ecosystem
conservation and restoration
support is low.

5b: carbon credits and ecosystem
conservation and restoration
support are not yet covered in
regulation. Unclear for farmers
how to show that they contribute.

e The same applies as in the
SWOT for Scenario 2.

e 5b: carbon credits and ecosystem
conservation and restoration
support would contribute to EU’s
sustainability goals.

5.3.8

The same applies as in the
SWOT for Scenario 2.

Identification of key parameters for sensitivity
analysis

An initial inventory of parameters that could be used in the sensitivity analysis,
and which task they come from, is presented below in Table 37.

Table 37 — Possible parameters to investigate with MCA and the relevant tasks
information can be sourced from

Parameter Relevant task

Energy price Task 1
COzemissions total/per t of LW/related to feed (transportation)/related to energy use Task 1
Electricity use Task 1
Number of different systems used in MS Task 1
Production (t) Task 1
Production levels for 2030/2040/2050 per MS Task 2
Electricity price Task 3
Energy mix price Task 3
FCR (feed conversion ratio) Task 3
Feed market price Task 3
Feed consumption Task 3
Al based feeding Task 3
Fishmeal market price Task 3
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Parameter Relevant task

Fishmeal used Task 3

The expert focus groups were used to verify this list and identify additional
parameters. The above list of parameters was presented to the experts in the
focus groups, followed by the question which other parameters they would add
or remove. None of the parameters were suggested to be removed. Experts
suggested to add some parameters, such as:

e Legal support framework and enforcement

e Space availability for extensive aquaculture production

o Water availability

e Conflict of interest with other uses

e Circularity

e Environmental parameter variations (e.g. changing temperatures due to
climate change)

o Market acceptance of the tool

¢ Financial incentives

During the stakeholder workshop session, some additional inputs were
suggested to sharpen the sensitivity analysis. For instance, legal frameworks
and enforcement capacity were highlighted as essential parameters, while
space availability and retailer acceptance were emphasised as critical external
constraints that could influence the viability of several tools. There was also a
question raised concerning the reliability of adoption-rate assumptions and it is
recommended to further examine the recommended parameters.

Taken together, these inputs indicate that the sensitivity analysis should not be
limited to technical performance or cost variables. Instead, it must also account
for regulatory, spatial, financial, and market-related conditions to more
accurately capture the range of uncertainties that affect the implementation of
sustainable tools in aquaculture systems.

Due to the limitations of this study, it was not possible to incorporate all of these
proposed parameters into the sensitivity analysis. The analysis focuses on the
most influential technical and cost-related factors. Future research should
expand the analysis to include other potential parameters, such as regulatory,
spatial, environmental, financial, and market-related parameters, which would
support a more thorough analysis of the conditions that shape the feasibility and
uptake of sustainable aquaculture tools.
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6 Proposed reduction pathways

6.1 Summary

This study evaluates and proposes reduction pathways for the 5 aquaculture
production systems. The reduction pathways consist of time-specific adoption
targets for the relevant tools. Building upon the scenario analysis (presented in
Chapter 5) it is concluded that, in order to achieve carbon neutrality, all
available tools (which have been presented in Chapter 4) need to be
implemented and compensatory measures (presented in Chapter 4) also need
to be taken. The realistically desirable pace and adoption rates however vary
per production type.

The MCA and stakeholder consultations informed the formulation of adoption
pathways per tool per aquaculture type. The calculation tools presented in
Chapter 5 are used to calculate emission reduction achieved for the pathways
and the MACs. For most systems, MACs remain relatively stable across the
short-term (2026—2030), medium-term (2026—2040), and long-term (2026—
2050) periods. However, the non-fed production system shows a significant
increase in MAC during 2040 and 2050 compared to 2030.

While the MAC for pond, raceways, RAS, and cage systems ranges between
46-71 €/t CO,eq, the non-fed system reaches up to 221 €/t CO,eq. This
discrepancy can be explained by (i) the considerably higher investment costs
for adopting tools with higher production volume of the non-fed system; (ii) the
already lower emissions of the system making further improvements more
difficult; as well as (iii) the smaller range of tools that can be applied to this
production system.

This assessment, in conjunction with interviews and the SWOT analysis, is the
basis for the formulation of policy recommendations, which are formulated along
the following eight lines:

e Drive energy efficiency and digitalization

e Support decarbonisation of feed and raw materials

e Accelerate the Renewable energy for transport and operations

e Support breeding programs for resilience and efficiency

e Continue support for IMTA

e Developed recognized methods for carbon offsetting

e Stimulate market development and consumer awareness for low-carbon
footprint

e Strengthen the aquaculture regulatory framework increasing clarity and
specificity and streamlining licensing
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6.2 Objectives

The objective of task 5 was to propose recommendations for carbon neutrality
by 2050 and CO2eq emissions reduction pathways with intermediate milestones
for 2030 and 2040 being consistent with the targets set in the Effort Sharing
Regulation. This is done using the results collected in the previous tasks.

6.3 Guidance in the interpretation and shortcomings of
the results of the scenarios

In reading and analysing the scenarios and pathway, the following limitations
should be taken into account.

This study provides an insight into the potential to reduce GHG emissions from
aquaculture, and the costs associated with that. Calculations assume a
uniformity in aquaculture practices that is not found in reality.

The pathways are prepared based on the scenario analysis (task 3) and
stakeholders' input (task 4). The study team sought for an equal representation
of stakeholders, taking into account experience with aquaculture types and
location, yet acknowledge that there is always a risk of biased stakeholder
input.

It is assumed that the adoption of IMTA leads to a transversal reduction in GHG
emissions. The argument is that IMTA systems have various benefits (including
effluent management, better FCR, improved animal health) that together results
in a reduction of CO,eq emissions. A similar assumption is made for emissions
reductions expected from the use of Al-based tools.

The GHG emission reduction potential for each of the tools is considered in
isolation and when a combination of tools is adopted, it is not assumed this will
change reduction potential positively or negatively.

The method to calculate GHG emissions is based on LCA methodology. In LCA
methodology, results are dependent on the system boundaries, choice of
impacts and allocation. When reading the scenarios and pathways, the
following should be taken into account.

e GHG emissions from feed production contribute to the GHG emissions of
the aquaculture sector. The decision to consider the emission stemming
from feed production in scope is consistent with the PEF-CR Marine Fish
('), which claims that “Feed for fish production is within the system

(") https://www.marinefishpefcr.eu/
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boundaries of this PEFCR, meaning that the feed production shall be
included in the PEF profile of farmed marine fish products”. The
consequence is that a significant part of the GHG emissions result from
activities beyond direct control of aquaculture producers.

¢ |n this study, the only impact category looked at is global warming, with
an analysis of CO,eq emissions. All aquaculture production processes,
as well as the production of feed, have others impacts that are not
studied in this analysis.

e The choice for allocation method has impact on calculated GHG
emissions. Typically, economic allocation is used, in line with the PEFCR
Marine Fish, which states that “that economic allocation shall be used
when allocation cannot be avoided”. Consequentially, the use of by-
products is, from a GHG emission perspective, favourable.

With the exception of Scenario 1b, it is assumed that the share of the various
aquaculture types to total production remains equal. Given that per unit CO,eq
emissions vary between the aquaculture types, a future change in shares can
support the transition towards carbon neutrality. This option is not included in
the scenarios and pathways.

In Scenario 1b, like in task 1, the estimation of emissions of non-fed aquaculture
does not take into account the carbon sequestered in the shell. The choice to
not consider this carbon-negative process was made because of the difficulty to
estimate how much of the carbon captured is re-released into the environment.

The presented marginal abatements costs are illustrative and
scenario-dependent—they show the relative cost-effectiveness of different
options, are strongly influenced by upstream decarbonisation in feed, fisheries,
agriculture and energy, and are dynamic over time as technologies become
cheaper. Being total average costs, these include both the costs associated
with internal abatement measures implemented within aquaculture operations;
and compensation for indirect, upstream emissions (feed, energy, transport,
hatcheries) that, in a strict Climate Law perspective, should be addressed within
those other sectors rather than by aquaculture alone.

6.4 Results

6.4.1 Proposed reduction pathways

The reduction pathways below have been developed per production type yet
share a set of foundational assumptions, as described below.

The MCA and stakeholder consultations informed the formulation of adoption
pathways per tool per aquaculture type. There is a general consensus among
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stakeholders that tools (outlined in section 3.3) to increase energy use
efficiency and stimulate energy savings are the easiest to implement. These
areas are seen as a quick way to contribute to GHG emissions reduction and at
the same time provide savings to the operational expenditures of companies.
Producers have experience with energy savings and steps to improve energy
use efficiency, yet for the sake of the model the current adoption rate is set at
zero, in that it assumes that there still is potential to review energy use
efficiency within all companies. The proposed tool “energy use efficiency” is
expected to be adopted by all companies by 2034.

In all proposed reduction pathways, the adoption rate of the renewable energy
reflects the EU’s progress and ambitions in shifting towards renewable energy
sources. All pathways are based on the observation that in 2024, 25.4% of all
final energy consumed in the EU was obtained from renewable energy sources.
The revised Renewable Energy Directive (EU/2023/2413) raises the EU's
binding renewable target for 2030 to a minimum of 42.5% share of renewables
in the energy mix. EU aims for climate neutrality by 2050. It is assumed that
growth of the share of renewable energy follows a linear path between 2026 —
2030 and between 2030-2050. It is also assumed that the aquaculture sector,
for its renewable energy use, follows the same trajectory either using renewable
energy from the grid or by producing it on site.

Al is seen as promising technology, supporting the aquaculture sector in
achieving overall efficiency gains and reducing per unit GHG emissions. The
benefits of Al stretch beyond increased efficiency at the farm-level through
precision fish farming and improved feeding efficiency. Predicting changes in
environmental conditions and subsequently adapting production accordingly,
can help to reduce mortality. Adoption rates of the different tools are expected
to vary between the production types depending on farming practices and
feasibility further discussed below.

6.4.1.1 Proposed reduction pathway for cages

On the basis of the analysis performed, the best proposed reduction pathway
for cage aquaculture (Figure 15) would involve:

e Adoption of renewable energy sources in line with the EU’s progress and
ambitions.

¢ Rapid adoption of the tool “improved efficiency of equipment,” with a
100% adoption rate in 2034.

e An assumed adoption of Al-based tools of 5% in 2026, growing by 25%
annually. In 2040, adoption rate is then 100%.

e Taking into account that the production and large-scale use of emerging
feed materials is challenging due to potential specific biological
requirements, and may require dedicated breeding programs to
overcome the issues, acknowledging that research is going on, it is
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assumed this tool will start to be implemented in 2030 (2.5%) and grow
by 25% annually from there onwards. A 100% adoption rate is then
achieved in 2047.

e IMTA is a conceptually promising approach to increase the productivity in
marine aquaculture while reducing per unit GHG emissions. Given the
challenges to develop into a commercially interesting practice for cage
aquaculture, for managerial and legislative reasons, the adoption rate is
expected to remain zero until 2040. Assuming a slow growth from there
on, the adoption rate in 2050 is set at 20%.

Figure 14 — Proposed reduction pathway for cage aquaculture
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6.4.1.2 Proposed reduction pathway for non-fed

aquaculture

The proposed reduction pathway for non-fed aquaculture (Figure 16) includes:

e Adoption of renewable energy sources in line with the EU’s progress and
ambitions.

¢ Rapid adoption of the tool “improved efficiency of equipment,” with a
100% adoption rate in 2034.

e An assumed adoption of Al-based tools of 5% in 2026, growing by 25%
annually. In 2040, adoption rate is then 100%.
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Percentage adoption

Figure 15 — Proposed reduction pathway for non-fed aquaculture
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6.4.1.3 Proposed reduction pathway for ponds

The proposed reduction pathway for pond aquaculture (Figure 17) includes:

Adoption of renewable energy sources in line with the EU’s progress and
ambitions.

Rapid adoption of the tool improved efficiency of equipment, with a 100%
adoption rate in 2034.

An assumed adoption of Al-based tools of 1% in 2026, 5% by 2028 and
growing by 25% annually from there on. In 2042, adoption rate is then
100%.

Taking into account that the production and large-scale use of emerging
feed materials is challenging, and could require dedicated breeding
programs, it is assumed this tool will start to be implemented in 2030
(2.5%) and grow by 25% annually from there onwards. An adoption rate
of 100% is achieved in 2047.

IMTA is a conceptually promising approach to increase the productivity in
pond aquaculture while reducing per unit GHG emissions. It is used on
small scale as of now. Assuming a slow growth between 2026- and 2030
(5% annually) and faster growth in the period 2030-2050 (15% annually),
the adoption rate in 2050 is set at 20%.
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Percentage adoption

Figure 16 — Proposed reduction pathway for pond aquaculture
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6.4.1.4 Proposed reduction pathway for raceways

The proposed reduction pathway for raceway aquaculture (Figure 18) includes:

Adoption of renewable energy sources in line with the EU’s progress and
ambitions.

Rapid adoption of the tool improved efficiency of equipment, with a 100%
adoption rate in 2034.

An assumed adoption of Al-based tools of 5% in 2026, growing by 25%
annually. In 2040, adoption rate is then 100%.

Taking into account that the production and large-scale use of emerging
feed materials is challenging, and could require dedicated breeding
programs, it is assumed this tool will start to be implemented in 2030
(2.5%) and grow by 25% annually from there onwards. An adoption rate
of 100% is achieved in 2047.

IMTA can be used in raceways to increase the productivity while
reducing per unit GHG emissions. Given the challenges to develop into a
large-scale commercially interesting practice, and in light of the current
situation, a 2026 adoption rate of 1% is assumed, growing from there on
with 15% per year to reach an adoption rate of 28.6% in 2050.
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Percentage adoption

Figure 17 - Proposed reduction pathway for raceways aquaculture
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6.4.1.5 Proposed reduction pathway for RAS

The proposed reduction pathway for cage aquaculture (Figure 19) includes:

Adoption of renewable energy sources in line with the EU’s progress and
ambitions.

Rapid adoption of the tool improved efficiency of equipment, with a 100%
adoption rate in 2034.

An assumed adoption of Al-based tools of 5% in 2026, growing by 25%
annually. In 2040, adoption rate is then 100%.

Taking into account that the production and large-scale use of emerging
feed materials is challenging, and could require dedicated breeding
programs, it is assumed this tool will start to be implemented in 2030
(2.5%) and grow by 25% annually from there onwards. The 100%
adoption mark is reached in 2047.

IMTA can be used in RAS to increase the productivity while reducing per
unit GHG emissions. Given the challenges to develop into a large-scale
commercially interesting practice, and in light of the current situation, a
2026 adoption rate of 1% is assumed, growing from there on with 15%
per year to reach an adoption rate of 28.6% in 2050.
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Figure 18 — Proposed reduction pathway for RAS aquaculture
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6.4.2 The cost of the proposed reduction pathway towards
carbon neutrality by 2050

This section shows the marginal abatement cost of the pathway for carbon
neutrality by 2050, across five production systems, with specific intermediary
figures for 2030 and 2040. Marginal abatement costs consider the cost of
reducing one unit of an environmental negative, in this case tonnes of CO2eq. It
is important to consider that this value considers the cost of reducing one
additional tonnes CO2eq, and not the cost of reducing emissions per tonne so
far. Therefore, if significant emissions reduction measures are already in place,
the marginal abatement cost can increase, as the cost of reducing the
emissions further becomes more expensive.

The marginal abatement cost required to achieve carbon neutrality across five
production systems is illustrated in Figure 19. The non-fed system exhibits a
significantly higher MAC compared to the other four systems. Key observations
include:

e For most systems, MACs remain relatively stable across the short-term
(2026-2030), medium-term (2026—2040), and long-term (2026—2050)
periods. However, the non-fed system shows an increase in MAC during
2040 and 2050 compared to 2030, which can be explained by the
increasing adoption levels of the system over years.

¢ While the MAC for pond, raceways, RAS, and cage systems ranges
between 4671 €/t CO,eq, the non-fed system reaches up to 221 €/t
CO.eq. This discrepancy can be explained by the considerably higher
investment costs for adopting tools with higher production volume of the
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non-fed system. For instance, by 2040, non-fed production reaches 8.7
million tonnes of LW, exceeding the range of 0.5-5.2 million tonnes of
LW observed in other systems. While the emission per tonnes of LW is
only 1.1 tonnes CO.eq/t LW (Figure 20).

e Similarly, the relatively low MAC of the RAS system (46 €/t CO,eq by
2040) is attributed to its small production volume (512 thousand tonnes
LW in 2040) and high emissions intensity (13.4 tonnes CO,eq/t LW)
(Figure 20). This results in lower investment costs of tools per tonnes
CO.eq for emissions reduction.

Figure 19 — Marginal abatement cost for carbon neutrality pathways across five
production systems by 2050
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Figure 20 — Average emission per tonnes of LW in the period 2026-2050 across
production systems
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Figure 21 — Production volume by 2050 across production systems
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6.4.2.1 Costs for cages

For the cage system, achieving carbon neutrality by 2050 begins with a high
reliance on voluntary carbon credits, followed by an increasing adoption of other
mitigation tools. By 2050, renewable energy, emerging feed materials and
breeding programs, Al, and improvements in energy efficiency contribute to
emission reductions, achieving reductions of 379, 373, 430, and 215 thousand
tonnes CO.eq, respectively. In contrast, IMTA and effluent management have a
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smaller impact, with reductions of only 73 thousand tonnes CO,eq. Voluntary
carbon credits have highest contribution of 887 thousand tonnes CO.eq.

Figure 22 — Total emission reductions achieved by adopting tools for the cage
system
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Without voluntary carbon credits, the cage system cannot achieve carbon
neutrality, as emissions persist even with tools. Carbon credits play a critical
role in 2040, when reduction demands are at their peak. However, reliance on
them gradually declines over time, with remaining emissions decreasing from
around 1 million tonnes CO,eq in 2040 to 886,689 tonnes CO,eq in 2050.

Table 38 — Comparison of emission reduction by adopting tools with reduction
target for the cage system

Projected Proiected Proiected Additional
2005 Reduction Emissions emissions abjated remjainin abatement
emissions target cap (t without emissions emissiong needed to
(t CO.eq) CO.eq) tools (t reach targets
CO,eq) (t CO2eq) (t COzeq) (t COLeq)
2030 731,651 55% 329 243 1714 766 314 134 1400 632 1071 389
2040 731,651 90% 73 165 2 009 748 868 493 1141 255 1 068 090
2050 731,651 100% 0 2 355477 1468 788 886 689 886 689

6.4.2.2 Costs for non-fed

For the non-fed system, achieving carbon neutrality by 2050 also significantly
relies on adopting voluntary carbon credits, then complemented by other tools
such as renewable energy, Al, and improvements in energy efficiency. By 2050,
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the use of renewable energy is responsible for the largest share of emission
reductions, while Al and improvement of energy efficiency further enhance
reductions. Improvements of energy efficiency make a smaller but notable
contribution. In the year of 2050, renewable energy, Al, and improvements in
energy achieve reductions of 495, 160, 430, and 80 thousand tonnes CO,eq,
respectively. Voluntary carbon credits contribute on reduction of 66 thousand
tonnes CO.eq.

Figure 23 — Total emission reductions achieved by adopting tools for the non-fed
system

Contribution of the tools to the abatement of projected GHG
emissions for the non-fed system

900,000
800,000
700,000
600,000
500,000
400,000
300,000
200,000

Projected emissions (tCO2 eq)

100,000

2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050

2026
2027
2028
2029
2030
2031
2032
2033

H Renewable energy W Al-based tool B Improvement of enery efficiency B Total projected emissions

Without voluntary carbon credits, the non-fed system cannot achieve carbon
neutrality, as emissions persist even with tools. Carbon credits play a critical
role in 2040, when reduction demands are highest. However, reliance on them
decreases over time as remaining emissions are reduced, dropping from

127 237 tonnes CO,eq in 2040 to 65 651 tonnes CO,eq in 2050.

Table 39 — Comparison of emission reduction by adopting tools with reduction
target for the non-fed system

Proiected Additional
— oJec Projected Projected abatement
2005 . Emissions emissions L.
. . Reduction . abated remaining needed to
emissions cap (t without . . .. h
(t COeq) target CO,eq) tools (t emissions emissions (t reac
CO,eq) (t COzeq) COzeq) targets (t
269 CO,eq)
2030 502 806 55% 226 263 582 910 216 903 366 007 139 744
2040 502 806 90% 50 281 683 185 505 667 177 518 127 237
2050 502 806 100% 0 800 711 735 060 65 651 65 651
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6.4.2.3 Costs for ponds

For the pond system, achieving carbon neutrality by 2050 relies on a
combination of mitigation tools, with voluntary carbon credits contributing the
largest share of emission reductions which is similar with the cage system. In
the year of 2050, renewable energy, emerging feed materials and breeding
program, Al, IMTA and effluent management, and improvements of energy
efficiency provide significant reductions, achieving reductions of 423, 72, 167,
28, and 83 thousand tonnes CO,eq, respectively. Furthermore, voluntary
carbon credits have a higher impact, with reductions of 153 thousand tonnes
CO.eq.

Figure 24 — Total emission reductions achieved by adopting tools for the pond
system

Contribution of the tools to the abatement of projected GHG
emissions for the pond system
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Without voluntary carbon credits, the pond system cannot achieve carbon
neutrality, as emissions remain even with tools. The role of carbon credits is
crucial in 2040, when emissions reduction demands are highest. Nevertheless,
its reliance decreases over time as remaining emissions are reduced, which
drop from 281 834 tonnes CO,eq in 2040 to 152 763 tonnes CO,eq in 2050.
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Table 40 — Comparison of emission reduction by adopting tools with reduction
target for the pond system

. . . Additional
2005 . Emissions Pro.je?ted Projected PrOJe.ct.ed abatement
A Reduction emissions abated remaining

emissions (t cap (t X .. .. needed to

CO,eq) target CO,eq) without tools emissions (t emissions (t reach targets (t
2 2
(t COzeq) COeq) CO.eq) COLeq)

2030 567 737 55% 255 482 675 599 195 010 480 589 225 107
2040 567 737 90% 56 774 791 817 453 209 338 608 281 834
2050 567 737 100% 0 928 030 775 267 152 763 152 763

6.4.2.4 Costs for raceways

For the raceways system, similar with cage and pond systems, achieving
carbon neutrality by 2050 also depends on a combination of mitigation tools,
with voluntary carbon credits contributing the largest share of emission
reductions. By 2050, significant reductions are achieved through renewable
energy, emerging feed materials and breeding program, Al, IMTA and effluent
management, improvements of energy efficiency: 337, 49, 123, 30, and 62
thousand tonnes CO,eq respectively. Voluntary carbon credits still have the
highest impact, achieving reductions of 82 thousand tonnes CO,eq in the year
2050.

Figure 25 — Total emission reductions achieved by adopting tools for the
raceway system

Contribution of the tools to the abatement of projected GHG
emissions for the raceways system
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Similar with other systems, the raceways system cannot achieve carbon
neutrality without voluntary carbon credits, as emissions persist even with tools.
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Carbon credits are crucial in 2040, when reduction demands are highest.
However, reliance on them gradually decreases over time, with remaining
emissions dropping from 175 138 tonnes CO,eq in 2040 to 81 628 tonnes
CO,eq in 2050.

Table 41 — Comparison of emission reduction by adopting tools with reduction
target for the raceways system

. . . Additional
2005 . Emissions Pro.jexfted Projected Pro;eF t‘ed abatement
.. Reduction emissions abated remaining

emissions (t cap (t . L. .. needed to

CO,eq) target CO,eq) without tools emissions (t emissions (t "
(t COZeq) COZeq) COZeq) cozeq)

2030 284 144 55% 127 865 496 866 155 638 341228 213 363
2040 284 144 90% 28 414 582 340 378 788 203 552 175138
2050 284 144 100% 0 682 517 600 889 81628 81628

6.4.25 Costs for RAS

For the RAS system, achieving carbon neutrality by 2050 also requires a
combination of mitigation tools, with voluntary carbon credits contributing the
largest share of emission reductions, like other systems. By 2050, the tools to
provide significant emission reductions include: renewable energy, emerging
feed materials and breeding programs, Al, IMTA and effluent management,
improvement of energy efficiency. Their emission reductions are 228, 67, 09,
26, 54, and 115 thousand tonnes CO,eq, respectively. Voluntary carbon credits
have achieved reductions of 600 thousand tonnes CO,eq.
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Figure 26 — Total emission reductions achieved by adopting tools for the RAS
system
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The RAS system also cannot achieve carbon neutrality without voluntary carbon
credits, as emissions persist even with tools. Carbon credits are essential in
2040, when reduction demands are at their peak. However, reliance on them
decreases over time, with remaining emissions reducing from 158 645 tonnes in
2040 to 115 360 tonnes CO,eq in 2050.

Table 42 - Comparison of emission reduction by adopting tools with reduction
target for the RAS system

. . . Additional
2005 . Emissions Pro.je(?ted Projected PrOJe‘ct.ed abatement
A Reduction emissions abated remaining

emissions (t cap (t . . . needed to

CO,eq) target CO,eq) without tools emissions (t emissions (t reach targets (t
(t COZeq) COZeq) COZGQ) cozeq)

2030 388 958 55% 175 031 436 837 116 217 320 620 145 589
2040 388 958 90% 38 896 511 982 296 563 215419 176 523
2050 388 958 100% 0 600 058 484 698 115 360 115 360

6.4.3 Combined reduction pathway

The analysis reveals that the marginal abatement cost for different scenarios
generally follow an increasing trajectory across the implementation periods.
Across scenarios, MAC values show a wide range:
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e 2026-2030: ranging from 46 to 243 €/t CO,eq
e 2026-2040: ranging from 65 to 232 €/t CO,eq
e 2026-2050: ranging from 69 to 228 €/t CO,eq

In addition to the economic analysis, the wider social, environmental and
economic impacts of the scenarios are also evaluated using stakeholder
consultation and multi-criteria analysis. All analyses feed into study proposed
GHG reduction pathways for the five production systems studied: cage, non-
fed, pond, raceways and RAS aquaculture.

The proposed reduction pathways where assessed to see whether they can
meet the GHG emission reduction targets for 2030 (55%), 2040 (90%) and
2050 (carbon neutrality). The baseline used here are, as requested in the ToR
and aligned with the ESR, the 2005 aquaculture emissions.
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Table 43 — Achievement of GHG emission reduction targets under the pathways

2005 emissions

(t CO.eq)

731 651
731 651

731 651
502 806
502 806
502 806
567 737
567 737
567 737
284 144
284 144
284 144
388 958
388 958
388 958

Reduction
target

55%
90%
100%
55%
90%
100%
55%
90%
100%
55%
90%
100%
55%
90%
100%

Emissions cap
(t COzeq)

329 243
73 165

0

226 263
50 281
0
255482
56 774
0

127 865
28414
0

175 031
38 896
0
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Projected
emissions
without tools (t
COzeq)

1714 766
2009 748

2 355 477
582 910
683 185
800 711
675 599
791 817
928 030
496 866
582 340
682 517
436 837
511 982
600 058

Projected
abated
emissions (t
C0O,eq)

314 134
868 493

1468 788
216 903
505 667
735 060
195010
453 209
775 267
155 638
378 788
600 889
116 217
296 563
484 698

Projected
remaining
emissions (t
C0Ozeq)

1400 632
1141 255

886 689
366 007
177 518

65 651
480 589
338 608
152 763
341 228
203 552

81628
320 620
215419
115 360

Additional
offsetting needed

to reach targets (t
CO.eq)

1071 389
1068 090

886 689
139744
127 237

65 651
225107
281834
152 763
213 363
175138

81628
145 589
176 523
115 360
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Table 43 above is read as follows:

e Column 1 names the 5 production systems studied

e Column 2 the three years with a GHG emissions reduction target

e Column 3 present the calculated GHG emissions in baseline 2005

e Column 4 the reduction % to be achieved

e Column 5 the emission cap, representing the maximum GHG emissions allowed to
reach the reduction % (column 4) compared to the baseline (column 3)

e Column 6 the projected GHG emissions if no tools are taken (results of Scenario 1
analysis)

e Column 7 the projected abated emissions, adopting the tools according to the pathways
identified in the project)

e Column 8 the remaining GHG emissions (column 6 minus column 7)

e Column 9 the GHG emissions needed to be abated ensure total remaining GHG
emissions are below the cap (column 5)

The study concludes that the target of carbon neutrality can only be reached if
offsetting measures are taken. There are two main reasons for this: (1) all
energy production, transport and construction come with residual GHG
emissions that are not offset by aquaculture practices; and (2) the inclusion of
feed-related emissions in the carbon footprint of aquaculture implies that
achieving carbon neutrality in fed aquaculture requires achieving carbon
neutrality in agriculture.

The extent to which offsetting measures are needed to reach the climate targets
differs per production type and over time (see Figure 27). The aquaculture
sector is expected to need more offsetting measures to reach the 2030 and
2040 target, than needed to reach the 2050 target. This is explained by the fact
that various tools are not ready to implement at large-scale in the next years
and the expected adoption rates increases largely in the period 2040-2050.
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Figure 27 — Emission reduction needed to achieve 2030, 2040, and 2050 targets
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The effectiveness of GHG emissions offsetting is not undisputed, with debates
centring around credibility, additionality and reliable certification. Concerns are
addressed in the Carbon Removals and Carbon Farming (CRCF) Regulation
(EU/2024/3012) ('8), the first EU-wide voluntary framework for certifying carbon
removals, carbon farming and carbon storage in products across Europe.

The European Union’s ambition is to grow the EU aquaculture sector, reduce
dependency on imported seafood and contribute to improved marine ecosystem
quality. Furthermore, as emissions from aquaculture and fisheries fall under the
ESR (Regulation (EU) 2023/857), a reduction of GHG emissions from the
aquaculture sector is needed. The analysis presented above concludes that this
is a highly demanding objective, which can only be achieved by strong
governance support at both EU and Member State level, GHG emissions in the
whole aquaculture supply chain and the use of offsetting.

6.5 Sensitivity analysis

6.5.1 A higher carbon price

In this analyses, the impact of higher prices for carbon is assessed. Carbon
price presented in Table 44 are in alignment with the study on “Greenhouse

(') OJ L, 2024/3012, ELI: http://data.europa.eu/eli/req/2024/3012/0j
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Gas Emission (GHG) Reduction Costs, Scenarios and Pathways for EU
Fisheries to achieve Net Zero by 2050”.

Table 44 — Carbon prices used for sensitivity analysis

=T =T - T =N
252 495

Median 195

When comparing the new carbon value against the base carbon value (i.e.,
derived from the voluntary market with prices averaging approximately 56 Euro/t
CO2eq), there is a significant increase in the Marginal Abatement Cost (MAC)
across all production systems (Figure 28). This increase is largely driven by the
reliance of each system on offsetting mechanisms to abate remaining emissions
and achieve carbon neutrality. The sensitivity of the MAC to these pricing
changes varies by system: RAS shows the highest sensitivity, followed by cage,
pond, raceways, and non-fed systems, respectively.

These MAC values for the entire period are discounted to 2026 prices, meaning
they account for the time value of money and express all future costs in terms of
their equivalent value in the base year (2026).

Figure 28 — Impact of new carbon values on abatement cost over periods
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Figure 29 shows the MAC for each individual year - the cost per tonne changes
annually from 2026 to 2050. Non-fed systems show the highest MAC, reaching
approximately 600 Euro/t CO,eq by 2050.
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Figure 29 — Annual Marginal Abatement Costs with new carbon values
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6.5.2 Without feed emission

Figure 30 confirms the major emissions in fed aquaculture comes from feed. In
2026, the inclusion of feed emissions increases total emissions from
approximately 1.8 million to 2.8 million t CO2eq. The figure further reveals that
aquaculture industry is projected to have significant emission reductions by
2050. The non-fed aquaculture sector follows a pathway that reaches nearly
zero emissions, whilst fed aquaculture emissions remain above zero.

Figure 31 presents the projected annual abatement costs excluding feed
emissions. Suspended and cage systems become the most expensive
pathways, largely due to the high upfront capital investment required for electric
boats, peaking approximately 600 €/t CO,eq in 2050. Pond, raceways, and RAS
systems exhibit a lower and similar cost pattern.
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Figure 30 — Projected remaining emissions with and without feed emissions
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Figure 31 — Annual abatement cost without feed emission
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6.6 Recommendations for carbon neutrality in

European aquaculture

This section formulates policy recommendations along eight lines. The following
key observations underline the formulation of policy recommendations:

Aquaculture is a key sector food producing sector in the European Union
and the objective is to grow the sector in the next decades.

Achieving carbon neutrality in the aquaculture sector is a complex
challenge that requires actions across the entire value chain, considering
both technological readiness and economic feasibility.

Given the fact that emissions stemming from the production of feed are
allocated to the aquaculture sector, achieving carbon neutrality in
aquaculture requires achieving carbon neutrality as well in agriculture,
unless compensatory measures are taken.

Policy must acknowledge that focusing exclusively on carbon footprint
reduction may create trade-offs with other environmental, social, and
economic objectives, such as freshwater use, land space, marine
resource use and food security.

Aquaculture is a source of food protein and has a relative lower carbon
footprint compared to pork and beef production. Dietary changes can
support the move towards low carbon production (including low-trophic
aquaculture) but can also mean a shift towards high carbon footprint
animal products.

6.6.1 Drive energy efficiency and digitalization

Improving energy management offers accessible "low-hanging fruit" for cost
savings and immediate GHG reductions, particularly in land-based and short-
haul marine operations. Many small and micro-sized aquaculture enterprises
(which constitute 80% of producers in some regions) lack the resources or
knowledge to adopt new technologies. Al-based tools offer promising tools to
reduce GHG emissions, at farm-level and by forecasting ecosystem changes
that negatively affect producers.

To this end, it is proposed to:

Mandate and incentivize energy audits. Support energy audits and
regular efficiency checks for aquaculture farms, providing subsidies or
grants for associated operational improvements. Many traditional farms
do not measure their electricity use per device, meaning significant
energy savings are being missed.

Promote Al and loT uptake. Policy should support the widespread
adoption of Artificial Intelligence (Al) and Internet of Things (IoT)
equipment. Al tools are seen as one of the most promising short-term
improvements as they help optimize feeding, reduce feed conversion
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ratios (FCRs) by minimizing waste, and provide early warning systems to
prevent fish mortality due to environmental changes or disease.
Targeted Training and Support for energy efficiency and
digitalization: Establish training and knowledge transfer programs—
delivered in national languages and practical, accessible terms (e.g.,
using simple apps or demonstration farms)—to increase farmer
awareness and acceptance of Al, loT, and renewable energy
technologies. Support existing Producer Organizations (POs) to act as
hubs for technical assistance and collective purchasing of services for
micro-SMEs.

6.6.2 Support decarbonization of feed and raw materials

Feed materials represent the largest contributor to GHG emissions in fed
aquaculture. Policy action in this area is paramount. The transition to emerging
feed materials faces challenges related to cost, scalability, and regulatory
constraints.

To this end, it is proposed to:

Review and adapt food safety and feed marketing regulations to
remove bottlenecks. As of now, regulatory bottlenecks that prohibit the
use of potential circular biomass streams, such as sludge (faeces and
urine) from fish production effluent for feeding insects or polychaetes.
Support R&D and scaling investment for emerging feed

materials. Further public and private investment is necessary to

fund research and development (R&D) into scaling emerging ingredient
production, particularly microalgae and single-cell proteins, to make them
economically competitive with conventional crops. Current data on the
GHG footprint of emerging feed materials often derives from small-scale
pilots, requiring validation at industrial scale.

Explore unexploited resources as potential feed ingredient. Policy
should support research into developing and sustainably

exploiting underexploited marine resources, such as zooplankton
(Calanus finmarchicus) and Arctic krill, which offer significant biomass
potential and avoid agricultural land use impact. Technologies for
capturing these resources (e.g., slow trawls, electric vessels) should be
supported.

Support animal byproducts utilization: Marine-sourced materials (like
fish meal and oil) that come from trimmings or certified sustainable
stocks already have a low carbon footprint compared to agricultural raw
materials. Policy frameworks should ensure that animal byproducts
(including fish meal, fish oil, and poultry byproducts) continue to be
efficiently integrated into feed to avoid waste.
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6.6.3 Accelerate the energy transition for transport and
operations

While feed is the primary GHG source, transitioning energy use on farms and in
vessels is technically feasible.

To this end, it is proposed to:

Continue to finance the energy transition of fisheries and
aquaculture: Implement financing mechanisms (e.g., tax breaks,
subsidies, grants) to cover the high capital investment required for
renewable energy, especially for electric vessels (boats and trucks). This
is critical since electric transport is currently deemed too risky in some
regions due to infrastructure challenges. The Guide on financing the
green energy transition of fisheries and aquaculture ('°) is credited for
providing insight into the available instruments.

Support hybrid and intermediate fuels: Policy can support the use and
incentivization of intermediate or transition fuels, such as hydrotreated
vegetable oil (HVO), to bridge the gap until electric vessels are widely
adopted (expected timeline: post-2035/2040).

Renewables Infrastructure: Aquaculture producers make use of on-site
renewable energy sources (solar panels, wind turbines) to meet
electricity demands. The regulatory frameworks in place vary between
countries yet addressing infrastructure constraints, such as the limit on
photovoltaic installation size based on connection power, can accelerate
the adoption of renewable energy production.

6.6.4 Support breeding programs for resilience and
efficiency

Breeding is a highly effective, ongoing method that can be managed internally
and is cheaper than new equipment.

To this end, it is proposed to:

Support breeding programs focused on FCR and Growth

Rate: Invest in breeding programs that target increased feed conversion
ratio (FCR) efficiency, reduced growth periods, and minimized growth
failures. Reducing the growth period from 16—18 months to 12—13
months can improve efficiency by over 30%.

Breed for climate adaptation: Support breeding efforts focused

on increasing fish robustness and resilience to climate change impacts,

("°) https://op.europa.eu/en/publication-detail/-/publication/49590638-8e76-11ee-8aab-

O1aa75ed71a1
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such as higher temperatures and changes in water quality (pH fluxes,
ammonia levels). Reduced fish mortality contributes directly to a lower
GHG footprint per unit produced.

6.6.5 Continue support for IMTA

IMTA is conceptually attractive but generally not yet commercially viable for
most of Europe due to added complexity, cost, and market limitations.

To this end, it is proposed to:

Focus support and incentives on land-based IMTA and polyculture
systems. This includes systems such as freshwater duckweed/carp
systems or RAS, where nutrient and energy cycles are controllable and
economically feasible demonstration sites exist.

Review marine IMTA licensing. Incentivize Member States to review
existing regulations and licensing barriers that hinder the co-location of
multiple species (e.g., seaweed and finfish/mussels) in marine
environments, where site-specific hydrodynamics are often an issue.
Support regulatory frameworks that allow producers to increase
production volume on the same site if they implement IMTA systems that
demonstrably reduce environmental impact.

6.6.6 Develop recognized methods for carbon offsetting

Acknowledging that there are hard-to-abate emissions from aquaculture, carbon
offsetting is a key instrument to achieve carbon neutrality by 2050. The
voluntary carbon credit market offers possibilities, yet the Carbon Removals and
Carbon Farming Regulation does not currently provide a specific eligibility route
for most aquaculture activities (except possibly some seaweed-based activities)
but it is believed that a stronger link between the aquaculture and the marine
ecosystem can be made and help create support for carbon offsetting.

To this end, it is proposed to:

Develop offsetting through low-trophic aquaculture. Prioritize the
development of clear and credible methodologies for calculating carbon
credits (or compensation) derived from low-trophic species aquaculture
such as macroalgae to facilitate transparent offsetting between farms.
Establish a link between ecosystem conservation and restoration
support and aquaculture. Further investigate the potential of
ecosystem conservation and restoration to act as carbon sink. This can
lead up to reliable offsetting where the aquaculture sector supports
ecosystem conservation and restoration activities.
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6.6.7 Stimulate market development and consumer
awareness for low-carbon products

Aquaculture already has a significantly lower GHG footprint than other livestock
sectors and there is potential to grow the aquaculture sector while reducing
GHG emissions. Limited consumer demand for low carbon footprint aquaculture
products (such as mussels and grass carp) is an impediment to growth. A
market pull for low-carbon products can support the aquaculture producers with
the financial means to invest in renewable energy production, increasing energy
use efficiency and new production methods.

To this end, it is proposed to:

e Continue efforts to increase consumer awareness. Launch and/or
continue education and communication campaigns to inform consumers
about the relatively low carbon footprint of farmed fish compared to
terrestrial meats, while addressing pre-existing concerns regarding
welfare and antibiotic use. Examples of previous campaigns include “EU
Aquaculture — we work for you with passion” (?°).

e Support market development for low carbon footprint
species. Support product innovation and market development to
increase consumer acceptance of highly sustainable, but currently
underutilized, low-trophic fish species, like carp and mullet, which is often
hampered by issues such as public perception.

e Explore options to introduce clear carbon footprint labelling for
aquaculture products. Such labels, similar to the Nutri-Score of energy-
efficiency labels, can enable consumers to make informed choices and
helping to reward sustainability investments made by producers.

6.6.8 Reinforce EU Aquaculture policy and streamline
licensing

Aquaculture is currently a shared competence of the European Union and
Member States, and the sector currently relies heavily on EU agricultural and
EU fisheries policies and the strategic guidelines, which hinders progress,
create gaps and inconsistencies, hinder stakeholder understanding, and limit
the adoption of emerging solutions.

To this end, it is proposed to:

¢ Reinforce existing regulatory frameworks to support long-term
investments: The challenge to achieve carbon neutrality by 2050
requires a strong regulatory framework and cooperation among the

(?%) EU Aquaculture - We work for you with passion - EU Aguaculture
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producers and Member States. It is therefore recommended that the
European Commission should reinforce existing, Aquaculture Policy to
replace the current reliance on non-binding guidelines, providing a stable
regulatory framework for long-term investments in developing a carbon
neutral aquaculture sector.

e Streamline licensing and reduce investment uncertainty: Member
States must urgently streamline and clarify the aquaculture licensing and
renewal process. Delays in licensing create uncertainty for financing and
innovation, hampering the necessary capital investment in new, low-
carbon equipment such as renewable energy and electric vessels.

e Conduct GHG Baseline measurement and monitoring: Policies
should support the establishment of solid GHG inventories across all
Member States, utilizing standardized measurement methods such as
the Product Environmental Footprint Category Rules (PEF CR). Without
clear baselines, monitoring and reporting, measuring progress in
reaching objectives is not possible.
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7 Conclusions

The study concludes that the target of carbon neutrality can only be reached if
offsetting measures are taken. There are two main reasons for this: (1) all
energy production, transport and construction comes with residual GHG
emissions that are not offset by aquaculture practices; and (2) the inclusion of
feed-related emissions in the carbon footprint of aquaculture implies that
achieving carbon neutrality in fed aquaculture requires achieving carbon
neutrality in agriculture.

This study is based on the premise that the aquaculture sector has to abate
scope 1 (direct emissions), scope 2 (purchased energy with emissions
decreasing to 2050) and scope 3 emissions (feed production and feed
transport). This is not to say that the costs related to reducing these emissions
should be borne by the aquaculture sector alone, and indeed under the climate
law the responsibility to reduce emissions falls to the relevant sector.

The extent to which offsetting measures are needed to reach the climate targets
differs per production type and over time. The aquaculture sector is expected to
need more offsetting measures to reach the 2030 and 2040 target, than needed
to reach the 2050 target. This is explained by the fact that various tools are not
ready to implement at large-scale in the next years and the expected adoption
rates increases largely in the period 2040-2050.

The effectiveness of GHG emissions offsetting is not undisputed, with debates
centring around credibility, additionality and reliable certification. Concerns are
addressed in the Carbon Removals and Carbon Farming (CRCF) Regulation
(EU/2024/3012), the first EU-wide voluntary framework for certifying carbon
removals, carbon farming and carbon storage in products across Europe.
Removal through aquaculture activities is not currently eligible under the CRCF
but the industry can make use of the broader market to offset emissions that fall
outside of targets.

The European Union’s ambition is to grow the EU aquaculture sector, reduce
dependency on imported seafood and contribute to improved marine ecosystem
quality. Furthermore, as emissions from aquaculture and fisheries fall under the
ESR (Regulation (EU) 2023/857), a reduction of GHG emissions from the
aquaculture sector is needed. The analysis presented above concludes that this
is a highly demanding objective, which can only be achieved by strong
governance support at both EU and member state level, GHG emissions in the
whole aquaculture supply chain and the use of offsetting.

The study was explicitly designed to assess how the aquaculture sector can
move towards carbon neutrality in a context where upstream agriculture
remains significantly emissive.
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Annex 1: Project methodology

Description of method for baseline analysis

Data Collection and system boundaries for finfish

The first phase of the work consisted in the collection of aquaculture production
data in EU countries from 2005 to 2025 extracted from the FAO’s database
FishStatd (FAO, 2025). FishStatJ was chosen as the data source for all years
as the data available on the EUMOFA website only goes back as far as 2010
and a single source was preferred for consistency. As the database contains
annual data detailed at species level, species belonging to the same family and
the same environment (fresh water and marine) were grouped together. As
production data for 2024 were not available, production for this was assumed to
be the production volumes from 2023 + 1.6% (?").

The aquaculture production systems analysed were cages, recirculating
aquaculture systems (RAS), ponds, raceways, and the non-fed aquaculture
(a.k.a. culture of bivalves including bouchot). A description of the production
systems is provided in Annex 8. The proportion that each of these systems
contributed to the production of each different species in each country was also
incorporated into the database. For most countries, two sources were used to
identify the production methods adopted and their proportional contribution to
production volumes. For freshwater species, annex 1 of the European Market
Observatory for Fisheries and Aquaculture (EUMOFA) report in 2021
‘Freshwater Aquaculture in the EU’ was used, while for marine species data
were collected from the website of the EU Aquaculture Assistance Mechanism,
managed by the European Climate, Infrastructure and Environment Executive
Agency (CINEA) on behalf of Directorate-General for Maritime Affairs and
Fisheries (DG MARE) (%).

As historical data about the change in production systems in the last 20 years
were not available, it was assumed that the systems indicated in the sources
mentioned above did not change substantially in the study period considered
(2005-2024).

(3") 1.6% is the predicted average annual growth of the aquaculture industry according to FAO
2024

(?%) https://aguaculture.ec.europa.eu/country-information
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While in some cases variations in the production systems used have occurred
in some Member States during the last 20 years, it is reasonable to assume that
the magnitude of shifts from one production system to another is not
considerable. The only exception is Recirculating Aquaculture Systems (RAS),
which increased significantly in the last 10 years. However, the use of this
system is still minor compared to other production methods and such
assumption does not have a significant impact on the overall estimation of
emissions.

Figure 32 shows an example of the organisation of species, annual production

and production methods from 2005 to 2024 in the final database.

Figure 32 — Example of annual production data for different production methods
as organised in the database

Total
Production % PS  Production per 5
Species Environment Year production
System (PS) Used sytems (tonnes) (Tonnes)
Freshwater Ponds 905 2219.06
Freshwater 2005 Raceways 95 23294 2452
Freshwater Ponds 90.5 2894 19
Freshwater 2006 Raceways 95 303.81 3198
Freshwater Ponds 90.5 255934
Freshwater 2007 Raceways 95 268 66 2828
Freshwater Ponds 90.5 3111.39
Freshwater 2008 Raceways 95 32661 3438
Freshwater Ponds 905 2362.05
Freshwater 2009 Raceways 95 247 95 2610
Freshwater Ponds 90.5 2463 41
Freshwater 2010 Raceways 95 258 59 2712
Freshwater Ponds 905 1732.0795
Freshwater 21 Raceways 95 181.8205 1913.9
Freshwater Ponds 90.5 1783.09435
Freshwater 2012 Raceways 95 187.17565 1970.27
Freshwater Ponds 90.5 1824 9325
Freshwater 2013 Raceways 95 1915675 2016.5
Freshwater Ponds 90.5 1460.3985
Freshwater 2014 Raceways 95 153.3015 1613.7
Salmonolds Freshwater Ponds 90.5 1594.791 =

Freshwater 2015 Raceways 95 167.409 1762.2
Freshwater Ponds 90.5 14880915
Freshwater 2016 Raceways 95 156.2085 1644.3
Freshwater Ponds 90.5 1799.7735
Freshwater 2017 Raceways 95 188.9265 1988.7

The production method used influences emissions through nutrient loading and
waste decomposition, which can cause nitrous oxide and methane emissions,
but these are typically less significant than emissions due to use of non-
renewable sources of energy (Chen et al 2023). Moreover, detailed variations in
sources of energy used in the last 20 years are accounted for, and the GHG
emissions are calculated by modelling the emissions of the different systems
adjusted to account for the different mixes of energy sources that were used
during the focus periods. Data about main sources of energy used to produce
electricity in different countries were also collected from the EUROSTAT
database (EUROSTAT, 2025). EUROSTAT provides data about use of sources
of energy for different sectors; however, it does not provide specific data for the
aquaculture sector. Hence, use of sources of energy at national level were
considered, and it was assumed that these are reflected in the aquaculture
sector in the same proportion.
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Data on GHG emissions associated with the production of 1 tonne of each
aquaculture species, across the different production systems and EU Member
States were primarily derived from peer-reviewed Life Cycle Assessment (LCA)
studies. The complete list of the studies used is shown in Table 46 (for fish) and
Table 47 (for non-fed aquaculture). Both direct and indirect emissions were
considered in the calculation of emissions.

The direct emissions are represented by the hatchery-associated emissions and
by emissions generated in culture operations such as those generated by on-
site fuel use for boats, on-site machinery and equipment and nitrous oxide
coming from pond sediments and sludge management in certain systems.

The indirect emissions considered in the study were the ones related to the feed
production including ingredients sourcing, processing, transportation and
logistics associated with feed delivery.

Once emissions data were obtained from the literature for each species—
production system—country combination, total emissions were calculated by
multiplying the CO,-eq. emissions per tonne of LW by the corresponding annual
production volumes.

General assumptions were made due to country specific data gaps. Other
sources, assumptions and calculations specific for different countries are listed
below.

Bulgaria

No data about production methods in Bulgaria were present in the sources used
for other countries. The percentages indicated for the different systems were
estimated based on the number of times each system was reported in the
Scientific, Technical and Economic Committee for Fisheries (STECF) 24-14
Aquaculture economic sector database (STECF, 2024). This database reports
data from a sample number of farms that changes depending on the species
collected between 2015 and 2020.

Cyprus

The EUMOFA report did not provide data about freshwater production systems.
The national aquaculture report was used instead (MOA, 2024).

Estonia

According to 2022 data available in Eurostat, in Estonia, aquaculture production
is carried out both in sea and brackish water and in freshwater. Marine and
brackish water aquaculture production is mainly carried out using cage methods
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and a small percentage in ponds, while freshwater aquaculture mainly uses
tanks and raceways as production methods. However, no details are available
for more than half (55%) of the production (23). It was assumed that 100% of the
freshwater farms are constituted by tanks and raceway and that 100% of
seawater species are farmed in cages.

France

The proportions of the different freshwater production systems indicated were
made using data that refer to only 19.5% of the freshwater farms active in the
country as the production method for 80.5% of freshwater farms is not specified.

A small number of seabass ponds are present in Northern France, but specific
percentage for this system is not available and it is known to be a minor
contributor to total production, so it was assumed that 100% of seabass in
France is produced in cages.

Germany

The EUMOFA report about freshwater aquaculture indicates that ponds,
raceways and RAS are present in the proportion of 39%, 59% and 2%
respectively. However, another EUMOFA report about RAS indicates that these
systems appeared in Germany in 2016 (EUMOFA, 2020). Hence, for the
previous time, it was assumed that Ponds and Raceways were the only two
freshwater aquaculture systems used in the proportion of 40% and 60%
respectively.

Slovakia

Data about production methods for 43% of the farms were not available, it was
assumed that the production systems available for the other farms were used in
the same proportion in these farms for which details are not available.

Sweden

Data about RAS system are extracted from Bergman et al (2020). These data
took the form of proportions of total production by production system, and these
were used to estimate production volumes for each species and system for
each year interval.

(%®) https://aguaculture.ec.europa.eu/country-information/estonia
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Definition of System Boundaries for finfish

To ensure comparability across different studies, it was necessary to define
consistent system boundaries. In LCA, system boundaries delineate which
processes are included in the analysis. Given that the different LCAs studied
used varying boundaries, 2 specific system boundaries were defined for fin fish
aquaculture.

e For analysis of emissions generated in raceways, ponds, and RAS, the
system boundaries encompassed (Figure 33):

o Hatchery
o Feed production and transportation
o Feed transportation from production plant to farm

o On-farm grow-out (including energy used for pumping water,
monitoring and managing water quality, and feeding)

e For cage systems, the boundaries included (Figure 34):
o Hatchery
o Feed production
o Feed transportation from production plant to farm
o Grow-out

o Emissions associated with boat trips

These boundaries correspond to a cradle-to-gate perspective, excluding post-
harvest stages such as packaging and manufacture of fish, waste processing
and commercial distribution stages.

The resulting database categorizes emissions according to each defined life
cycle stage, across all species, systems, and countries. The following
subsections describe each life cycle stage included within the study’s defined
system boundaries:

Hatchery

This includes all activities required to produce smolts and juveniles in dedicated
hatcheries. Two articles were consulted as a source to estimate the contribution
of the hatchery stage to overall emissions (Table 45). One reported a
contribution between 6 and 10%, while a second one reported a contribution of
only 6%. In the present study, a transversal 10% emissions increase was
applied transversally to all species and production methods to include the
emissions derived from the hatchery stage.
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Table 45 — References consulted to estimate the contribution of Hatchery to
overall emissions

% Contribution
hatchery stage
on overall
emissions

Study

Smarason, B. ., Ogmundarson, O., Arnason,
J., Bjornsdottir, R., & Davidsdottir, B. (2017).

i _1N0,
Life cycle assessment of Icelandic arctic char Arctic char Iceland 6-10%
fed three different feed types.
Gronroos, J., Silvenius, F., Kankainen, M.,
Silvo, K., & Makinen, T. (2012). Life cycle Rainbow trout Finland 6%

environmental impacts of different fish
production alternatives in the Baltic Sea.

Feed Production

This stage includes all processes from the production of feed materials, from
sourcing to processing into formulated feed. These data were extracted from
available literature.

Feed Transportation

Because many LCAs did not separately report feed transportation emissions,
these were estimated independently. This estimation required four steps
described below.

e I|dentification of average Feed Conversion Ratios (FCRs): Species-
specific average FCRs were determined through literature review and
expert interviews, accounting for environmental conditions such as
temperature.

e Calculation of total feed use: The total feed consumption per species
was calculated by multiplying the FCR by the species’ production volume.

o Estimation of distances: An average transportation distance (from feed
producers to fish farms) of 250 km was assumed. Stakeholders and
experts were consulted to estimate the distance. These suggested that
most of the feed used in EU fish farms is produced in Europe. The average
distance was estimated considering the location of the main feed
producers in Europe and the distribution of fish farms in the EU countries.

e Emissions calculation: Transportation was modelled in SimaPro using
the truck type EURO 6 trucks, with a capacity of 28 tonnes of feed carried
per trip. Emissions related to the transportation of 1 tonne of feed were
calculated for 250 km was inputted.

For 1 tonne of feed transported, an average of 192 g CO,eq was emitted by
using a 28-t capacity truck for one km. This number was directly calculated by
the software considering the capacity of the truck.
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Once the emissions related to the transportation of 1 tonne of feed calculated,
the data was then multiplied by the total feed consumed per species—system—
period.

Grow-out Phase

This stage includes emissions associated with all activities occurring during the
rearing of fish. It includes feeding operations, maintenance, and other energy
used by equipment like pumps, monitoring systems, oxygen and water quality
management and lime input. These emissions are extracted from the available
literature (Table 46) and remodelled with SimaPro to adjust them considering
the specific sources of energy used in the different countries (detailed
methodology explained in section 2.3.8).

Emissions associated with boat trips

For cage aquaculture, the emissions associated with use of vessels to reach the
cages were also considered. These were estimated based on the results of the
study of Garcia et al. (2019). The authors analysed the LCA of offshore (5 km
from the coast) seabass production in Greece. They estimated that the vessels
are responsible for the emission of 0.21t CO,eq /t LW. This value, that includes
trips for cage revision, removal of dead fish, maintenance and feeding, was
used in the present study for all the cage aquaculture production.

Adjustments of the different LCA studies’ boundaries

To standardize emissions data, adjustments were made when original LCA
studies extended beyond the defined system boundaries (Figure 33 and Figure
34). For example, if reported emissions included downstream stages such as
packaging or commercial transportation, the proportional contribution of these
stages was deducted. When studies reported emissions from additional minor
sub-processes (e.g., internal logistics, specific material use), their emissions
were aggregated into an “Other” category to reduce data fragmentation and
enhance comparability. This harmonisation ensured consistency in the scope of
emissions considered across all species, systems, and Member States.

Table 46 — Reference and assumption used for finfish aquaculture

) Country
P";d“‘:t'on original Notes and Assumptions
ystem stud

Salmonids
(Diken et al., 2023) Perches e Germany Trout production in ponds
Catfish
Cyprinids Ponds Vietnam Carp production in ponds
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Production
System

(Biermann & Geist,
2019)

(Boyd et al., 2012)

(Yacout et al.,
2016)

(Al Eissa et al.,
2022)

(Wind et al., 2022)

(Biermann & Geist,
2019)

(Song et al., 2019)

(Samuel-Fitwi et al.,
2013)

(Bergman et al.,
2020)

(Boxmann et al.,
2016)

(Samuelsson, 2022)

(Besson et al.,
2016)

(Samuel-Fitwi et al.,
2013

(Aubin et al., 2009)

(Badiola et al.,
2018)

(Sun et al., 2009)

Eels
Pikes

Sturgeons
Flatfish
Tilapias

Catfish
Tilapias

Malacostracans

Salmonids
Perch
Catfish
Cyprinids
Eels
Pikes
Sturgeons

Flatfish

Tilapias

salmonids

Tilapias
Cyprinids
Eels
Pikes
Sturgeons

Catfish

Flatfish

Malacostracans

Ponds
Ponds

Ponds

Raceways

Raceways

RAS

RAS

RAS
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Country
original
stud

USA

Egypt

USA

Germany

Vietnam

Denmark

China

Sweden

Virgin Islands

Sweden

Netherlands

France

Global/Europe

Vietnam

Notes and Assumptions

Catfish production in ponds
and RAS

Tilapia production in ponds

Shrimp production in ponds

Trout production in raceways

Carp production in ponds

Trout production in RAS
(Song et al., 2019)

Salmon production in RAS
(Samuel-Fitwi et al., 2013)

Tilapias and Clarias
production in RAS (Bergman
et al., 2020)

Tilapias farmed in RAS
(Boxman et al., 2016)

GHG emissions repartition
between life cycle phases for
different species bred in RAS,

including tilapias.
(Samuelsson, 2022)
Catfish production in RAS
(Besson et al., 2016)

Salmon production in RAS
(Samuel-Fitwi et al., 2013)

Turbot production in RAS
(Aubin et al., 2009)

Multi species production in
RAS (Badiola et al., 2018)

Shrimp production in RAS
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Production
System

(Yu et al., 2024)

(Cooney et al,
2021)

(Bord lascaigh
Mhara., 2023)

(Kallistis et al.,
2020)

(Garcia et al., 2019)

(Guillen et al.,
2024)

Seriola
Perch

Salmonids

Sturgeons

Seabream
Flatfish
seabass
Meagre

Tuna

RAS

Cages

Cages

Cages

137

Country
original
stud

China

Ireland

Ireland

Greece

Spain

Malta

Notes and Assumptions

Seriola production in RAS

Seriola production in cages

Salmon production in cage

Seabream and Seabass
production in
Greece (Kallistis et al., 2020)

Seabass production in Spain
(Garcia et al., 2019)

Tuna production in cages
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Figure 33 — System boundaries (red square) considered in the study for the LCA
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Figure 34 — System boundaries (red square) considered in the study for the LCA
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Calculation of the CO,eq emissions

To estimate the emissions associated with each life cycle stage, the percentage
of contribution of that stage to the total emissions (included in the boundaries)
was derived from the LCA studies reported in Table 46and Table 47. This
percentage was then applied to the total CO, equivalent emissions per year for
the same species and production system.

For example, if feed accounted for 72% of the total emissions within a system
boundary, the emissions attributable to feed alone were calculated as:

(72 /1 100) x total CO,eq. emissions

As a result, the formulas in the database used to calculate emissions
associated with different categories report different percentages for different
species and production systems.

Trophic-level-based data assumptions for missing
species-specific LCA data

Species-specific LCA data were not available for all species across all systems
and countries. In such cases, emissions data were calculated based on studies
that included species of similar trophic levels.

For example, GHG emissions data for meagre in cage systems, were
unavailable. To estimate emissions for this species, data from seabream were
used. These species share similar trophic levels, are often reared in
comparable environmental conditions, and are farmed in similar production
systems. This approach helped maintain ecological and methodological
consistency while bridging key data gaps.

Data Collection and system boundaries for non-fed
aquaculture

Data about non-fed aquaculture production were also collected from the FAO’s
database FishStatJ, aggregated at family level, and separated in different
production systems. Emissions were estimated based on existing literature
(Table 3). The production systems considered for shellfish production in this
study included on-bottom, bouchot, off-bottom longline, and raft systems (see
annex 8 for description of the different systems).
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Definition of System Boundaries for non-fed
aquaculture

As shellfish production does not involve feed inputs, the system boundaries
defined for this study focus on two main stages: grow-out in the farm and
harvesting. Where appropriate, hatchery stage and boat trips were included in
the study boundaries. The subsections below explain in detail each life cycle
stage included within the scope of the study.

Hatchery

This includes all activities required to produce seeds in dedicated hatcheries.
Hatchery seed production was considered for all species except for mussel, as
natural seed is overall used irrespective of the production system (e.g., longline,
raft, bouchot).

Grow-Out in Farm

This stage considers all on-farm activities during the rearing phase. It includes
the impact of the use of auxiliary materials and gears (e.g., cotton socks for
mussel cultivation) as well as boat operations for site maintenance and stock
monitoring.

Emissions associated with boat trips

For the production systems that require boat travelling, the emissions for this
activity were included in the study boundary.

These include the emissions that results from the fuel used in boat transports to
and from the farm for the various activities conducted over the life cycle
(stocking, inspections, harvesting etc).

This stage includes all processes related to the harvesting of shellfish following
the grow-out period.

Table 47 — Reference and assumption table for shellfish/non-fed aquaculture

. Production Country Notes and
Source Species o ;
system original study Assumptions

(Institute & Mhara, 2024) Mussels On-bottom Ireland Used for all countries

(Tamburini et al., 2020) Mussels Longline Italy Used for all countries
Raft

(Iribarren et al., 2010) Mussels Spain Used for all countries
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: Production Country Notes and
Source Species . )
system original study Assumptions

(Aubin et al., 2018) Mussels Bouchot France

(Tamburini et al., 2020) Oysters Longline Italy Used for all countries
Clams The study was on clams
Cockles intertidal farm, used also

(Martini et al., 2025) On-bottom Italy for Cockles, carpet shell
Carpet shells and scallop in all
Scauop countries

Addressing Data Gaps and Uncertainty for non-fed
aquaculture

Given the heterogeneity of the aquaculture sector and the limited availability of
comprehensive LCA data, several assumptions were made to address data
gaps and maintain methodological consistency across species, production
systems, and EU Member States. The following subsections outline the primary
methods and assumptions used.

Proxy data for ecologically similar species

In cases where specific LCA data were unavailable for a given shellfish species,
proxy data were used from ecologically similar species cultivated under identical
conditions. In this context, the same data was used for clams, cockles, scallops

and carpet shell. Since shellfish production does not include feeding stages, the
environmental impact of two species reared under the same production system

is considered comparable across the EU.

European data for missing country-specific data

Detailed country-level data on shellfish production practices were not available
for the majority of EU Member States. However, unlike fish aquaculture,
shellfish production does not typically involve energy-intensive inputs during the
grow-out phase. As such, GHG emissions associated with shellfish production
were assumed to be consistent across countries. GHG emissions in different
countries and different periods, were extracted from the studies indicated in
Table 46.

Addressing data gaps and uncertainty for finfish

Due to the heterogeneity of the aquaculture sector and the limited availability of
comprehensive Life Cycle Assessment (LCA) studies, several assumptions
were made to fill data gaps and ensure consistency across species, production
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systems, and EU Member States. The following subsections outline the key
assumptions and methods used to address data limitations.

Country-Specific adjustment using national energy
mix

LCA studies used in this study were conducted for a single species or species
group, in a specific production system, within a particular country. In cases
where no European LCA data were available, LCA studies from Asia, Africa, or
the Americas were used as proxies. To estimate emissions across EU Member
States more accurately, electricity-associated emissions were remodelled
according to national energy sources used. Since the type and share of energy
sources (coal, gas, renewables) used to power aquaculture operations vary
between countries and over time, the CO,-eq. emissions from energy
consumption were recalculated using country-specific electricity profiles.

To do so, the methodology focused on two main steps:

e Step 1: Data collection of EU Member States’ energy-mix

The sources of energy used by different countries from 2005 to 2023
were collected from Eurostat for each Member State (EUROSTAT,
2025). Eurostat database reports the use of different sources of energy
at national level, as well as for some specific sectors. However, the
specific sources of energy used in the aquaculture sector are not
available, hence use of different sources at national level was considered
and it was assumed that it reflects the sources of energy specifically
used for the aquaculture sector.

e Step 2: Calculation of electricity-associated Emissions for different
Member State’s systems and species studied

For each study in Table 46, the emissions (t CO,eq.) and the number of
Kilowatt Hour (kWh) associated with electricity consumption to produce 1
tonne of LW were extrapolated. The emissions related to the use of 1
kWh of electricity were then modelled on software SimaPro considering
for each country the specific mix of sources of energy used (extracted by
EUROSTAT). These emissions of 1 kWh adjusted according to specific
energy sources were then multiplied by the number of kWh necessary to
produce 1 tonne of LW.
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Description of method for scenario development

A list of tools to improve aquaculture efficiency while reducing emissions was
identified and for each tool the potential to reduce emissions was estimated.
Different tools were then suggested for different scenarios. Five scenarios for
the development of the aquaculture sector in Europe in the periods 2025-2030,
2031-2040 and 2041-2050 were agreed with the contracting authority and
validated by stakeholders. The scenarios consist in a number of actions
(adoption of tools identified) to be taken in the next 25 years to ensure growth of
the aquaculture industry in Europe while reducing its environmental impact. The
scenarios were selected based on different priorities: to achieve the reduction
emissions targets set in EU ESR, to minimise the investment requested, to
protect the sector from the negative impact of climate change, and to maximise
the reduction of GHG emissions. These scenarios were then compared with a
baseline scenario where aquaculture emissions from 2025 to 2050 were
estimated assuming that no action to minimise the impact will be taken. For
each scenario, different tools at different intensity were suggested based on its
focus.

In consultation with CINEA and DG MARE, it has been discussed that hard-to-
abate scenarios should be seen as variants of existing scenarios, adding tool to
offset hard-to-abate scenario. Subsequently, the study team identified four tools
to offset hard-to-abate emissions and formulated two hard-to-abate scenarios.

Data collection for cost of proposed tools

Cost data associated with proposed tools were gathered through literature
review and interviews with targeted stakeholders. The literature search began
with a focus on peer-reviewed journal articles. Predefined search strings were
used, such as “economic” combined with the specific tool name.

The retrieved documents were then screened according to three main criteria.
First, they had to provide quantitative economic data, especially figures on
capital and operational costs for a specific tool. It is noted that emerging feed
materials had to focus on aquafeed, not for cosmetics or pharmaceuticals.
Second, the cost data needed had to reflect farm-scale. Third, the documents
had to address tools within the European context.

Due to the relatively limited publication of relevant data in peer-reviewed
journals, the search was subsequently expanded to include book chapters,
reports, and academic theses in order to capture additional information. In
instances where relevant information still remained unavailable, interviews with
stakeholders were conducted to obtain the necessary insights. These interviews
were also useful for validating the information gathered from literature review,
where applicable. Cost of a proposed tool is presented in Annex 3.
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Stakeholder engagement

The purpose of the targeted stakeholder interviews in task 2 was to gather
feedback on the proposed tools, including their characteristics, scenario
development, and cost data. The interviews, which lasted approximately 45
minutes each, were conducted online via Microsoft Teams. An official support
letter, along with the data management plan and interview guide, was provided
prior to the interviews. The interview questions covered the following sections:

Section 1: Tools description

The table below (Table 48) outlines tools identified to support the transition to
net zero in the aquaculture sector within the EU by 2050, and their description.

Table 48 - Tool description for targeted interviews

Emerging feed materials in

Insects, microalgae, poultry by-products,

aquafeeds to replace fishmeal inal I : 5
and soybeans single cell protein

Focused on selecting breeds that optimise
Breeding proaram the efficiency of the emerging materials 9

9 prog and more resistant to novel pathogens and

increased temperature.
To improve FCR, to monitor water
Al-based tools parameters and to detect pathogens 7
earlier.
Increase production of species currently

Species diversification under-farmed (Meagre, Halibut, Pikeperch, 9

P sole, turbot) or lower trophic species (carp,

mugil, tilapia)
EEEEE prgggg’ic;osn e e Shellfish and seaweed 9
IMTA Promote co-production of different species 9
at different trophic level
Renewable ener Solar, wind, geothermal, biofuel, 9
9y hydropower
Audits Upgrade to Energy-Efficient Equipment, N/A
regular maintenance
Logistic and training Optimize Transportation and Operational N/A

Practices
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Aquaponics, bioflocs, use of sludge as 9
fertiliser

Effluents reutilisation

Mechanisms of compensation for

emissions produced (e.g. trees planting) N

Carbon credits

Section 2: Future scenarios briefly described.

Section 3: Feedback on these tools, their characteristics and scenarios. Including
GHG emissions reduction potential, Technology Readiness Level, Capital
expenditure (CAPEX), Operational expenses (OPEX), Regulatory constraints,
Licences/patents, Benefits associated with adopting the tool earlier, Risks
associated with delaying the intervention, and Training required.

Initially, three experts for each of the five production systems included in the
study were contacted, resulting in a response rate of 33%. Given the low
response rate, more experts were contacted, specialised in some or all
systems. Nine experts have been interviewed, covering all the production
systems. The table below provides details of the final interviewee profiles (Table
49).

Table 49 - List of stakeholders Interviewed

"Primary Producer 1 Non-fed aquaculture Italy
Expert 1 Pond system Hungary
Primary Producer 2 RAS Slovenia

Primary Producer 3

Intertidal and suspended

The Netherlands

Primary Producer 4 Intertidal and suspended Ireland
Producers’ organisation 1 All 5 production systems Italy
Expert 2 All' 5 production systems Ireland
. Al-based tools for )
Technology provider Spain
aquaculture
Feed producer All fed-aquaculture EU
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Description of method for cost analysis

A financial accounting approach, commonly applied in marginal abatement cost
(MAC) studies for GHG emission reduction policies, was used. This approach is
supported by the systematic literature review study of Huang et al (2016). The
quantification of specific abatement costs of GHG emissions for each scenario
and at EU MS level or most relevant geography involves the following steps:

Step 1: Gather upfront capital expenditure (CAPEX) and annual operational
expenditure (OPEX) for proposed tools:

CAPEX and OPEX information for each proposed tool was collected alongside
task 2. The data was sourced through a literature review and validated through
stakeholder interviews to address any gaps or missing information. For the
scenario cost analysis, the proposed tool is described at the category level. For
example, the feed materials category may include items such as black soldier
fly larvae meal, Tenebrio molitor meal, microalgae (Nannochloropsis oceanica
dried biomass), poultry by-products meal, and single-cell protein (SCP). As
such, the average cost will be calculated.

Step 2: Adjust CAPEX and OPEX to the base year 2025:

Since literature review includes data from different years, the CAPEX and
OPEX are adjusted to the base year 2025 as follows:

Adjusted cost
= Original cost x (1
+ inflation rate in EU)(2025-¢originalyear) (7

Where:
e |Inflation rate in EU = 2% (?*) (*°)
Step 3: Identify cost savings for each tool:

Each tool may generate cost savings through improved Feed Conversion Ratio
(FCR), reduced energy consumption, or both. Cost savings are calculated as
follows:

(#*) https://ec.europa.eu/eurostat/statistics-
explained/index.php?title=Inflation _in the euro area

(?®) https://www.ecb.europa.eu/ecb/orga/tasks/monpol/html/index.en.html
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Cost savings
= (Production volume x feed price x feed use x improved FCR %)
+ (electricity consumption x electricity price x energy reduction %) (2)

Table 50 — Expected savings with adopted tools

(Janssen et al 2018); personal
communication with fish
farmers during 2025 European
Aquaculture Society (EAS)
conference

Breeding program is expected to reduce

0,
Reduced FCR 12% the FCR by 12%.

Personal communication with
fish farmers, company

Al-based tool is expected to reduce the providing Al tools at EAS;

Reduced FCR 3%

0,
FER 2 (Fernandez Sanchez et al
2023)

Improvement of energy efficiency (STECF et al 2025); personal
el ?"9'93’ equipment is expected to reduce 5% of communication with fish
consumption 5% :

energy consumption. farmers at EAS

Cost saving is expected via the difference
between renewable energy and national
electricity price

Lower electricity
cost

Step 4: Calculate Net Present Value (NPV) for each tool:
The NPV for each tool is calculated as:

NPV = —CAPEX

(annual cost savings — annual OPEX),
(1 + discount rate)!

(3)

t=1
Where:

e CAPEX = Upfront capital expenditure (Euro), incurred in the base year
2025.

e Annual cost savings (Euro) stem from either improved FCR, energy
reduction, or a combination of both benefits.

e Annual OPEX = Annual operational expenditure (Euro).

e Discount Rate = Rate to discount future costs (e.g., 4%, adopted from
Techno-Economic Study).

e T = Time horizon for the analysis (5 years for 2026-2030, 15 years for
2016-2040, and 25 years for 2026-2050).

e The salvage value of each tool is assumed to be zero at the end of time
horizon.

Step 5: Calculate CO,eq emission reduction for each scenario:
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The CO,eq emissions before and after adopting the tools for each scenario are
calculated by multiplying the CO,eq emissions before adoption with the
adoption rate. The CO,eq emissions before adoption are determined based on
the 2024 conversion ratio described in Database task 1. This ratio represents
the average tonnes CO,eq/t LW conversion rate across species. These
emissions are estimated for each production system. The correspondence
between emission abatement achieved through tool implementation is
presented in the table below.

Table 51 — Correspondence between emission abatement and tool
implementation

Emerging
e Improvement of
Emission materials Renewable P
energy use
related to and energy LS
] efficiency
breeding
programs
FECRIENTE es es no es es
transportation y y y y
Electricity no yes yes yes yes
Crarileny no es es es es
without electricity y y y y
Fuel no no yes no yes
Others no yes no yes yes
Hatchery no no no no no

Step 6: Calculate cost of CO,eq emission reduction for each scenario:

The marginal abatement cost (MAC) for a scenario is calculated as:

Total NPV for solutions
MAC = —— . (4)
Emission reduction target

Step 7: Rank the cost-effectiveness scenarios

Following quantification of marginal abatement costs, marginal abatement cost
curves (MACCs) will be developed to identify, rank, and prioritise the emission
abatement scenarios. These scenarios will be ranked based on their cost-
effectiveness, starting from the lowest (most desirable) to the highest cost per
tonnes CO,eq reduced. The assessment will focus on three key timeframes:
2030, 2040, and 2050.

Step 8: Conduct sensitivity analysis

Next, a sensitivity analysis will be conducted to assess the impact of key
parameters on the marginal abatement cost across the different emission
reduction scenarios.
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Step 9: Conduct granularity analysis

To detect heterogeneity in results across EU Member States, MAC values that
fall outside the range of the median plus or minus 2.5 times the median
absolute deviation will be identified as significant outliers, following the
recommendation for outlier detection by Leys et al. (2013). For Member States
with MAC values identified as outliers, further analysis will be performed, taking
into account key factors influencing on these outliers.

Data description

Data required for the scenario cost analysis was gathered through findings of
task 1, task 2, literature review and interviews with targeted stakeholders. Key
variables are summarised in Table 52.

Table 52 — Key variables used for scenario cost analysis

Production volumes (t LW) Baseline and production projection ~ Task 1 and 2

Task 2, scenarios
description

CO,eq emission target and
adoption rate

ESR emission target (S2) and
adoption rate of tools

Emission related to feed and feed
transportation, electricity, grow-out Task 1
stage, fuel, others, and hatchery

Emission conversion ratio

Electricity use (kWh) Electricity use per t LW Task 1
Fuel consumption (Liter) Fuel use per t LW Task 1
Feed consumption (tonne) Feed use per t LW Task 1

CAPEX (€)

OPEX (€)
Improved FCR (%)
Energy reduction (%)

Feed price (€)

Electricity price (€)

Fuel price (€)

(26) EUROSTAT [ten00117] Electricity prices by type of user (2025)

Upfront capital expenditure of tools

Annual operational expenditure of
tools

Reduced FCR with adopting tools

Energy reduction with adopting
tools

Feed price in EU

Electricity price at MS level for
non-household mid-sized
consumers in 2024

Fuel price at MS level

Task 2, literature review,
interviews

Task 2, literature review,
interviews

Literature review
Literature review

Literature review
Eurostat(?6)

Blue economy
observatory(?”)

https://ec.europa.eu/eurostat/databrowser/product/page/ten00117

(?7) Topics - EU Blue Economy Observatory - European Commission
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Cost input for scenario cost analysis

The costs associated with the proposed tools outlined in Scenarios 2, 3, 3b, 4,
5, and 5b are summarised in the tables below.

Regarding the cost of emerging feed materials, the cost price (€/kg) is
calculated based on the replacement percentage of each ingredient with
fishmeal. The price of fishmeal is 1.47 €/kg (EUMOFA 2023).

Table 53 — Costs associated with emerging feed materials

Market Blended
price fishmeal Reference
(€/kg) price (€/kg)

(Abdel-Tawwab et al 2020;

Black Soldier Fly larvae 1.66-
1.57 Nunes et al 2023;
0,
meal (40% replacement) 1.78 Vodounnou et al 2025)
Tenebrio molinal meal 3.10- .
2.42 (Niyonsaba et al 2023)
(40% replacement) 4.28
Microalgae
Nannochloropsis Oceania (Vazquez-Romero et al
dried biomass 1.38 1.46 2024)

(21.4% replacement)

Poultry by-products meal (Serra et al 2024); Aquafeed

0.694 1.24

(30% replacement) project

Single Cell Protein (Jean & Brown 2024; Serra
1.77 1.80

(30% replacement) et al 2024)

Table 54 — Costs associated with breeding programs

Annual

CAPEX Buildings and tanks . (Janssen et al 2018);
Personal communication
Energy, oxygen, fuel, husbandry of with fish farmers at EAS
OPEX nucleus, rearing selection, trait 30 2025

recording, external services

Table 55 — Costs associated with Al-based tools

Annual Infrastructure (sensors, Personal communication with fish
a camera, license for Al platform 55 TaF
CAPEX ’ 0 farmers, company providing Al
IT server, automated feeder) tools at the European
Annual licence, maintenance, Aquagulture S,°Ci9ty 2025;
OPEX energy 23 (Fernandez Sanchez et al 2023)

Regarding renewable energy, the Levelized Cost of Energy (LCOE) is used as
the operational cost. The renewable energy sources considered include solar
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(Oliveira-Pinto & Stokkermans 2020), wind (EMBER 2025), wave (Joensen &
Bingham 2024), biomass, biofuel, hydropower, and geothermal energy
(European Commission 2020a). This cost is estimated based on an LCOE
range of 0.068—0.141 €/kWh.

Table 56 — Costs associated with renewable energy

T T T

Electrification boat for 1,241,000 Sl e e

cage and suspended (Kori¢an et al 2023);

CAPEX . Electricity demand 566,333 :
production system, KWh/boat Techno-economic study
lifetime 20 years

OPEX LCOE 0.091 €/kWh

Regarding IMTA, data was collected at the farm level for multiple species,
including mussels, oysters, macroalgae, and existing IMTA systems such as
mussels, scallops, seaweed, and abalone combined with seaweed.

Table 57 — Costs associated with IMTA and effluent management

Annual Farm infrastructure, installation, (da Silva et al 2022; Garcia
CAPEX equipment et al 2008; Navarro Forner
) . 2021; Theodoridis et al
OPEX M.a.lr)tenance, labour, seedlings, 741 2017); interview with
utilities, consumable costs stakeholders

Improving energy use efficiency can potentially be achieved through regular
equipment maintenance. According to STECF data, maintenance costs for
equipment often account for 10% of the total operational costs but vary
depending on the species, ranging from 115 to 316 €/t LW.

Table 58 — Costs associated with improvement of energy use efficiency

Annual
CAPEX No need for a major change

(STECEF et al 2025)
OPEX Regular maintenance 144

Table 59 — Costs associated with tools for hard-to-abate emissions

(Collins et al 2022; Gold

Voluntary carbon credit 56 Standard 2025)

Ecosystem conservation and restoration (Carnell et al 2025; Eiselin et al
23.3
support 2024)
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Limitations and Assumptions

Several limitations affect the interpretation of our findings, including data
availability and data availability across production systems. As a result, certain
assumptions were necessary.

e Limited data availability: Both the literature review and interviews
provided limited cost data for certain tools such as emerging feed
materials, breeding programs, renewable energy, Al tools, and IMTA,
reflecting the early stage of these tools in Europe.

e Data specificity: Cost data were not available across five production
systems and fish species.

e |tis assumed that tools investments can generally be applied across
production systems, except tools related to feed in the case of non-fed
aquaculture, where feed is not required.

e Additional potential cost savings, apart from major expenses like feed
and electricity, could not be assessed due to data limitations.

Validation of cost analysis

To ensure robustness and relevance, the findings are validated not only by
cross-checking with similar studies in literature, the techno-economic study (?8)
(particularly for the electric boat) but also by utilising reliable data inputs from
peer reviewed journals and Eurostat to generate dependable outputs.
Additionally, validation is also conducted via personal communications with
stakeholders during the European Aquaculture Society conference, interviews
with stakeholders from tasks 2 and 4, and consultations with members of the
ETP workshop.

Description of method for multi-criteria analysis and
assessment of limitations

Task 4 used a qualitative Multi-Criteria Analysis (MCA) to evaluate the
scenarios developed in task 2. The task brought together findings from tasks 1-
3 in order to qualitatively evaluate the economic, environmental and social
impacts of the scenarios developed in task 2. This qualitative multi-criteria
analysis was done in an iterative process of desk-study, expert judgement and
online expert focus groups. Under sub-task 4.2, limitations to the realisation of

(?8) Techno-economic analysis for the energy transition of the EU fisheries and aquaculture
sector
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the scenarios were identified, following a PESTEL analysis of the EU
aquaculture sector, outputs from the focus group and further expert interviews.
The activities are described in more detail below.

Qualitative multi-criteria analysis

Multi-criteria analysis (MCA) is a useful decision-making tool which is best used
to evaluate and compare different ‘options’ by assessing how various criteria
perform against these options. It is then an essential step in the methodology to
determine what these options are and how are they defined. The next step is to
choose what criteria will be selected for the MCA, and these criteria aim to
cover the potential complexation and breadth of the impacts of the different
options. These criteria need to encompass not only the economic impact of a
certain option for example, such as how much the option would cost, but it also
needs to factor in other qualitative and quantitative factors such as the
environmental and social impacts.

Once the criteria have been determined, the final step in setting up the MCA is
to determine what available data can be used to ‘score’ how well a certain
criterion performs under a specific option. This data can be both qualitative and
quantitative, as the MCA methodology allows a mixture of different datasets.

Table 60 presents the main structure and decisions made for the MCA. Five
different MCA’s were carried out, one for each production system. The analysis
was be done at the EU level (as this is the level at which the scenarios have
been defined).

Table 60 — The main structure of the multi-criteria analysis

Component Defined in this MCA

The overall objective of the MCA is to evaluate the social, environmental and economic

@ajsctiie impact of the five different scenarios developed under task 2.

These have been defined as the five different scenarios developed under task 2.
Including (1) Business as Usual, (2) Achievement ESR/EU targets, (3) Prioritise low
investment, (4) Resilience to Climate Change and (5) Maximising Emission Reduction

Options (5). The hard to abate tools such as purchasing carbon credits and investment in
ecosystem conservation and restoration support will be used to develop two of the
previously defined scenarios a bit further e.g. Low investment + added tool (3b) or
Maximising Emissions Reduction + added tool (5b).

These is a shortlist of criteria that encompass environmental, economic and social
impacts. The methodology calls from between 9-12 criteria to be shortlisted, with an
even split between the environmental, economic and social. The criteria selected were
based on the needs of the Terms of Reference, the Policy relevance and the data
availability. The full list of criteria discussed can be found in Annex 6, and the short list
selected is presented in Table 31.

Criteria

The scoring is carried out using a series of indicators, which is data that helps to reflect
the relationship between a certain criterion, and how it performs against a certain tool.
This is an evaluative tool, and the assessments can be made with quantitative data
where available, or qualitative. Interviews with tasks 1-3 were performed in order to
determine what data for each scenario would be available for task 4. Where there is no
quantitative data available for a criterion, a qualitative assessment will be carried out. A

Scoring
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Component Defined in this MCA

survey will be used to ask industry experts to qualitatively assess how a criterion
performs against a certain tool (this was deemed easier than against the scenario), and
then this assessment would be aggregated and scaled to the tool level.

This requires weighing the relative importance of each criterion. Initially an equal
Weights weighting will be performed and presented to the stakeholders and ETP. A weighting
exercise will then take place with the industry experts during the focus groups.

Data collection

The development of the criteria longlist started with a review of the Terms of
Reference to determine what was specifically requested, in addition to
discussions with task 1-3 to determine what potential data would be available.
Discussions internally amongst the task 4 researchers also took place to identify
what criteria could be interesting to assess the impact of the different scenarios.
Discussions were then carried out amongst the team in order to shortlist the
criteria to a final list of 12 criteria (divided equally between environmental,
economic and social).

A survey was developed and circulated with industry experts in early August to
aid with the scoring of the criteria where quantitative data was not available.
This survey introduced the project and the different tools that have been used to
develop the scenarios. It was deemed easier for the experts to score the tools
against the criteria rather than explaining the scenarios in detail at this stage.
The task 4 researchers then aggregated the scoring for each tool to the
scenario level. The survey was built using the platform LimeSurvey (?°) and was
circulated to various experts. 28 experts from different fields completed the
survey.

Experts were asked early in the survey to define which production system they
most identified with, as this helped researchers to assign their scoring to the
relevant MCA. Experts were invited to answer the survey multiple times if they
were familiar with more than one production system.

The survey presented the industry experts with a table with the combinations of
criteria/tool, and asked them to score how they perceive a tool to impact a
specific criterion with the following Likert scale:

e -2: the tool will have a strong negative impact on the criterion
e -1: the tool will have a slight negative impact on the criterion
e 0: the tool will have no noticeable impact on the criterion

e 1: the tool will have a slight positive impact on the criterion

(?°) LimeSurvey GmbH, Hamburg, Germany. URL http://www.limesurvey.org
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e 2:the tool will have a strong positive impact on the criterion

A follow-up question was asked for some criteria that are less impact driven,
and more the focus is on how easy the tool is to implement across the
production system for that specific criterion. For this question, the following
scoring was suggested:

e -2: the tool will be very difficult to implement due to the criteria

e -1: the tool will be difficult to implement due to the criteria

0: the tool will be neither difficult nor easy to implement due to the criteria

1: the tool will be easy to implement due to the criteria

2: the tool will be very easy to implement due to the criteria

For the full survey circulated, please see Annex 7. There were a few exceptions
in the survey, because some tools or criteria were not deemed relevant for
certain production systems (e.g. emerging feed materials are not relevant for
non-fed aquaculture, or GHG emissions from production for the tool of carbon
credits). Annex 7 includes a full overview of these exceptions.

A total of 28 surveys were completed by experts across the five production
systems (Figure 35). Most experts who filled in the survey were cage (32%) and
RAS (25%) experts. The respondents included stakeholders who were farmers,
fish producers and processors, individuals from NGOs, trade associations and
advocacy groups in addition to scientific and research individuals and those in
the commercial feed industry (Figure 36).
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Figure 35 — Percentage of survey responses from experts of each production
system (total = 28)

Suspended,
11%

Raceway, 14%

Pond, 18%

‘:age 32%

RAS, 25%

=Cage ®=RAS =Pond =Raceway - Suspended

Figure 36 — Division of stakeholder categories that responded to the survey (total
= 28)

Farmer, Fish Producer, Fish Processor

Scientist/Research Body

Industry Representative Group, Trade Association

Mon-Governmental Organisation, Advocacy Group

Government Authority, Competent Authority,
Regulator, State Agency

Technology Solutions Provider

Commercial Feed / Feed Ingredient Company

Other

o

2 3 4 5 6
Number of survey responses

—
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7.1.11 Limitations and Assumptions

There was an assumption made that stakeholders would find it difficult to
qualitatively assess how a certain criterion will perform against a scenario, as
the scenario definitions are quite large and broad. Therefore, the decision was
made that for each criterion, the scoring would be carried out at the tool level
instead, with the assumption that these tools can then be scaled up to the
scenario level. Table 7 (section 4.4.3) previously outlined which tools are
included in which scenario. An equal distribution of the relevant tools for each
scenario was assumed (for example in Scenario 3: emerging feed materials,
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IMTA and improved energy use efficiency have equal weight in the scoring of
the scenario).

Some limitations that have emerged during the data collection phase for the
MCA were based on the data availability from tasks 1-3. The data available
from these tasks were GHG emissions from production and cost data (CAPEX
and OPEX), meaning all of the social criteria and the remaining environmental
and economic criteria (such as industry readiness) had to be assessed with a
qualitative methodology. However, to end up with a uniform MCA table, GHG
emission data and cost data also had to be transposed to a qualitative
assessment by the study team. It was not possible to compare the data
because of the different units in which the GHG and cost data were calculated
(e.g. euros per tonne of LW, euros per kWh and euros per tonne CO2eq). The
data in the MCA tables for GHG emissions from production, CAPEX, and OPEX
were thus normalised to the same Likert scale (-2 to 2) to be able to compare
between the qualitative and quantitative data. This was done based on ranking
the tools from least to most costly and least to most GHG emissions reduced.

Since the CAPEX and OPEX data both consider costs (for each tool to be
implemented, an increase in costs is required), only negative numbers were
assigned (ranging between -2 and 0) by the study team. Normalisation of the
quantitative data was done assuming equal steps, using a ranking from the
cheapest tool (0) to the most expensive (-2). To prevent the costs of a tool to
count twice in the MCA, stakeholder responses to the criterion ‘operational cost
reductions’ were adjusted to only be positive, ranging between 0 and 2
(negative scores were set to 0). At the time the survey was circulated,
stakeholders could give negative scores for this criterion, however, the team
adjusted this afterwards because it would mean an overlap with the cost data
included already in the CAPEX and OPEX.

By normalising the indicators onto one common scale, a meaningful comparison
across the criteria was possible, an essential step when conducting an MCA.

Validation of MCA

The survey responses helped the researchers to populate the five MCA’s with
the final scores for each technological tool against each criterion. The validation
of the aggregated scores took place across three validation workshops held in
September and October 2025. Participants from all five production systems
were invited to participate, with representative bodies such as the Aquaculture
Advisory Council, European Aquaculture Technology and Innovation Platform,
and Eurofish were all reached out to in an effort to garner more responses
through their networks of contacts. Table 61 shows the stakeholders that
participated in the MCA validation workshops and the production systems that
were covered.
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Table 61 — MCA Validation Workshops

“ Number of Participants Production System Covered

03/09/2025 5 Cage, Pond
05/09/2025 5 Pond, RAS
14/10/2025 6 Non-fed, Cage, RAS, Raceway

The primary focus of the validation workshops was on presenting the initial
findings of the survey and MCA and to receive feedback on the aggregated
scores for each criterion and tool. An interactive session was conducted at the
end of the workshop in order to gain stakeholder weighting for each of the 12
criteria, as this is an essential step in the MCA methodology. These criteria
rankings were then averaged for each production system and applied to the five
different MCA'’s to get a final stakeholder weighted MCA. The workshop was
further used to discuss what parameters could be used in the sensitivity
analysis (see 6.3.3 for more detail).

Limitations

A PESTEL analysis was conducted to shed light on the current state and
developments in the European aquaculture sector, looking at Political,
Economic, Social, Technological, Environmental and Legal dimensions. The
PESTEL analysis is informed by recent EU publications on aquaculture,
supplemented with scientific literature.

Next, the study team prepared the SWOT analysis based on the following
sources of information:

e Results of the analyses conducted in tasks 1-3.

e The expert focus groups

e Validation interviews with experts to validate the findings of the gaps and
limitations.

A SWOT analysis was chosen due to its wide application in strategic planning
technique that enables the systematic evaluation of internal and external factors
influencing an organisation or project (or scenario in this case). It categorises
strengths and weaknesses as internal dimensions, while opportunities and
threats represent external conditions, thus offering a structured framework for
developing strategic options. By matching strengths with opportunities and
addressing weaknesses and threats, SWOT facilitates informed decision-
making and strategic alignment (Gurel & Tat, 2017).

In total 15 validation interviews were conducted in the period Oct-Nov, the
characteristics of these are provided below in Table 62.

158



EU Aquaculture: GHG Reduction Costs and Pathways to Net Zero by 2050 — Final Report

Table 62 - List of stakeholders interviewed.

Stakeholder type Expertise Member State

Primary Producer 1
Sector representative 1
Primary producer 2
Sector representative 2
Expert 1

Expert 2

Expert 3

Expert 4

Feed producer

Expert 5

Primary producer 3
Expert 6

Expert 7

Sector representative 3
Expert 8

Cage aquaculture

Cage aquaculture

Pond aquaculture

All' 5 production systems
IMTA

Ponds and raceway aquaculture

All' 5 production systems
All 5 production systems
All fed-aquaculture

All' 5 production systems
RAS

Cages

Emerging feed materials
All'5 production systems
Cage aquaculture

Spain
Norway
Poland
EU
Spain
Hungary
Denmark
Spain
EU

Italy
Portugal
Ireland
Italy

EU
Greece

Identification of key parameters for sensitivity

analysis

The final subtask included the identification of parameters for the sensitivity
analysis, to assess how the outcomes of the scenario analysis in task 3 and
task 4 change under different inputs on key parameters. A longlist of possible
parameters was prepared for the analysis. During the expert focus groups,
additional parameters were discussed.
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Description of method for reduction pathways and
recommendations

Propose reduction pathways

Under sub-task 5.1, we propose reduction pathways including CO,eq emission
reduction both in absolute and relative terms (range) for each of the aquaculture
production systems. The proposed reduction pathways are based on the results
of the scenario analysis in task 3 and 4 and the consultation of stakeholders
throughout the project.

The proposed reduction pathways describe which tools are available for the
production system concerns, and their adaption rate between 2026-2050. The
projected CO,eq emission reduction is calculated using the calculations tools
developed under task 3.

The costs for carbon neutrality by 2050

The costs for achieving carbon neutrality per proposed reduction pathway are
calculated using the calculations tools developed under task 3.

Recommendations for policy measures

Recommendations for policy makers are formulated based on the focus groups
(task 2), interviews and PESTEL analysis conducted under task 4.

Guidance in the interpretation and shortcomings of
scenarios and pathways

The last sub-task provides guidance to the interpretation of the scenarios and
pathways and is written based on the study teams’ expert knowledge and
experiences gained in drafting scenarios and pathways.
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Annex 2: Database 1 — Screenshot illustrating the structure of the database
including calculations.
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2 Species Environment Year % PS Used sytems production per ton of fish (t use (kwh/ F of fish (t
®s) (onnes) (Tonmes) ~ COzeqtlw)  SYStem(tCOZ SXcBPt | o aq lectrity  excluding  production +
eq), electricity . use (t  hatchery transportation
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Annex 3: Screenshot of Database 2 — Simplified, ready-to-use version illustrated by

Salmonoids data in Austria
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Annex 4: Feedback from interviewed stakeholders

Emerging feed materials

The experts expressed mixed views on feed materials as a tool for reducing
emissions. Expert 1 was sceptical about the potential of emerging feed
materials, stating: “These ingredients are still in a very, very limited use in the
aquaculture industry. I think it’s only 0.2% of the total feed ingredient use comes
from these new ingredients.” This expert questioned the energy efficiency of
alternative proteins, noting that “The insect production for example is quite
energy intensive technologies, so I'm not sure and they don’t have a
comprehensive LCA or energy audit on these production technologies yet.”
However, this expert saw significant potential in poultry by-products and
emphasised a critical regulatory gap: “What | miss here is the utilisation of the
waste from the slaughterhouse from the aquaculture. We have quite
complicated in Europe legislation about using waste from the processing to
putting back to the fish feed.”

Expert 3 provided context about the complexity of emissions accounting in feed
production, explaining that “if it's about direct emissions, | will always assume
that it's mostly about the energy transition. The farms specifically themselves.”
He highlighted that feed materials often come from other countries, making their
emissions difficult to capture in national reduction efforts. Expert 4 reinforced
the economic challenges, stating: “The issue is that they cost more than soy,
and so there’s a great reluctance upon, | would say, feed companies to adopt
new protein sources.”

Breeding programs and genetic improvement

There was strong consensus among experts that breeding programs offer
significant potential for emissions reduction. Expert 1 emphasised: “I think
breeding programme would be the most urgent because it takes time to have
the appropriate genetic material... In Hungary, the biggest issue now is the
impact of the climate change. We have much warmer summers and much less
water than we have before.” Producer 4 compared aquaculture unfavourably to
other sectors, noting: “If we compare aquaculture with the poultry industry, we
are far, far behind... Disease outbreaks, the major problem in European
aquaculture in the recent years because of the climate change, changing the
fish diets and also lack of the suitable breeding program.”

Expert 4 highlighted that breeding programs would likely continue to focus on
traditional metrics rather than emissions reduction: “/ would think most breeding
programs to date have focused on growth rate and survival... | still think those
two metrics are the main drivers from most breeding programs.” This expert
predicted that climate adaptation would be the priority, particularly for “places
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that traditionally grew shellfish or fish in certain areas are finding that
challenging, so | think breeding programs would probably tend to focus more on
that than selecting breeds that optimise the efficiency of novel ingredients.”

Artificial Intelligence and digitalisation

Al-based tools received strong support across all interviewees, though experts
emphasised the need for broader digitalization beyond just Al. Expert 1
suggested: “I would say digitalisation in aquaculture, so probably Al, | would say
a more broad term here as digitalization, we know that there is a lot of uneaten
feed still in the aquaculture industry in both in the marine and freshwater.”
Producer 4 was particularly enthusiastic about the potential of Al, noting: "/ think
it's very big potential because the technology is more and more affordable like
this industry cameras cost 10 years ago like fortune. Today it’s really small
money... It’s important to improve FCR because feeding by hand or feeding by
automatic system which measure only the water quality parameters, it’s not
suitable if we could observe the fish behaviour."

Expert 4 provided a comprehensive view of Al's potential impact: “| think the big
area we'll see Al being used is to make decisions on all the data that’s been
generated in agriculture. There are enormous amounts of data... every farm in
the world has water quality data, feed efficiency data, FCR, but they’re very
complex interactions happening within marine environments and freshwater
environments and we will use Al to get more insights from the data that’s been
generated.”

Species diversification

Species diversification emerged as one of the most controversial tools. Expert 1
criticised the promotion of pike perch as an alternative species: “Pike perch, the
future of the freshwater aquaculture for nearly 40 years now. But | think it’s a
dead end because pike perch doesn't have the market potential to be a mass
produced species in Europe... there’s a massive import of frozen pike perch
from Kazakhstan." Instead, this expert advocated for African catfish: "If | would
suggest an alternative species which is underdeveloped at the moment, but it’s
growing very fast, it is the African catfish production in Europe."

Expert 4 was even more sceptical about diversification’s potential: “I'm a bit
conflicted on this, we're not going to see big volumes of any of the species that
you've listed there. They’re species that are expensive to produce, take a long
time to produce, they’re niche markets. Turbot is not going to feed the world or
pike perch or halibut." Producer 4 agreed that warm-water species would be the
future but cautioned: "I doubt that pike perch will be the future or any fishes
which have a very big added value."
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Integrated Multi-Trophic Aquaculture (IMTA)

IMTA received mixed reviews, with practical challenges frequently cited. Expert
4 was critical: “IMTA sounds nice, looks nice, but is it economically viable? I'm
not convinced. And your average salmon farmer or sea bass farmer does not
want to grow seaweed as well and shellfish.” However, Producer 7 provided a
successful case study of IMTA implementation: “| would say IMTA because
we're using the abalone effluent to feed those different like the sea lettuce and
where palmaria can grow in our system... The more abalone you grow, the
more of good nutrient. It’s not like you’re having to add another fertilizer. It’s just
something that’s natural in the seawater anyway."

Producer 4 expressed cautious optimism but noted the challenge of
commercialisation: “IMTA has potential. Because we are starting a project
together about developing an IMTA in farm... only thing is to move it from
experimental phase to the commercial sustainable tool.”

Renewable energy and equipment efficiency

Renewable energy emerged as one of the most promising and actionable tools,
though significant regulatory barriers were identified. Expert 1 highlighted the
administrative challenges: “Farmers see a great potential in the energy
transition to use renewable energy, and it’s an ongoing process... The problem
here that a large area of fish ponds, especially in Hungary, were 50%, nearly
50% of the fish ponds is Natura 2000 area, and usually the environmental
authorities does not allow for the farmers to put wind turbines or even just
floating solar panels.”

Producer 7 revealed regulatory constraints in Ireland: “If we wanted to run the
whole system, we need 400 panels. But again, the electricity companies will not
allow you to get 400 panels because they need to make money too... you are
only allowed a third of what you need.” This producer had successfully reduced
energy costs through renewable energy adoption: “We were spending at the
very beginning about 5000 euros on electricity per six weeks and once we got in
the recirculation and the turbine, it actually cut that in half.”

Expert 4 strongly emphasised the potential of energy efficiency improvements:
“I would think that combined energy transition and improved efficiency of
equipment offer the most potential... | don’t know what the figures are for
oxygen generation for aquaculture, but they must be enormous... if you could
just improve by 1% or 2% the energy efficiency of those paddle wheel aerators,
then you have a real scale effect.”

Scenario assessment and Implementation priorities

Regarding the proposed scenarios for emission reduction, experts generally
supported focusing on energy and efficiency measures but questioned some
allocations. Expert 4 critiqued the scenario percentages: "I would focus on
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energy transition and improved efficiency of equipment. | think they’ll have the
two biggest cumulative effects... | just can’t see IMTA having a big impact."
Expert 1 suggested adjustments for landlocked countries: “The landlocked
countries where pond aquaculture is the most developed, they should have a
same rate, same share for the energy transition possibilities because | would
calculate here with the possibility to have on-farm renewable energy.”

Producer 4 expressed pessimism about the future of European aquaculture
itself: “I think that we will have a very good reduction of emission because
people doesn't want to do fish farming anymore... There will be no more fish
farms in Slovenia, the older people.” This producer argued that emission
reduction targets might be achieved through production decline rather than
technological improvement: “Reduction of emission means that we will reduce
the production. If we want to keep the production, we have to spend more and
more energy and oxygen and everything.”

Cost information

The cost data revealed significant challenges in implementing sustainable tools.
Producer 7 provided detailed cost breakdowns for their IMTA system: "When we
first set up the whole system it cost 300,000, it was 200,000 to set up the
system, but then it was another 80,000 for the hatchery.” Expert 4 criticised the
cost data presented in the study: "Smart feeding system... | think the OPEX
cost, the euro per tonne cost are very high and | did not understand why. It’s
4590... | think it’s not realistic, those very high numbers."

Expert 3 highlighted the challenge of obtaining accurate cost data: “I'm with an
industry association, so we work on a pretty competitive basis. It's typically
information that doesn’t reach us.”

Key implementation challenges

Several overarching challenges emerged from the interviews. Market dynamics
and consumer behaviour were frequently cited as barriers. Expert 4 explained:
“Unless the consumer is willing to pay more for alternative protein sources, it’s
not going to happen... whilst there’s a social and moral obligation to reduce
emissions, it still comes down to cost. What is cost sustainable?” Producer 7
highlighted systemic inequities in support: “Aquaculture needs to be up there
with agriculture. It shouldn’t be under fisheries because fisheries is getting
everything... Aquaculture is at the bottom and there’s nothing left."

The complexity of emissions accounting across international supply chains was
another significant challenge. Expert 3 noted: “If it's about direct emissions, | will
always assume that it's mostly about the energy transition... The feed comes
often imported and has like the main emissions related to that or land use and
things like possible deforestation.”
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Annex 5: Longlist of criteria discussed for MCA

This table shows the initial longlist of criteria that was identified. To get to the final shortlist of criteria, the data quality and relevance
were weighted between 1 and 3. For the weighting of the data quality, 3 means it can be calculated in the project, 2 can be retrieved
through industry experts, and 1 relies on literature review and assessments by the project team. For the weighting of relevance, 3 is
very relevant (e.g. mentioned in the TOR, or in line with important EU Aquaculture policy documents), 2 is fairly relevant, and 1 is not
relevant at all (in some instances, they might not be deemed relevant as the criteria overlaps with another, or is included in the
definition of the scenario). We also determined whether the assessment of would have to be done at the scenario or tool level. Darker
green scored 6 (the maximum) and the lighter green scored 5. This helped us to finalise our shortlist of criteria.

Data available at

which level: Weighting
relevance (1-3)

Criteria Criteria Type Definition Scenario or Relevant tasks Weighting data (1-3)

tool?

How much space is required for
new systems (cross over
between land-use for food and
also infrastructure)

Capital costs to implement

Space
requirements of Economic
new systems

Tool Ask industry experts 1 2

T3 (per scenario, per

CAPEX Economic . Scenario : 3 3
scenarios country for scenario 2)

OPEX Economic Operat_lonal clols o) e Scenario T3 3 3
scenarios

Marginal . .

Abatement Economic s Of. ety e B e by Scenario T3 3 3
one unit

Cost

Operatlona_l Economic Operational costs relating to fuel Tool Ask industry experts 2 3

cost reductions and energy use

Redgt_:ed Cost Economic Vulnerab|!|ty to fluctuations in Tool Ask industry experts 1 >

volatility energy prices

Al ener Associated with data storage -

9y Economic how much energy is needed to  Scenario T2 1 1
consumption

store the data (changes across
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Data available at
which level: Weighting
relevance (1-3)

Criteria Criteria Type Definition Scenario or Relevant tasks Weighting data (1-3)

tool?

countries too due to climate) - for

Al tool
Energy mixes Economic Scenario T 1 2
Value of feed Economic Price industry would have to pay Tool STECF, Ask industry 1 >
(per country) per year on feed experts
Infra;tructure Economic Leve_l of chgnge to infrastructure Tool Ask industry experts 2 >
requirements required to implement tools
Industr How difficult the industry will find
Y Economic implementing the required Tool Ask industry experts 2 3
Readiness :
technological tools
level to which the proposed
scenario changes the degree of
Circularity Environmental cwculanty_(reusmg {:md Scenario Ask industry experts 2 1
regenerating materials and
resources like water and energy)
within the industry
Adaptability of species to warmer
R§S|I|ence to Environmental cllmate_s, how V\./e." species will Scenario Ask industry experts 1 1
climate change cope with e.g. rising seawater
temperatures
Improvements in sustainable
energy use (less use of 'grey’
Sustainability Environmental engr_gy), €.g- due to fuel Tool Ask industry experts 1 2
Improvements efficiency measures and the
switch to renewable, low-carbon
power sources
GHG emissions .
needed for Environmental SIS i lems (et elietelriielel Scenario T1-3 3 3

production for industry)
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Criteria

Criteria Type

Data available at

which level:

Definition .
Scenario or

Relevant tasks

Weighting data (1-3)

Weighting
relevance (1-3)

Animal welfare Environmental

Disease

o Environmental
transmission

Impact on wild
populations and Environmental
ecosystems

Land-use
change Land
usage

Environmental

Water usage  Environmental
Amount of land
needed for
(feed)
production

Environmental

Water pollution Environmental

tool?
Impact on animal welfare of
farmed species (finfish,
cephalopods, crustaceans)
The risk of spreading pathogens,
pests and parasites due to the
aquaculture farm. Also includes
the risk of antibiotic resistance.
Impacts like introduction of
invasive species, depletion of
wild stocks due to overfishing for
fish oil and fish meal, escaped
fish from farms, bycatch (from
fishing for feed).
Change in amount and type of
space required for new
aquaculture production systems, Tool
also related to the destruction of
habitat (e.g. wetland conversion
for ponds)
Amount of (fresh) water needed
for cultivation.
Space required for production of
aquaculture feed and aquaculture
products, related to the
destruction of habitat (e.g.
wetland conversion for ponds)
Change in nutrient level and
chemical use. Can be negative
due to nutrient release into open Tool
water or positive due to nutrient
removal by aquaculture species.

Tool

Tool

Scenario/Tool

Tool

Tool
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Data available at
which level:
Scenario or

tool?

Weighting

Relevant tasks relevance (1-3)

Criteria Definition Weighting data (1-3)

Criteria Type

Biodiversity

Number of
employees in  Social
the sector

Potential safety Soci
R ocial
implications
Match with
current
regulatory
landscape
Impact on skills
required
Social
acceptance

Social

Social

Social

Opportunities
for involvement Social
local expertise

Environmental

Impact on biodiversity both local
and impacted by feed production.
This can for example be reduced
pressure on wild stocks and
enhanced natural production, but
also introduction of invasive
species, disease transmission
and habitat destruction.

Number of employees within the
aquaculture sector engaged in
the renewable energy, Tool
demographics may also be
considered

Implications for safety (worker,
consumer), working conditions

Tool

Tool

How well scenario is covered by Tool
existing regulations

Possible impacts of tool to the
skills needed across the sector
Consumers or companies accept
these innovations

Tool which requires local
companies or expertise (indirectly
stimulating local economy) and  Tool
reduced dependency on national

help

Tool

Tool
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Annex 6: Survey circulated to industry experts for the
MCA

There were a few exceptions of tools or criteria that were not deemed relevant
to ask about in the survey for certain production systems. These were:

Low trophic aquaculture was added to the survey to raceway, RAS and
non-fed systems. This question focused on non-finfish species which
was thought not to be relevant for cages or freshwater pond aquaculture.

The criterion ‘GHG emissions from production’ was not included in the
survey for carbon credits, low trophic aquaculture and ecosystem
conservation and restoration support. This is because these tools by
themselves already offset emissions and do not produce GHG
emissions.

No Improvement of energy use efficiency surveyed for pond systems.
Energy use on ponds in the EU was considered to be low and the
systems are not well adapted to change this factor.

No emerging feed materials, Al-based tools and improvement of energy

use efficiency surveyed for non-fed systems. These systems are not fed

and the use of Al-based tools focused on reductions in FCR, energy use
was considered to be low and mainly included boats which were covered
under renewable energy.

No costs included for low trophic aquaculture, since this was not an tool
for which calculations were done in task 3.

Diversification of species and investment in ocean alkalinity
enhancement were surveyed at first but taken out of the results since
these tools were omitted from the final report.
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Greenhouse Gas Emission in
Aquaculture

This survey is conducted as part of the European Maritime, Fisheries, and Aquaculture Fund
(EMFAF) study “EU Aquaculture: GHG Reduction Costs and Pathways to Net Zero by 2050”.

The EU is committed to reach net zero greenhouse gas emissions by 2050, to achieve this target wide-
spread changes are required across almost every industry and the aquaculture industry is no exception
Under this study work is being carried out to identify various solutions to reduce greenhouse gas emis-

sions associated with European Aquaculture production and to assess their viability, cost efficiency, and
emissions reduction scale under a range of scenarios.

We need input from industry experts to properly validate these solutions and to provide robust and realis-
tic recommendations moving forward. As such we ask that you provide a qualitative assessment of the im-
pact of a range of solutions to certain key social, economic, and environmental criteria. A summary of the
proposed solutions can be found below.

Survey responses will form part of a wider multi-criteria analysis where criteria are ranked and the most
opportune solutions are identified.

Please tick the box to agree with the privacy statement.
Show policy

Introductory Questions

Your name:

Your email:

*
What category of stakeholder best describes you?

Choose one of the following answrers

O Farmer, Fish Producer, Fish Processor

O Government Authority, Competent Authority, Regulator, State Agency
() Industry Representative Group, Trade Association

(O Non-Governmental Organisation, Advocacy Group

O Technalogy Solutions Provider

(O Commercial Feed / Feed Ingredient Company

(O scientist/Research Body

O 3rd Party Certification & Standards Organisation
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Production systems

‘The Mul-Criteria Analysis will focus on the best solutions for five different production systems. Four systems relate o the culture of finfish and, where applicable, crustaceans: cage culture in fresh and marine environments, pond culture, raceway culture, and RAS bofh
marine and freshwater. The final system is the culture of molluscs and macroalgae in suspended culture including bouchot. Please select the culture system that you are most knowledgeable about and assess the solutions and ciiteria in the contet of that system.

Please select the production system you are most familiar with

Choose ong of the foliowing answers

pond

Raceuay

B

Suzpended

Cage Aquaculture Solutions Evaluation

Please familiarise yourself with the list of solutions below so that you can assess the most optimal solution for each critiera in the tables at the bottom.

Novel Feed Ingredients: Fe=d praduction is & major cantributer to gas emissions in duction. The wid d adoption of fe=d ingredients may reduce reliance of wild forage fish, allow for reuse
of waste materials, and improve FCR and fish health. Altematives include insect meal, algae oils and meals, pouliry by-products, and single call proteins. Inclusion rates differ between species.

Breeding programs: Whilst a growing number of aquaculture species produced in Europe come from selective breeding programs there is still unmet potential both in the number of species and the level at which this solution can re-
sult in improving performance of key istics. Advances in i | ted selection, pl ping. genome editing, functional genomics, and tools such as induced sterility have been shown to improve
growth rates, FCR, resistance to disease, tolerance of suboptimal envirenmental conditions, and many more commercially important traits. Reducing mortalities and reducing feed use requirements will lower the greenhouse gas emis-
sions from the sector.

Al tools: Artificial intelligence and automation are rapidly being used to tackle awide range of issues in aquaculture and beyend. Uses far AT teols in the aquaculture industry include emvironmental and water quality menitoring, auto-
matic feeding linked to factors such as fish behavior and the envirenment, early detection of disease, and smart control of land-based RAS facilities. Whilst these systems require the use of natural resources for their censtruction and
energy for their operation studies have shown they can effectively reduce FCRs and mortality rates and improve growth rates and operational sfficiency.

Diversification of species: European aquaculture is based around a small number of core species; these species account for a small fraction of the number cultivated worldwide and the number of native species possible to cultivate in
the EU. As climate change continues to influence temperatures, salinity, and seasonal weather patterns around Europe there is growing interest in farming an increasingly diverse range of species to enhance the industries robustness
to climate change. Species better adapted to local environmental conditions will have imoroved FCRs, enhanced growth, and reduced mortality compared to less well adasted species.

IMTA: Integrated multi-trophic aquaculture (IMTA) can help reduce greenhouse gas emissions through nutrient recycling and waste management, reducing damage to fragile and important ecosystems, and possibly carbon sequestra-
tion. IMTA can be used in freshwater, brackish, and saline environments and incorporate a range of different species.

Renewable energy: Converting energy sources from more traditional oil. coal, and gas to renewable sources can play a significant role in reducing an industry's GHG outputs. Adoption at grid level is required for many users to access
these renewable energy sources but on-site adoption of small-scale renewable energy generation can reduce inputs at farm or processer level, when scaled up these savings can result in significant reductions to GHG emissions.
Emissions can also be reduced by switching from fossil fuel reliant vehicles such as boats to electric vehicles.

Energy reduction efforts: Energy reduction efforts help to address unnecessary and inefficient energy use at site level. Measures such as upgrading to more energy efficient equipment, regular maintenance, optimization of transpart
and operation practices, and energy audits improve the energy efficiency of operations and therefore reduce associated greenhouse gas emissions.

Low Trophic Aquaculture: The adoption of aguaculture of low trophic species can reduce emissions from feed production and culture itseif, Species such as algae, molluses or other plants (duckweed) can remove excess nutrients
from the environment and there is evidence that they may sequester carbon. These species don't require inputs of feed and energy use requirements are also lower for their culture. Lower trophic fish species require less inputs of fish
oil and fish meal and at more extensive levels can feed on natural production in the pond or system in which they are grown.

Buying Carbon Credits: Some greenhouse gas emissions may be hard to abate even with significant investment in a diverse range of solutions. To affset these emissions tools like carbon credits may be used. Purchasing carbon credits
as part of the voluntary carbon market can reduce the net greenhouse gas emissions of the Eurcpean agquaculture sector.

Investment in Ecosystem Restoration: Restaring degraded ecosystems such as wetlands and seagrass meadows can provide environmental benefits such as water purification, biomass improvements and species conservation, pol-
lution mitigation, protection against climate change, and reduction of atmaspheric greenhouse gases through carbon sequestration.

Investment in Ocean Alkalinity Enhancement: Ocean alkalinity enhancement is an approach to carbon removal that involves adding alkaline substances to seawater to accelerate the ocean'’s natural carbon sink. Adding alkalinity to
the ocean converts dissolved inorganic CO2 in seawater into bicarbonates and carbonates, which are stable forms of carbon with a lifetime of approximately 10,000 years. The resulting CO2 deficit in surface waters is quickly rebal-
anced via a net movement of atmospheric CO2 inta the ocean, to reestablish equilibrium.

Question 1: Please provide a score for how you perceive each solution to impact each criterion, using the following Likert scale:

e criteria

: the solution will have  strong negative impact o
+ 1: the solution will have a slight negative impact on the criteria
+ 0: the solution will have no noticeable impact on the criteria

* 1: the solution will have a slight positive impact on the criteria

2 the solution will have a strang positive impact on the criteria
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Investmentin  Enhancing

Novel Feed Breeding Diversificatio Energy Energy Low Trophic Carbon Ecosystem Ocean
Ingredients programs Al tools n of species IMTA C i ducti Credits Restoration Alkalinity
Operational costs for aquaculture . ‘ - | | - | ‘ - ‘ | . | | . | ‘ . ‘ | - | | - | ‘ - ‘ ‘ . |

producers

Implications for safety - worker, con-

sumer, working conditions etc “1 | | | L ] ] 1 | ] -]
Increase in the number of employees en- i | | o | ‘ - ‘ | i | | o | ‘ o ‘ | i | | o | ‘ - ‘ ‘ o |
gaged within the aguaculture sector

Impacts like introduction of invasive

species, depletion of wild stocks due to - | | - | ‘ - ‘ | - | | - | ‘ - ‘ | - | | - | ‘ - ‘ ‘ - |
overfishing for fish oil and fish meal, es- -

capes fish from farms, water pollution

Amount of fresh water required for the . | | - | ‘ - ‘ | . | | - | ‘ - ‘ | . | | - | ‘ - ‘ ‘ - |

same volume of production

Amount of space required for new aqua-
culture production systems, also related ‘ ) ‘ ‘ " | | ) | ‘ - ‘ | " | | ) | ‘ ) ‘ | " | | ) | ‘ o ‘ ‘ ) |
to the destruction of habitat (e.g. wetland - - - -
conversion for ponds)

Question 2: Please provide a score for how easily each solution will be implement across the production sector due to each criterion, using the following Likert scale:

* -2: the solution will be very difficult to implement due to the criteria

* -1: the solution will be difficult to implement due to the criteria

* 0: the solution will be neither difficult or easy to implement due to the criteria
* 1:the solution will be easy to implement due to the criteria

®  2: the solution will be very easy o implement due to the criteria

Investmentin  Enhancing

Novel Feed Breeding Diversificatio Energy Energy Low Trophic Ccarbon Ecosystem Ocean

Ingredients programs Al tools n of species IMTA [= i ducti I Credits Restoration Alkalinity
powsellisthesolutonsoveredbyexist [ ) [ ][ ][ e[ o) [ ][ o) [ ][ e[ ][ ]
How well is the solution covered by exist- ‘ o ‘ ‘ ” | | o | ‘ - ‘ | ” | | o | ‘ o ‘ | ” | | o | ‘ - ‘ ‘ o |
ing skills across the sector . - - . -
How ready s theindustey wimplement [ [ ) [ | ][ o[ =) [ e[ =[] =[]
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Annex 7. Summary of Stakeholder consultation
through the ETP

On September 15", the study team organised a validation workshop with ETP
and other invited to present and discuss assumptions and preliminary results.
The summary of that discussion and the resulting actions is presented below.

Feedback on Baseline GHG emission

The initial baseline was generally well received and there was general
agreement of the findings, assumptions, and with the presentation of the
results. Across the group there was enthusiasm for the work and how proper
identification of the most energy dependent elements of the EU aquaculture
industry can help focuses emissions reduction efforts. There were, however,
several points that were mentioned on how the accuracy of the calculations
could be improved.

Emissions assigned to feed transport were considered to be too high and the
distance chosen for feed transport was questioned. This resulted in refinement
of the formula used to calculate transport emissions, however after discussion
with the commission the distance was kept the same.

Hatcheries were not originally considered within the system boundaries,
however following the ETP workshop these were added on the advice of the
stakeholders.

RAS energy consumption was thought to be high in the original calculations,
and this was checked and adjusted accordingly.

There was no separation of the emissions from fuel consumption of vessels on
farms from other elements of production, stakeholder advice was to separate
this out and this was done.

Production system proportions were considered to be too presumptive. These
were rechecked and clear errors were improved but due to limitations in the
available data assumptions of historic production by system had to be made.

It was also mentioned that given the complexity of the calculations all
assumptions should be made clear, and this has been done in the report.
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Feedback on Tools and Scenarios

Overall, the tools proposed were thought to be appropriate and fitting the
context to EU aquaculture. Comments during the workshop included the need
to consider appropriate adoption rates for things like renewable energies and
scale back suggested rates of adoption for things like emerging feed materials
(particularly microalgae) considering both technology readiness, cost, and
nutritional compatibility.

Al adoption was considered important but as were methods of react once
problems like disease should occur. This resulted in a scaling back of its impact
in the non-fed aquaculture predictions. Values of its reduction potential were
also revised following feedback.

IMTA was one of the most divisive tools and there were questions over its ability
to decrease carbon as a carbon sink. This feedback along with later interviews
resulted in a revision of the potential emissions reduction impact of IMTA from
earlier models.

Breeding programs and Al focused on improving FCR and reducing fish loss as
their primary targets and these were agreed as the most effective pathways to
reduce energy use.

A topic of much debate during the workshop was an appropriate level of
predicted growth for the industry. In the end it was decided that the FAQO’s figure
of 1.6% was the most appropriate. Some members of the workshop doubted
this was possible whilst others were optimistic of higher rates given the correct
support from the EU.

Some alternative technologies mentioned were biofloc and pond-in-pond
technology but these were considered too niche for adoption into the model.

Feedback on Scenario cost analysis

Capital expenditure (CAPEX) was seen as the biggest barrier for adoption of
technologies, in particular renewable energy on farms. Following comments on
CAPEX levels in general these were reevaluated.

Feedback on Impact, limitations, gaps, and sensitivity analysis of scenarios
(task 4)

The second half of the workshop asked that alongside providing comments, the
participants vote on the feasibility of the scenarios.
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Scenario 2 (Effort sharing regulation) - specific
feedback

Feasibility score: Average 3.0 (9 responses)
Figure 37 — Feasibility score Scenario 2

56%

22% 22%

0% 0%
1 2 3 4 5

Main barriers to implementing Scenario 2

Time was a key consideration with feedback that the generation time required to
see gains in breeding programs can be impede potential gains of this tool. On
the other hand, Al was the tool thought to be moving the fastest but due to this
there was a high level of confusion and uncertainty of the correct technology to
invest in.

Infrastructure was seen as a key barrier for renewable energy with marine
aquaculture thought to be more difficult than other systems. Support on cost as
well as tools to help implementation were thought to be needed to help the
adoption of Al tools which gains in sustainable feeds were highly reliant on
other sectors as well as imports to the EU. The availability and scale of new
ingredient production were also barriers and given the large percentage of
emissions from feed, these were seen as important barriers to overall emission
reduction.

Finally supporting regulations were seen as important but considered to be a
somewhat “chicken and egg” situation were regulations are required to support
the adoption of technological tools but without some level of uptake of tools
regulations would not be implemented.

Scenario 3&3B (Low investment) - specific feedback

Feasibility score 3: Average 2.9 (6 responses).

Feasibility score 3B: Average 2.3 (6 responses).
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Figure 38 — Feasibility scores Scenarios 3 and 3b
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Barriers of implementing Scenario 3 and 3B

For Scenarios 3 and 3b, which rely on low investment within the industry, the
level of inclusion of emerging feed materials was thought to be too high and a
barrier to success. The suggested use of carbon credits was not well received
and feedback led to a reworking on how this potential tool is presented with
clear distinctions between the responsibilities of individual farmers and the use
of credits as a mitigation tool used on a wider level.

Costs both CAPEX and OPEX were seen as barriers despite the emphasis on
low investment.

Scenario 4 (Resilience to climate change) - specific
feedback

Feasibility score: Average 2.7 (6 responses).

Figure 39 — Feasibility score Scenario 4
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Barriers to implementing Scenario 4

For Scenario 4 the key barriers to implementation were thought to be the
assumed level of uptake of emerging feed materials.

Al was thought to be useful, but a barrier would present itself if other efforts
such as vaccines and more research and development to solve challenges
were not invested in.

Scenario 5&5B (Maximize GHG reduction) - specific
feedback

Figure 40 — Feasibility score Scenarios 5 and 5b
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Feasibility score for Scenario 5 and 5B, respectively: Average 2.0 (6
responses).

Barriers to implementing Scenario 5 and 5b

Scenarios 5 and 5b were thought to be the most unrealistic. Some of this stems
from the key scenario assumption that maximises GHG reduction with a
disregard for cost, something that most stakeholders considered to be
unrealistic within the aquaculture industry. As such economic realities were
considered a key barrier to these scenarios.

Other barriers include the adoption rates of emerging feed materials and to a
lesser extent Al.

Assumptions on renewable energy were thought to be realistic and the
scenarios to be technically feasible.
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Key take-aways from the ETP consultation

Assumptions

v' The feed transport-to-production emissions ratio may be inaccurate; direct
contact could be an option.

v Production ratios for different systems need refinement, as assuming
uniformity is problematic.

v Hatchery production was estimated on the basis of on only two articles and
its contribution to overall emissions might not be accurate.

Tools
v Carbon sequestration and IMTA are worth exploring further.
v' Energy use calculations need clarification or refinement.

v Al benefits are promising but scenarios without Al and IMTA should also be
considered due to feasibility concerns.

v Non-electricity energy use is unclear, especially when discussing capex for
renewable energy; this needs further investigation.

v Increase in production

v" A sensitivity analysis on sector growth rate for the next 25 years is
recommended.

Scenarios
v' Scenario 2: Capex costs, particularly for renewable energy, will be revised.

v Scenario 3/3b: High adoption of emerging feed materials is assumed, but
challenges related to availability and effective sustainability remain. Access
to carbon credit markets also remains a challenge.

v' Scenario 4: Overlaps with Scenario 3; distinctiveness needs improvement.
Reassess emissions reductions from IMTA and consider losses from sea
temperatures and disease.

v" Scenario 5/5b: Short-term assumptions appear overly optimistic.

v' Scenarios are generally relevant, but RAS developments could increase its
prevalence as a production system in the future.
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Annex 8: Description of production methods

Fish production methods

Cages

Fish cages are floating or submerged enclosures placed in natural water bodies
such as lakes, reservoirs, or coastal marine areas. They allow water exchange
between the cage and the surrounding environment, enabling natural water flow
to remove waste and provide oxygen. They are typically used for species that
adapt well to confined open-water environments, including salmon, sea bass,
and trout. Cages usually have higher stocking densities than extensive systems,
allowing a higher production, but often causing environmental concerns such as
nutrient pollution, disease transmission to wild populations, and risks from
weather or predators.

The main advantages of this production system include lower construction costs
compared to land-based systems and utilization of natural water conditions.

Source: https://www.sciencing.com/about-5489412-fish-cage-production/
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Tanks and Raceways

Tanks are land-based containers, often rectangular or circular, used in
controlled environments for fish production, while raceways are long, narrow
channels with a continuous flow of fresh water, designed to provide a controlled
environment with flowing water to remove waste and supply oxygen.

Both systems provide high levels of control over water quality, temperature, and
feeding. They support higher stocking densities compared to ponds due to
controlled water flow and aeration.

These systems require continuous water supply, often from a river or spring,
and proper waste management to prevent pollution.

Source: https://lwww.fao.org/fishery/photolibrary/photo/detail/en/c/117793/

Ponds

Ponds are shallow, enclosed bodies of water, either natural or man-made, used
extensively in aquaculture. They have a relatively low engineering complexity
but require suitable soil types, such as clay or clay-silt, to retain water without
leakage. Stocking densities are generally lower than tanks or raceways, and
ponds rely on natural productivity augmented by fertilization.

Water management in ponds varies; some are flow-through with water
continuously supplied and drained, others are static or semi-static.

Species such as carp, tilapia, catfish, and shrimp are commonly farmed in
ponds.
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Source: https://www.nagodas.com/pond-traditional-culture.php

Recirculating Aquaculture Systems (RAS)

RAS are highly engineered, land-based systems that treat and recycle water
within a closed-loop system. Water usually goes through a series of connected
fish tanks and back to a biofilter where nitrifying bacteria turns the toxic
ammonia into less toxic nitrate and can then be sent back to the fish tanks. A
drum filter removes the solid waste from the water before being sent back to the
fish tanks. Optimal water quality is also often maintained through oxygenation,
and automated water monitoring.

Protein
skimmer
Ozone
DO/Temp. TGP, salinity, pH,
probe redox & CO,probes
X Flowmeters
v
Fish tank Drum Biofilter Sump Pump  Saturation uv Canister
filter cone steriliser  filter
l‘ Heat pump ll
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RAS enable very high stocking densities and year-round production
independent of external water sources. However, these systems have high
capital and operational costs due to pumps, filters, sensors, and energy use.

Positive aspects of RAS production include biosecurity advantages by
minimizing disease risks from external sources and reduction of water use and
effluent discharge.

Non-fed aquaculture production methods

Figure 41 — Mussel culture methods

(a) seed fishery, (b) seed mussel collectors, (c) hatchery production (d) bottom culture, all in The
Netherlands, (e) Bouchot culture in France (https://reporterre.net/Les-moules-du-Mont-Saint-Michel-
etouffent-la-baie-magnifique), (f) raft culture in Spain and (g) longline culture in New Zealand. Source of
pictures: Jacob Capelle (a and d), Aad Smaal (e) and Pauline Kamermans (b, c, f, and g)
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Bottom culture

Mussel bottom culture is typically practised on shallow mudflats in areas where
there are extensive naturally occurring mussel seed beds (Fig. X.3d). In the
Netherlands, Germany, UK and Ireland, seed fished from natural beds is the
main source for bottom culture. Mussel seed from wild beds are relayed on
bottom plots (lease sites) where the mussels are maintained until harvest.
Bottom culture is an extensive culture where the mussels are still, to a large
extent, subjected to, and dependent on the environment. Mussel farmers in the
Netherlands are in a transition process from fishing seed from natural beds to
harvesting seed with collectors. A stepwise approach is taken: every 2 years a
decision on reduction of seed fishing and expansion of the area reserved for
seed collection is made based on the annual yield of the collectors. The shift
from fishing to using collectors results in a higher mussel biomass in the
system, because areas with natural beds are no longer fished and spat survival
is enhanced on the collectors (Kamermans and Capelle, 2019).

For oyster, bottom cultures are known as oyster “beds” or “lays”. The oysters
are not held in any form of containment device and are harvested either by
dredge, by rake or by hand. This traditional technique is commonly used in the
United Kingdom of Great Britain and Northern Ireland, the Kingdom of the
Netherlands, Asia and the United States of America. In contrast to off-bottom
cultivation, which is mainly performed in the intertidal areas, on-bottom
cultivation can be performed in both the intertidal and subtidal zones

Bouchot

Bouchot culture (pole culture) is conducted exclusively in France, in areas with
flat intertidal mudflats and a relatively large tidal range (Fig. X.3e). In bouchot
culture, mussel seed is collected on ropes, that are placed in horizontal racks in
the water column when larvae are present. The ropes are then wound around
poles in the intertidal zone for grow-out. Bouchot culture dates back to the
thirteenth century and the principles and methods remain largely unchanged.
Technical developments are very much restricted to mechanical methods to
increase harvest efficiency. Amphibious vehicles are used to harvest the
bouchots by means of a cylinder that can be lowered over the poles and
scrapes off the mussels (Prou and Goulletquer 2002). Processing, size grading
and restocking is also mechanized. Spatial conflicts on bivalve culture with
other users is limiting the expansion of bouchot culture in France and has
stimulated the development of longline cultures (Prou and Goulletquer 2002)
(See in Kamermans and Capelle, 2019).
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Longline and raft (suspended)

In bays with deep waters and bays with rocky shores, rafts and longlines are
more commonly used for the grow-out of mussels (Fig. X.3f, g). Originally
developed in the Mediterranean, large-scale raft culture is conducted primarily
in Spain, and in more recent times, extensively at the northwest coast of Spain,
where local upwelling results in a high food availability (Figueiras et al. 2002). In
raft culture, mussels are grown on ropes hanging from rafts. In rope or longline
culture mussels are grown on ropes attached to floating buoys at the water
surface or submerged buoys. Longline culture is globally the most used culture
method for mussels. Countries where high biomasses of mussels are produced
on longlines are New Zealand, China, Italy and Chile. Culture practices can be
summarized as (1) obtaining seed, (2) stocking and growing on rope, (3)
restocking after thinning out and outgrow to consumption size. Major issues in
off-bottom culture is resource requirement, density dependent growth and
losses and biofouling. Self-thinning occurs when biomass increased through
growth and food or space becomes limited. Seed for off-bottom culture is
obtained mainly with seed collectors. However, when natural settlement is
scarce other methods are used. For example, scratching from the shore rocks
in Galicia (Spain) (Kamermans and Capelle, 2029)

For oyster suspended production, oysters are attached to ropes which hung
suspended from longlines or from ropes or lanterns suspended from tables. The
culture in longline systems does not differ from mussel culture. Tables can be
found in the Mediterranean part of France (i.e.,Thau Lagoon)

Source: Mercer et al (2024)
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Off-bottom

Oyster

Off-bottom cultivation on trestles

The most common off-bottom technique is growing the oysters in bags laid on
trestles installed in the intertidal zone. It is the traditional production technique
that is widely used all along the European Atlantic coast of France, Ireland and
the United Kingdom of Great Britain and Northern Ireland. In most of the above-
mentioned countries, where exposure to the air due to the tidal movement helps
to create a product with a strong shell and long shelf life, the oysters are
traditionally sold and consumed as raw product and not processed in any way.
With globalisation, these high-quality oysters are now exported all over the
world in their natural state.

Source: Mercer et al (2024)

Off-bottom cultivation in baskets

Another technique, that has been developed more recently, consists of growing
the oysters in baskets suspended off the bottom by various supports (Figures
4.17,4.18, 4.19 and 4.20). Suspended basket cultivation is mainly performed in
Australia and New Zealand and is progressively spreading to many other
countries. Basket cultivation is also considered to be an “off-bottom” system
rather than a “Suspended” system because in most cases the baskets are
separated from the bottom by less than 1-1.5 m.
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Source: Mercer et al (2024)
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Getting in touch with the EU

In person

All over the European Union there are hundreds of Europe Direct centres.
You can find the address of the centre nearest you online (european-
union.europa.eu/contact-eu/meet-us_en).

On the phone or in writing

Europe Direct is a service that answers your questions about the European
Union. You can contact this service:

— by freephone: 00 8006 7 8 9 10 11 (certain operators may charge for
these calls),

— at the following standard number; +32 22999696,
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Online
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EU publications
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