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This study presents a comparative sustainability assessment of two nearshore seaweed cultivation systems (net
and longline setups) used for the cultivation of Saccharina latissima in Danish waters. It integrates a process-based
Life Cycle Assessment (LCA) and Techno-Economic Analysis (TEA). The analysis focuses on greenhouse gas
(GHG) emissions and nutrient indicators, including marine and freshwater eutrophication. Economic viability
was assessed using the Net Present Value (NPV) approach.

Empirical data from two pilot cultivation sites were scaled to 18.75-ha seaweed cultivation areas and used to
build the life cycle inventory, including infrastructure, energy use, biomass yield, and labor. Results showed that
the net setup achieved yields of 8.6-10.1 kg fresh weight per meter of pipe, while the longline setup yielded 5.1
kg fresh weight per meter of main line. However, when scaled to 18.75 ha, the longline setup showed up to 1.5
times higher total yield than the net setup due to differences in the modelled spatial arrangement and design
principles between the two cultivation setups. The net setup incurred higher environmental burdens (67-86 t
CO2-eq./18.75 ha/yr), whereas the longline setup showed considerably lower GHG emissions (14 t CO2-eq./
18.75 ha/yr). The longline setup also showed the highest NPV of €1.35 million, while the net setup achieved
lower NPV values of €0.3-0.5 million.

These findings highlight trade-offs between yield, carbon footprint, and economic return, and provide
decision-support insights for seaweed farmers and policymakers. By situating the analysis within nearshore
cultivation conditions, this study contributes to the development of sustainable seaweed aquaculture.

1. Introduction

Achieving carbon neutrality remains an overarching objective within
global sustainability frameworks. According to the recent Planetary
Boundaries study report [1], nine out of eleven planetary boundaries
have already been transgressed, with ocean acidification newly identi-
fied as a breached threshold. This development underscores the pressing
necessity of identifying production systems capable of delivering high
yields while exerting minimal environmental burdens [2,3].

Meanwhile, seaweed cultivation is increasingly recognized as a
cornerstone of the blue economy due to its multifunctional benefits,
including ecosystem services, contributions to climate resilience, and
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bio-based product markets [4-6]. The global seaweed market is pro-
jected to grow rapidly by an additional €10.8 billion by 2030 [7]. As
global food demand and environmental pressures intensify, seaweed
cultivation offers a more sustainable alternative to conventional agri-
culture [8,9]. Unlike terrestrial crops, macroalgae cultivation requires
no synthetic fertilizers and instead relies on the marine environment,
providing key services such as nutrient cycling and marine habitat
restoration [10,11]. Denmark, with its 8750 km coastline [12], has
substantial potential for the expansion of seaweed cultivation, sup-
porting national climate and sustainability goals, while promoting local
development and aquaculture diversification [13]. Such expansion, as
emphasized by Waqas et al. [14], aligns ecological functionality with
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economic opportunity, supporting the broader goals of a regenerative
and climate-smart blue economy.

Therefore, to optimize cultivation parameters and operational stra-
tegies, it is crucial to explore different seaweed cultivation designs that
ensure sustainability, high productivity, and economic feasibility [15].
Many existing studies have provided valuable insights. A study focused
on the environmental footprint of dried brown algae as raw material for
alginate production calculated a climate impact of 0.16 kg CO; equiv-
alents (eq.) per kg wet weight, and 6.12 kg COq-eq. per kg dry biomass at
post-harvest drying [16]. In another reported study, the total climate
impact for seaweed cultivation and harvest was 55.2 kg COq-eq. t~!
fresh seaweed [17]. These existing studies primarily focus on particular
functional units (e.g., 1 t biomass yield) within site-specific boundary
conditions [16-19]. When climate mitigation is accounted for, dried
seaweed used for biogas production shows an environmental perfor-
mance of —266 to —400 kg COs-eq./ha [18]. These environmental
performance differences driven by the accounting for bioremediation
and carbon capture potential (e.g., nutrient removal and CO2-eq. miti-
gation per tonnes fresh kelp) emphasize strong site dependence and
methodological variance [18,19]. More broadly, previous reviews of
macroalgal Life Cycle Assessment (LCA) studies have shown that exist-
ing assessments are often difficult to compare directly, even when they
follow the same ISO framework, because they differ substantially in
system boundaries, foreground system design, functional unit selection,
modelling choices, impact category coverage, and reporting style. In
particular, published studies vary in whether they use product-,
biomass-, or area-based functional units, whether they apply attribu-
tional or consequential modelling, how they treat multifunctionality
through system expansion or allocation, and whether they include
assimilated and avoided emission flows in addition to process emissions.
Together, these methodological differences limit comparability across
studies and highlight the value of evaluating alternative cultivation
designs within a harmonized framework [20]. Moreover, most existing
studies assess single cultivation designs or specific applications, limiting
comparability. A systematic evaluation of different cultivation designs
under consistent conditions, particularly in Danish waters, is therefore
limited.

Beyond environmental performance, relatively few studies have
undertaken cost-benefit analyses of seaweed cultivation systems
[17,19-23]. For example, Coleman et al. [21] focused exclusively on the
hatchery phase of kelp cultivation to understand early-stage economic
feasibility. The study found that reducing nursery production costs for
kelp hinges on shortening the sporophyte grow-out period. When
incorporating operational and economic parameters for large-scale
deployment strategies, the same authors showed that baseline kelp-
based carbon dioxide removal is extremely costly, with a levelized
sequestration cost of $17,048 t COz-eq.*, and that process optimization
can drive down the cost to $1257 t COz—eq.’l [22]. Hasselstrom et al.
[23] examined the economic performance of seaweed cultivation under
varying market price scenarios and discount rates, thereby illustrating
the sensitivity of profitability to external economic parameters. In
another contribution, Thomas et al. [17] conducted an integrated
assessment of seaweed cultivation systems, incorporating both opera-
tional and economic parameters to inform large-scale deployment
strategies. Despite these advancements, studies that combine environ-
mental LCA with economic cost-benefit analysis (CBA) remain scarce,
particularly for alternative cultivation designs beyond longline systems.

In this context, further development of the seaweed sector would
benefit from comparative assessments of cultivation system designs that
balance environmental performance, productivity, and economic feasi-
bility [24,25]. Previous LCA studies of Danish kelp production have
focused exclusively on longline systems and on single functional units,
rather than different cultivation designs and multiple functional units to
enhance comparability across studies [17,19,26,28]. To date, no study
has conducted a full environmental and economic assessment of tube-
net cultivation systems for seaweed production in Danish waters.
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Moreover, existing LCAs focused more on sensitivity analyses based on
biomass production and its applications, rather than optimization of
material and infrastructure demands within the cultivation phase itself.
The present study, therefore, provides an applied comparison of the
environmental and economic performance of tube-net and longline
cultivation systems using harmonized empirical data from nearshore
cultivation of Saccharina latissima in Danish waters.

Accordingly, this study presents a context-specific comparative sus-
tainability assessment of tube-net and longline cultivation systems for
S. latissima at nearshore farms in Danish waters. By integrating LCA and
Techno-Economic Analysis (TEA), the study evaluates productivity,
environmental impacts, and financial viability of each system at full
farm scale. The contribution of this study is primarily application-
oriented: it is intended to support farm design, upscaling decisions,
and sustainability evaluation within Danish nearshore seaweed culti-
vation. In particular, the study identifies environmental hotspots along
the value chain and applies sensitivity analyses to enhance the robust-
ness of the comparative results, thereby supporting informed decision-
making during future upscaling efforts.

2. Materials and methods

This study integrates two analytical frameworks to assess the envi-
ronmental and economic sustainability of coastal cultivation systems for
S. latissima in Danish waters: a process-based LCA and a TEA. The LCA
was performed using Simapro v9.1 in accordance with the ISO 14040
and ISO 14044 standards [29,30], and the techno-economic analysis
was performed using Net Present Value (NPV) modelling over a 10-year
project horizon, applying a nominal discount rate of 7%, consistent with
European Commission guidance [31,32].

2.1. System description

The production cycle consists of two main stages: (1) the hatchery
stage, where seeded cultivation substrates are prepared, and (2) the
coastal grow-out stage, where the seeded materials are deployed in
nearshore waters.

The study is based on two nearshore commercial coastal farms
located in Limfjorden, Denmark (GPS: 08° 35.232' E, 56° 33.046' N for
tube-net, and 08° 54.913' E, 56° 47.093' N for longline) (Fig. 1a).
Separate grow-out trials were conducted, which tested tube-net and
longline setups, each with different configurations and infrastructure
requirements. Although the same hatchery facility was used, a slightly
different initial seeding procedure was followed. For ease of reference,
the study further refers to tube-net and longline setups as net and line
setup, respectively. The comparison should therefore be understood as a
comparison between two realistic cultivation system configurations,
rather than as a strictly controlled one-factor experiment. The two sys-
tems differ in hatchery output, structural design, material intensity,
harvesting and handling requirements, and spatial arrangement, and
these differences are inherent to the cultivation concepts being assessed.
The pilot testing trial area for the net setup consisted of two tubes of 100
m length each, with a net depth of 1.2 m. The site area for the line setup
was 500 x 250 m (12.5 ha). The relatively shallow net depth was
selected due to low water clarity at the site, which limited light pene-
tration and reduced seaweed growth at greater depths. The farm loca-
tions mentioned for both trials in this study were originally commercial
mussel farms that were adjusted for seaweed farming. Material inputs
for both cultivation systems were then scaled to a farm area of 18.75 ha.
This reference farm size corresponds to the standard size of a commer-
cial mussel farm in Denmark, which is 750 x 250 m. As there is no
established area dimension standard for seaweed cultivation farms, this
farm area size was adopted as a pragmatic proxy to enable consistent
representation of seaweed farming systems. A more detailed description
of the system configuration, scaling assumptions, and the life cycle in-
ventory is provided in the associated Data in Brief paper [33].
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Fig. 1. Net and line nearshore cultivation systems. a) Geographical location of the pilot farms: 56° 33.046' N, 08° 35.232'E for the net system, and 56° 47.093' N, 08°
54.913'E for the line system. The satellite image is obtained from Google Maps. b) Bird's eye view of the simulated full-scale (18.75 ha) farm indicating the distances
between the pipes (25 m) and mainlines (10 m) in the net and line setups, respectively. ¢) Schematic representation of the net system. d) Schematic representation of

the line system.

2.1.1. Hatchery stage

Seeded cultivation material was produced in land-based containers.
The hatchery stage involved electricity use for core operations such as
cooling, lighting, and pumping, while detailed hatchery inventory data
and operational assumptions are reported in the associated Data in Brief
article [33]. The hatchery output differed between the two cultivation
systems. For the net system, each container produced approximately
900 m of seeded net, which was subsequently transported to the coastal
site for deployment. For a full cultivation site, a total of 6000 m would be
required. For the line system, each container had a capacity to produce
21,600 m of seeded line, of which 18,750 m were estimated to be used
per cultivation site. These differences in hatchery output form part of the
overall system comparison and were retained in the assessment, as they
influence both infrastructure demand and scaling requirements.

2.1.2. Nearshore cultivation systems

Two distinct nearshore cultivation setups were deployed, differing in
structural complexity, material intensity, and spatial configuration
(Fig. 1b-d). These differences influence both environmental perfor-
mance and techno-economic outcomes. In addition, the systems differ in
operational handling, as the net setup requires more material-heavy
infrastructure and may require greater effort during deployment,
maintenance, and harvesting. Such properties are relevant in practice
because more robust net-based designs may be considered where higher
structural stability is needed, although this was not tested under more
exposed offshore conditions in the present study.

The tube-net system consists of vertically oriented seeded nets kept
stable in the water column by one of three weight configurations: 1 L
concrete blocks (one per m), 12 mm heavy chains, or 8 mm light chains.
The line system consists of horizontal lines suspended in the water above
a submerged line with concrete blocks as weight. This system design
may provide greater spatial flexibility and reduce shading relative to the
net setup [34]. In the present study, it also involved lower material

demand per cultivation element and a denser spatial arrangement
within the same farm area. A total of 18,750 m of line was installed per
cultivation site.

The two grow-out trials were conducted at two nearby nearshore
farm locations in Limfjorden. Although the sites are geographically
close, some local variation in environmental conditions, such as light
climate, nutrient availability, and hydrodynamic exposure, may have
influenced biomass yield in addition to the cultivation design itself. The
comparison should therefore be interpreted as a comparison of two
realistic cultivation system configurations under closely related, but not
identical, field conditions.

2.2. Goal and scope definition

The goal of this study is to compare the environmental and techno-
economic performance of two nearshore cultivation systems, net and
line, used for the cultivation of S. latissima under Danish coastal
conditions.

2.2.1. Functional unit

The majority of existing studies focus on a single functional unit
(FU). Integration of multiple FUs can provide a more robust basis for
interpreting results and can enhance the reproducibility of the study
[35]. In the present study, the use of multiple FUs reflects the goal and
scope of the comparative assessment, which is intended to evaluate the
cultivation systems from farm-, area-, biomass-, and infrastructure-
based perspectives relevant to different decision contexts. Thus, to
enable a multidimensional comparison relevant to different stakeholder
groups, including policymakers, spatial planners, farm operators, and
sustainability analysts, several FUs were applied to capture system
performance for different decision contexts:

e FUI: per cultivation site per year
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Relevant for policymakers and spatial planners evaluating culti-
vation areas.

e FU2: per ha of cultivated area per year
Useful for policymakers and farm operators assessing system-
level productivity and impacts.

e FU3: per kg of fresh seaweed biomass produced
Useful for product developers, value chain analysts, and down-
stream industry stakeholders evaluating product-level impacts
and market competitiveness.

e FU4: per kg of dry seaweed biomass produced
Useful for product developers, value chain analysts, and down-
stream industry stakeholders evaluating product-level impacts
and market competitiveness.

e FU5: per m pipe or mainline
Relevant for operators assessing material demand, construction
impacts, and component-level performance.

The main manuscript presents the environmental performance for a
full cultivation site (FU1) and discusses comparative patterns across the
five FUs introduced above. Detailed numerical results for all functional
units are documented in the associated Data in Brief article [33], while
Section 3.2 of the present manuscript focuses on the interpretation of
these results in relation to farm-level contributions and hotspots, and
stakeholder-relevant decision contexts. This assessment supports
scenario-specific decisions related to seaweed farm design, spatial
planning, business-to-business (BtB) disclosure of environmental per-
formance, price setting, and sustainability optimization.

2.2.2. System boundary

The system boundary is defined as cradle-to-gate and includes all
aquaculture process steps from the hatchery through deployment,
coastal cultivation, maintenance, and harvesting (Fig. 2). Post-harvest
processes such as distribution, product use, and end-of-life treatment
are excluded, as harvested biomass does not undergo further processing
within this study's scope. The product system (Fig. 2) is designed to
provide a comprehensive understanding of each step, including mate-
rials used and emissions exchanged with the environment. The system
boundary includes both foreground data (direct operations such as
hatchery, seeding, deployment, cultivation, maintenance, and harvest-
ing) and background data (upstream and downstream flows such as
energy production, water resources, chemical inputs, and nutrients for
growth). Background data are sourced from ecoinvent v3.10,
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AGRIBALYSE V3.1.1 and other secondary sources. A more detailed
description of the inventory is provided in the associated Data in Brief
paper [33] and in SM.

2.3. Life cycle inventory (LCI) development

The foreground data were collected from the nearshore seaweed
farm located in Limfjorden, Denmark. These data include input mate-
rials (e.g., ropes, weights, containers), labor, energy, and biomass yield
for each cultivation configuration. Data from the pilot tests were
employed to estimate the material and infrastructure requirements for
an 18.75 ha cultivation area.

Background data were sourced from SimaPro v9.1, drawing pri-
marily from the ecoinvent v3.10 cut-off and AGRIBALYSE v3.1.1 data-
bases, as well as peer-reviewed literature, to ensure completeness and
consistency. The two databases were considered broadly compatible in
this attributional LCA context. In addition, AGRIBALYSE includes many
embedded ecoinvent unit processes, particularly for energy supply,
which supported consistency when combining background datasets.
Their combined use therefore served both to improve process coverage
and to support the selection of the most suitable available background
processes within a coherent modelling framework. The life cycle in-
ventory (LCI) was prepared to compile the inputs, outputs, nutrient
cycles, carbon dynamics, water consumption, chemical use, and biomass
(seaweed) production for each step of the product system visualized in
Fig. 2.

Detailed biomass composition data for carbon (C), nitrogen (N), and
phosphorus (P) are reported in the associated Data in Brief article, and
these data were used in the life cycle inventory to quantify carbon
capture and nutrient assimilation [33].

2.4. Life cycle impact assessment (LCIA)

Environmental impact modelling was carried out in SimaPro v9.1
using the ReCiPe 2016 Midpoint (H) method [36]. In this study, the
ReCiPe 2016 Midpoint (H) method was applied to quantify environ-
mental burdens, with particular attention to greenhouse gas emissions,
marine and freshwater eutrophication as key impact indicators. These
categories were selected because they reflect the dominant environ-
mental pressures associated with the system, namely greenhouse gas
emissions and nutrient-related flows. Accordingly, climate change and
eutrophication indicators provide an appropriate basis for assessing
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Fig. 2. Process flow diagram for nearshore cultivation of Saccharina latissima. The system boundary is from cradle-to-gate and is indicated by the yellow line; it

includes the production of the seaweed but excludes its end-use.
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overall system performance.

In addition, the net environmental footprint of different cultivation
setups was assessed by subtracting the estimated assimilative capacity of
the system from the total environmental footprint, enabling a balanced
interpretation of results. This assimilative capacity was calculated using
the biomass composition data for C, N, and P documented in the asso-
ciated Data in Brief article [33], in line with broader macroalgal climate
and nutrient accounting approaches [37].

2.5. Economic evaluation: Techno-economic analysis

The economic viability was determined using the Net Present Value
(NPV) method, as established in prior literature [17,19,38]. The NPV
analysis considers capital costs, annual revenue, and operational costs.
In this study, a 10-year horizon and a 7% discount rate were applied
[31,32]. In alignment with the European Commission, this study adopts
a real social discount rate of 4%, as recommended for economic ap-
praisals under EU Cohesion Policy. Since financial parameters in this
TEA are expressed in nominal terms (i.e., incorporating expected infla-
tion), the discount rate was adjusted accordingly. Assuming an average
annual inflation rate of approximately 3%, the resulting nominal social
discount rate is 7%. This adjustment ensures consistency between
nominal cash flows and the applied discount rate. The 10-year analysis
horizon and the 7% nominal rate are therefore consistent with European
Commission guidance and are appropriate for evaluating the medium-
term financial and environmental performance of seaweed cultivation
systems.

Revenue from the cultivation system was calculated based on a
biomass price of €31 per kg dry weight, obtained from the literature [19]
due to a lack of primary data. The NPV analysis in this study is based on
several key financial parameters that determine the long-term economic
viability of seaweed cultivation systems. These include the initial capital
cost, which accounts for infrastructure investments such as containers,
anchoring materials, ropes, and seeding equipment. Operational costs
encompass recurring expenses related to labor, maintenance, energy
consumption, and routine monitoring throughout each cultivation cycle.
The revenue from biomass sales was calculated based on the total har-
vested biomass and the market price per kg of seaweed, reflecting the
system's gross earnings. Finally, a discount rate was applied to adjust
future cash flows to their present value, capturing the time value of
money and investment risk. Together, these parameters enable an
evaluation of profitability over the system's projected operational
lifespan.

Annual net cash flows were derived using a standard equation
incorporating total capital investment, annual operating costs (AOC),
and annual net revenue (ANR). The difference between AOC and ANR
governed annual cash flows during the operational phase. The working
capital was assumed to remain constant throughout the project duration
and was returned as a revenue inflow in the final year. Annual dis-
counted balance was calculated to obtain cumulative cash flow, where
present year's discounted cash flow is added to the previous year's dis-
counted balance. All calculations are included in the associated Data in
brief article [33] and SM.

2.6. Assumptions and simplifications

Regarding the compilation of the inventory and cost data, several
assumptions and simplifications were made. Considering the low tech-
nology readiness level (TRL) and the scale of the pilot systems, it was
assumed that the shipping container and boats were rented. The boat
operations were modelled based on estimated diesel fuel consumption
associated with the deployment, monitoring, and harvesting activities,
rather than explicit distance-based transport modelling. The hatchery
construction inventory accounts only for the main structural compo-
nents. Equipment such as microscopes, autoclaves, etc. was omitted
from the life cycle inventory (LCI) due to insufficient information in the
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literature. For cooling operation in the hatchery, only electricity con-
sumption was considered. In the LCA, cultivation infrastructure was
modelled according to assumed material-specific service lifetimes and
replacement intervals, whereas the 10-year period was applied in the
TEA as the financial assessment horizon. Boat-related infrastructure was
excluded from the analysis. Rental prices for the boats were included for
the cost analysis. For boat fuel consumption, estimates were obtained
from farm technicians, indicating an average use of 50-60 L per full
working day on the farm. This estimation was applied to deployment
and harvesting operations, while fuel consumption for monitoring ac-
tivities was assumed to be approximately one-quarter of that amount. In
the absence of distance-resolved operational logs, these fuel-use as-
sumptions were also used to represent transport and operational activity
between the hatchery and cultivation sites. Biomass was harvested
manually without the use of any mechanized harvesting equipment;
therefore, only boat fuel consumption was considered in the assessment
of harvesting operations. Due to the absence of reliable records, the
same assumptions were applied across all system designs.

During the compilation of LCIs, several data gaps were identified.
Representative datasets for infrastructural components such as buoys,
cultivation lines, and sand filters were not available in the Simapro v9.1
database. Therefore, mass and material data retrieved from the litera-
ture and product specifications were used to approximate the upstream
production processes of these system inputs.

Wastewater from cleaning procedures is considered for footprint
assessment. Seawater used in the hatchery is assumed to exert no
measurable environmental impact upon discharge, as it is returned to
the marine environment without consumptive use or relevant alteration
within the assessed impact categories. Biomass losses during the grow-
out phase are excluded due to the lack of primary data.

2.7. Sensitivity analysis

Sensitivity analyses were performed to ensure robustness of the re-
sults. The sensitivity analysis also assessed the effect of varying pipe
material weight in the net setup and compared the 40-ft cooling (ship-
ping) container data obtained from the farm with the default container
model in ecoinvent to ensure consistency and representativeness.
Additionally, a five-year net and seeded line replacement scenario was
evaluated to assess potential improvements in environmental perfor-
mance and to support the development of a robust business model
through associated cost analysis. The study also evaluated a combined
scenario, in which a reduced pipe diameter and longer net and line
lifetimes were applied to assess the resulting footprint.

3. Results and discussion

In recent years, seaweed cultivation and its associated industries
have experienced significant growth across Europe, with S. latissima
emerging as one of the most widely cultivated native species [39-42]. In
alignment with this development, this study identifies key contributors
within the cultivation system and highlights critical hotspots. The pre-
sent section discusses these outcomes with the overarching aim of
informing strategies to mitigate environmental burdens while enhancing
economic profitability.

3.1. Biomass yield performance

Biomass yield from the net-based seaweed cultivation system
demonstrated notable variation depending on the type of weight used
for the structure. For the net setup with concrete blocks as weight type,
the yield was 9.61 kg of fresh biomass per m of net, resulting in a total
estimated harvest of 69,199 kg per cultivation site. The highest yield was
observed with 12 mm heavy chains, yielding 10.07 kg/m of net and a
corresponding total productivity of 72,490 kg fresh biomass per culti-
vation site. In contrast, the use of 8 mm light chains had a lower biomass
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yield of 8.63 kg/m of net, amounting to 62,143 kg per cultivation site.
Considering the average across all three anchor weight types, the system
achieved a mean productivity of 9.44 kg/m of net. Detailed yield
monitoring data, supporting documentation, and exact biomass
composition are reported in the associated Data in Brief article [33].

In comparison, the line system yielded 5.1 kg/m, producing a total of
95,625 kg of biomass per cultivation site. Although the biomass yield per
meter of net appears higher than that of the line system, the total yield
per cultivation site is higher for the line setup. This disparity arises from
the spatial arrangement and design principles of the two systems
(Fig. 1b). The net system originates from mussel cultivation practices
[43,44], where pipe-net structures (also referred to as tube-net struc-
tures) are employed to support substantial biomass loads and enhance
yield. When scaled to a full cultivation site area, the net configuration
necessitates a larger spacing (25 m) between consecutive pipes, allowing
the installation of approximately 60 standard pipes. In contrast, the line
system, with a line density of 1000 m of line per ha, permits closer
placement and narrower gaps (10 m) between lines, enabling the
deployment of approximately 75 mainlines of 250 m each within the
same area. As a result, more meters of lines can be accommodated within
the same cultivation area, resulting in higher overall productivity.

These yield differences are important inputs to both the LCA and
TEA, affecting resource efficiency, emissions per functional unit, and
economic return for different cultivation design approaches.

3.2. Environmental performance

3.2.1. Overall environmental performance

This study primarily focuses on the impact indicators global warming
potential, marine eutrophication and freshwater eutrophication, as
seaweed cultivation is directly associated with CO: assimilation and the
cycling of nitrogen and phosphorus in aquatic ecosystems. In compari-
son with the net setups, the line setup showed a substantially lower
environmental impact (Table 1 and Fig. 3). All calculations are included
in the associated Data in brief article [33]. The net-based setup requires a
bigger hatchery setup and involves a higher material investment for
installation. In contrast, the line setup occupies considerably less
hatchery area and entails lower infrastructural requirements. This dif-
ference in spatial and material demands could be a contributing factor to
the lower environmental footprint observed in the line setup compared
to the net setup. Regarding the environmental impacts, the total carbon
footprints for the net setup (comprising three weight types: concrete
block, heavy and light chain) and the line setup (with concrete blocks)
were 66,536, 86,293, 71,127, and 13,809 kg CO3-eq./18.75 ha/yr,
respectively (Table 1). Additionally, marine eutrophication potentials
for these setups were recorded as 4.7, 5.3, 4.8 (net setup with concrete
block, heavy and light chain, respectively), and 1 kg N-eq./18.75 ha/yr
(line setup with concrete block), while freshwater eutrophication po-
tentials amounted to 21, 32, 24 (net setup with concrete block, heavy
and light chain respectively), and 4 kg P-eq./18.75 ha/yr (line setup

Table 1

Key environmental performance indicators of S. latissima cultivation systems,

expressed per 18.75 ha year .

Indicators Net_concrete Net_heavy  Netlight Line
Carbon footprint (kg CO2-eq.) 66,536 86,293 71,127 13,809
Carbon capture (kg COz-eq.) 7646 8009 6866 12,297
Net carbon footprint (kg CO,- 58,890 78,284 64,261 1513
eq.)”*
Freshwater eutrophication 21 32 24 4
(kg P-eq.)
Marine Eutrophication (kg N- 4.7 5.3 4.8 1
eq.)

" Net carbon footprint calculated as carbon footprint minus estimated carbon
capture. Detailed calculations can be found in the associated Data in Brief article
[33].
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with concrete block).

Extending this comparative assessment, the present study further
demonstrates that the assimilation of carbon (C), nitrogen (N), and
phosphorus (P) within the cultivation site varies notably across different
structural setups (Table 1). The net environmental footprint per 18.75
ha per year has been studied to establish a benchmark for a full-scale
nearshore seaweed cultivation system (Table 1 and Fig. 3).

Across all configurations, the results demonstrate clear differences in
their capacity to remediate marine and freshwater eutrophication when
both emissions and assimilation processes are considered. For marine
eutrophication, each setup exhibited a relatively low impact footprint
(0.95-5.3 kg N-eq.) but a substantially higher nutrient assimilation po-
tential (—153 to —203 kg N-eq.) (SM). When assimilation is incorpo-
rated, all configurations showed net negative environmental
performance values, indicating nutrient uptake and subsequent removal
through biomass harvest more than offset nitrogen-related emissions.
The line system delivered the highest net restorative effect (—203 kg N-
eq.) (SM), which is consistent with its lower structural footprint and
comparatively high assimilation relative to the more material-intensive
net-based systems.

The pattern differed for freshwater eutrophication (kg P-eq.). While
all systems assimilated phosphorus to some degree, only the line setup
showed freshwater eutrophication restoration (—8.08 kg P-eq.) (SM),
which is consistent with its substantially lower material inputs and
reduced upstream phosphorus emissions. This outcome is consistent
with LCAs showing that seaweed cultivation can provide strong marine
nutrient mitigation [17,18]. Thomas et al. [17] in their study mentioned
an estimated capture of 39.6kg of carbon per tonne of fresh harvested
kelp biomass, which corresponds to a mitigation of 145kg of COz-eq..
Moreover, bioremediative uptakes of 4.08kg nitrogen and 0.4kg phos-
phorus per tonne of fresh harvested kelp biomass, corresponding to a
eutrophication impact mitigation of 2.82kg of PO4 equivalents, were
also recorded.

Building on the functional units (FUs) defined in Section 2.5, the
present analysis evaluates whether system-level performance patterns
remain consistent across scales and stakeholder perspectives. Across all
FUs, consistent trends were observed: the net setup exhibited substan-
tially higher environmental burdens than the line system, regardless of
assessment scale. Detailed numerical results for all functional units,
including the underlying calculations, are provided in the associated
Data in Brief article [33]. The present manuscript, therefore, focuses on
the comparative interpretation of the functional-unit-specific patterns
rather than reproducing the full set of numerical tables.

When impacts were assessed per cultivation site per year (FU1), the
net setup showed substantially higher burdens across all impact cate-
gories. Normalizing per hectare per year (FU2) produced similar pat-
terns, indicating that the higher emissions and eutrophication potential
of the net setup persist at the area-based scale. These system- and area-
level FUs are particularly relevant for policymakers and spatial planners,
as they reflect area-dependent impacts and indicate that net setup has
substantially higher emissions and eutrophication potential than the line
system.

Product-oriented FUs, such as impacts per kg of fresh or dry seaweed
(FU3 and FU4), provide insight into the environmental intensity of
biomass production. These results show that, even when normalized to
the output of biomass, net-based designs consistently exhibit higher
global warming, freshwater eutrophication, and marine eutrophication
impacts than line cultivation. This pattern is consistent with the greater
structural complexity and material intensity of the net systems, which is
particularly relevant for product developers and value-chain actors
benchmarking sustainability performance.

Component-level analysis using the FU of impacts per meter of pipe
or mainline (FU5) allows operators to evaluate material-related burdens
and compare component-level efficiency between the systems. This FU
isolates the contribution of cultivation infrastructure and shows that the
line system requires significantly fewer materials per functional
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Fig. 3. Contribution analysis of construction and operational activities to the environmental footprint of the different cultivation systems. Results are expressed per
cultivation site (18.75 ha) year . The three anchor weight types in net and line setup systems are described as: Net_concrete, Net_heavy, Net_light and Line. In the
case of the net setups, the flotation structure includes the pipe and the ropes and screw anchors to hold the pipe in place. For the line setup, the flotation structure

consists of the mainline and buoys that hold the line in place.

element, resulting in substantially lower upstream impacts. For opera-
tors and system designers, these results highlight the material efficiency
of the line system and its advantages when scaling up cultivation
infrastructure.

Taken together, the use of diverse FUs strengthens the interpretation
of results by illustrating how environmental performance shifts when
assessed at different scales and for different purposes. Collectively, the
FUs enable a comprehensive synthesis, showing that regardless of
whether impacts are assessed per site, per area, per mass of product, or
per unit of infrastructure, the line system consistently outperforms the
net setup across all evaluated categories. These findings underscore the
value of integrating FU-specific insights when evaluating emerging
seaweed cultivation designs and informing policy and planning de-
cisions aimed at supporting sustainable production systems.

Overall, the results show that, under the specific system configura-
tions and scaling assumptions applied in this study, the line system had
lower environmental burdens than the net-based setups. This pattern is
consistent with the lower material intensity, lower hatchery demand,
and denser spatial arrangement of the line configuration. Potential
contributions from hydrodynamic exposure or nutrient availability
cannot be excluded, but these mechanisms were not directly measured
in the present study and should therefore be interpreted with caution.

3.2.2. Contribution analysis

Life cycle assessment of the proposed seaweed cultivation systems
indicates that the environmental footprint is dominated by a limited
number of infrastructure-, energy-, and material-related hotspots, with
HDPE pipes, nylon nets, buoys, and the shipping container being the
main contributors (Fig. 3). Van Oirschot et al. [27] also demonstrated
that infrastructure, particularly ropes, buoys, concrete blocks (weights),
and steel chains are major drivers of impacts, often exceeding
cultivation-stage emissions when yields are modest.

An assessment of the contribution of hatchery construction and op-
erations in the net cultivation setup showed that the nylon net (used for
cultivation) alone accounted for more than 8894 kg CO:-eq. per

cultivation site per year (Fig. 3). Overall, net material contributed
approximately 11-14% of the total COz-eq. emissions in the net setup. It
also accounted for 2.5 kg N-eq./18.75 ha/year in marine eutrophication.
Nylon exhibits substantial environmental burdens associated with its
high energy demand and the release of potent greenhouse gases along
the supply chain. Eutrophication impact arises not only from the use of
nylon nets in aquatic systems but also from upstream manufacturing
processes. The synthesis of adipic acid, a key precursor in nylon-6,6
production, generates nitrous oxide, a greenhouse gas with a global
warming potential nearly 300 times that of carbon dioxide [45].
Furthermore, chemical processes involved in nylon production,
including nitric acid synthesis and polymerization, emit nitrogen oxides
and other reactive nitrogen compounds that contribute to nutrient
enrichment and eutrophication [46 —47].

The shipping container used for the hatchery process accounted for
3433 kg COy-eq. per cultivation site per year for the net setup, reflecting
a relatively high material demand associated with this cultivation
design. Another major hotspot, electricity consumption for lighting and
pumps in net setup, emerged as the predominant contributor to several
impact categories, notably global warming (2109 kg CO2-eq. per culti-
vation site per year which constituted 3% of the total footprint), fresh-
water eutrophication (2.6 kg P-eq. per cultivation site per year), and
marine eutrophication (0.32 kg N-eq. per cultivation site per year). The
high environmental load associated with electricity is primarily attrib-
uted to the extensive energy demands for continuous operation,
particularly from Danish medium-voltage electricity mix, emphasizing
the necessity to seek renewable energy alternatives or improve energy
efficiency to mitigate impacts [48].

Furthermore, the use of polyethylene-based materials, including
nylon nets, further amplified the environmental impacts. Amponsah
et al. [39] identified cultivation infrastructure (ropes, nets, buoys, pipes)
and associated energy consumption dominate the life cycle impacts of
seaweed cultivation, with structural components and mooring systems
being key hotspots in both nearshore and offshore seaweed cultivation.
Thomas et al. [17] also explicitly identified plastic lines and floats as
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leading contributors to carbon footprint and eutrophication. Poly-
ethylene and steel materials additionally contribute substantially to
ecotoxicity due to their intensive resource extraction, manufacturing
processes, and associated emissions [49 ~50]. Tanks, water pumps, and
IBC containers also contributed notably to terrestrial ecotoxicity, due to
their manufacturing processes, such as chromium steel production and
injection molding.

In addition to carbon footprint, marine and freshwater eutrophica-
tion, terrestrial ecotoxicity was also identified as a major contributor to
the overall environmental footprint. Total footprint of this category
ranged from 670 to 2216 t 1,4-DCB per cultivation site per year for net
setup, and 124 t 1,4-DCB per cultivation site per year for line setup (Data
in Brief [33]). Consistent with these findings, Thomas et al. [17] also
observed elevated terrestrial ecotoxicity impacts in the context of
seaweed cultivation. As part of the seeding infrastructure, HDPE tank
accounted for 1939 kg CO=-eq. per cultivation site per year, while the
contribution of heavy-duty steel shelving system (2545 kg CO2-eq. per
cultivation site per year) for net setup was also notable. Together, these
components accounted for 5-15% of the total footprint for net setup and
15% for line setup.

For net setup, in the construction of the cultivation site, HDPE pipes
used for net deployment emerged as a critical contributor in global
warming (48-62% of the total footprint per cultivation site per year),
marine eutrophication (20-22%), and freshwater eutrophication
(38-52%) (Fig. 3 and Data in Brief [33]). This high impact is primarily
attributable to the extensive use of polyethylene material, the produc-
tion of which is resource-intensive and emits significant greenhouse
gases during manufacturing.

Additionally, the manufacturing and deployment of concrete blocks
substantially increased global warming potential (380.42 kg CO2-eq. and
1141 kg CO2-eq. per cultivation site per year for net setup and line setup,
respectively), driven by the resource-intensive production of concrete
materials and their transportation demands. Heavy (3.1 kg per m net)
and light (0.8 kg per m net) weight steel chains as weight type,
accounted for 20,459 and 5280 kg CO2-eq. per cultivation site per year,
respectively. Among the three weight configurations, the heavy weight
steel chain accounted for 22% of the total footprint per cultivation site
per year (Fig. 3 and Data in Brief [33]).

In the line setup, seeded nylon rope accounted for 10% of the total
carbon footprint per 18.75 ha per year. The production of HDPE buoys
was identified as the primary material-related hotspot in line setup,
consistent with findings by Zhang et al. [19] for Danish cultivation
systems. This process contributed significantly to multiple impact cat-
egories, especially global warming potential (5805 kg CO:-eq., corre-
sponding to 42% of the total footprint/18.75 ha/ year). The substantial
environmental burden is attributed to the extensive use of HDPE gran-
ulate, characterized by high fossil fuel dependency during production
and notable toxicological emissions.

Diesel fuel use for vessel operations (deployment, monitoring, and
harvesting) also exhibits pronounced environmental impacts, particu-
larly for global warming potential, highlighting operational fuel use as a
critical environmental concern [39]. Diesel consumption accounted for
1534 kg CO9-eq./18.75 ha/year for net setup and 1993 kg COz-eq./
18.75 ha/year for line setup, indicating operational emissions from
diesel use from vessel may vary with site logistics and activity intensity.
The higher diesel consumption observed for the line setup is likely
related to the greater number of lines deployed compared with the net-
based configuration, requiring more frequent or extended vessel
operations.

3.3. Sensitivity analysis and environmental performance

Sensitivity analyses were conducted to evaluate the influence of key
design and inventory parameters on the overall environmental perfor-
mance (SM). Given that HDPE pipes were identified as a major hotspot
across multiple impact categories, a pipe-diameter sensitivity analysis

Algal Research 97 (2026) 104780

was performed by comparing 315 mm and 110 mm pipes (Fig. 4). The
current cultivation design for net setup is originally adapted from mussel
cultivation infrastructure [43], which is designed to support higher
loads and therefore requires substantial pipe buoyancy. As seaweed
biomass is comparatively lightweight, lower pipe mass and buoyancy
may be sufficient for its cultivation, suggesting potential overdesign
when directly transferring mussel-based infrastructure. Hence, an
alternative scenario was evaluated in which the 315 mm pipe was
substituted with a smaller 110 mm diameter pipe.

According to Taylor et al. [43], mussel cultivation using 80 pipes
resulted in an annual yield of 2100-2600 t mussel per 18.75 ha culti-
vation site, corresponding to 26-33 t of biomass per pipe. In the present
study, a seaweed net setup uses 60 pipes and produces 62-96 t of fresh
kelp per cultivation site per year, equivalent to 1.0-1.6 t biomass per
pipe. Thus, the seaweed pipes carry only approximately 3-6% of the
biomass load supported by mussel pipes. On this basis, the use of a
reduced pipe diameter (e.g. 110 mm) was explored as a potential opti-
mization measure to reduce material consumption. The results showed
that the smaller pipe diameter was associated with substantially lower
material-related environmental impacts. The total carbon footprint
decreased by approximately 54%, 42%, and 51% for the concrete, heavy
chain, and light chain net setups, respectively, compared with the
baseline scenario (Fig. 4). For marine eutrophication, the total footprint
decreased by approximately 18-20% across all net-based systems
compared with the baseline. A more substantial improvement was
evident for freshwater eutrophication, where reductions ranged from
31% to 47%. Specifically, the total footprint declined by 47% for the
concrete setup, 31% for the heavy-chain setup, and 41% for the light-
chain setup (Fig. 4). These results indicate that optimizing pipe diam-
eter and material efficiency significantly reduces material-related
environmental impacts by lowering upstream energy demand and
resource extraction. Overall, the 110 mm pipe configuration appears to
represent a more sustainable and resource-efficient design.

Annual replacement of nylon nets or lines in the cultivation setups
resulted in substantial impacts due to high material demand. The case
scenario assessing a five-year lifetime for nets and seaweed lines,
compared to a one-year replacement cycle, demonstrated clear envi-
ronmental advantages across multiple impact categories. For global
warming, the total footprint decreased by approximately 8-11% COs-eq.
emissions across all net-based systems and by 8% for the line system.
Specifically, reductions of 11% for the concrete setup, 8% for the heavy
chain setup, and 10% for the light chain setup were observed for the net
system (Fig. 4).

The differences are even more pronounced in eutrophication cate-
gories. Nitrogen-related impacts were reduced by approximately
38-43% across the net configurations and by 35% in the line system.
Similarly, phosphorus-related impacts decreased modestly by around
1-2.2% for all systems (Fig. 4). These reductions indicate that extending
the functional lifetime of cultivation materials substantially enhances
environmental performance, primarily by reducing resource extraction
and manufacturing burdens. Overall, the five-year net and line use
scenario appears to represent a more sustainable and resource-efficient
cultivation strategy, yielding lower emissions and nutrient-related
impacts.

Moreover, when combining the smaller pipe diameter (110 mm) and
a five-year use period of net or line materials, a consistent decline in
environmental burdens across the chosen impact categories could be
observed (Fig. 4). Environmental impacts were reduced 8-65%, 35-63%
and 2-49% in the global warming, marine eutrophication and fresh-
water eutrophication categories, respectively. As expected from the in-
dividual modification scenarios, the largest decreases occurred in the
net setups, indicating that material-intensive infrastructures and life-
time assumptions exert a strong influence on greenhouse-gas outcomes.
Overall, the results show that adopting smaller-diameter pipe and
extending the operational lifetime of net and line significantly lowers
total footprints across all cultivation setups, underscoring the critical
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Fig. 4. Sensitivity analysis of key design and inventory assumptions for the net and line cultivation systems: (a) extended lifetime of the seeding net/line to 5 years;
(b) use of 110 mm pipe diameter; (c) combined scenario with extended net/line lifetime and smaller pipe diameter; and (d) replacement of farm-specific shipping
container data with the default ecoinvent container dataset. The black dot indicates the baseline impact.

role of infrastructure design and temporal assumptions in determining
environmental performance.

In addition, a sensitivity analysis was performed to compare the 40-ft
cooling (shipping) container data obtained from the farm with the
default container model available in ecoinvent (Fig. 4). As the shipping
container, based on farm data, was identified as a hotspot in the baseline
assessment, this comparison was undertaken to verify data consistency
and assess potential variation in environmental impacts associated with
infrastructure assumptions. The results indicated only marginal differ-
ences across all impact categories, suggesting strong agreement between
the two datasets. For global warming potential, total footprints varied by
less than 1% across all system configurations, with differences of 0.99%,
0.76%, 0.92%, and 0.68% for the concrete, heavy chain, light chain, and
line systems, respectively (Fig. 4). Similarly, nitrogen-related impacts
showed minor deviations ranging from 3% to 4%, while phosphorus-
related impacts varied by only 1-3%. Overall, these results demon-
strate that using either farm-specific container data or the ecoinvent

default model yields comparable environmental outcomes. Hence, the
container inventory choice does not significantly influence the overall
life cycle results, confirming the robustness and reliability of the LCA
model with respect to container-related assumptions.

Although the alternative scenarios assessed in the sensitivity ana-
lyses, including extended lifetime, reduced pipe diameter, and the
combination of both, lowered the environmental impacts of the net
setup, the line setup consistently demonstrated superior environmental
performance across the evaluated impact categories. This finding
motivated the exploration of an alternative approach based on
productivity-driven mitigation. Accordingly, the present study further
explored how much additional fresh biomass yield the current net setup
design would require to offset its present environmental performance or
to achieve environmental performance equivalent to the line setup.
Based on the current impacts, assimilation capacity, and present pro-
ductivity capacity per 18.75 ha area, the analysis indicated that the net
setup would require approximately 8-9 times its current fresh biomass
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yield. However, attaining such a yield increase within the existing
infrastructure configuration is not feasible. Under the current setup
design, achieving such a yield increase would likely require substan-
tially more cultivation infrastructure. This would also be expected to
increase material-related impacts and reduce spacing between cultiva-
tion units, thereby constraining routine monitoring, maintenance, and
harvesting operations. Accordingly, this yield target is unlikely to be
practically feasible within the present net-based configuration.

Across all scenarios considered in the present study, the line setup
consistently showed lower environmental impacts than the net-based
systems. Existing LCA and TEAs [19,51] of seaweed aquaculture also
identify line systems as relatively material-efficient and low-impact
options. Line configurations typically require fewer structural compo-
nents than net systems, thereby lowering embodied energy, greenhouse-
gas emissions, and contributions to marine plastic pollution associated
with ropes, nets, and HDPE components [14]. This lower material in-
tensity also reduces impacts in eutrophication and toxicity-related cat-
egories, as the production and end-of-life management of synthetic
materials are important upstream and downstream hotspots in aqua-
culture LCAs [52]. In the present study, this ranking remained un-
changed even under sensitivity scenarios, including reduced pipe
diameter and extended net or line lifetime. These results suggest that,
within in configurations assessed here, the net setups are more material
demanding than the line setup [53,54].

3.4. Economic viability (NPV)

The present cost-benefit analysis indicated that the net setup using
concrete blocks, heavy-chain anchors, and light-chain weight types at-
tains a lower NPV than the conventional line setup under equivalent
economic parameters. Over a 10-year horizon and at a 7% discount rate,
the present study used a biomass selling price of €31 per kg dry weight.
The selling price was retrieved from literature due to a lack of primary
data [19]. As the study did not cover a drying process, an assumed dry
matter content of 11.2% was applied to estimate cost benefits. For the
NPV assessment, the study considered the replacement of nets and
seaweed lines every five years. The result has been presented for the full
cultivation area of 18.75 ha. The study also assumed a constant yield for
the evaluation of NPV over a 10-year period, with all values expressed in
million €.

The initial capital expenditure (CAPEX) for hatchery establishment
amounted to approximately 0.07 million €, while the cultivation infra-
structure in net setup required 0.06 million € for the concrete block
setup, 0.09 million € for the heavy chain system, and 0.07 million € for
the light chain configuration. Operational expenditure (OPEX) for net
setup remained consistent throughout the study period, estimated at
0.05 million € annually for hatchery operations and 0.08 million € for
cultivation activities (Data in Brief article [33] and SM).

Every five years, additional investments were incorporated to ac-
count for the replacement and maintenance of nets and weight com-
ponents. Specifically, the purchase of new nets added approximately
0.01 million € every five years. Renewal of weight types also contributed
additional costs during the same interval, together with annual pur-
chases of associated ropes, reflecting the periodic need for maintenance
and equipment replacement to sustain operational performance.

For the line setup, an initial CAPEX amounted to approximately 0.02
million €, comprising 0.01 million € for the hatchery infrastructure and
0.016 million € for the cultivation system. OPEX was estimated at 0.01
million € per year for hatchery operations and 0.12 million € per year for
cultivation (Data in Brief article [33] and SM). To account for the pur-
chase of seaweed lines, buoys and concrete blocks for cultivation system,
an additional CAPEX 0.01 million € was included every five years.
Overall, the NPV of the line setup yielded a value of 72,434 €/ha over a
10-year period. Zhang et al. [19] mentioned 67,648 €/ha/10 years of
NPV for line setup in a Danish cultivation site, which is slightly lower
than the value obtained in the present study. Zhang et al. [19] also
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compared economic performances of different line cultivation system
designs in Danish water, showing variability in the NPVs of all the farms
because of configuration modifications within the system design. Pa-
rameters including biomass yield variations due to changes in water
salinity, different stages of maturation levels, cultivation techniques and
resource management on NPVs were reported to affect NVPs. These
variabilities in the parameters also affect direct comparability with the
modelling assumptions in the present study.

The economic assessment of the cultivation systems, expressed in
terms of NPV, highlights clear differences in profitability among the
various configurations. The line system exhibited the highest NPV,
reaching approximately 1.35 million €, indicating superior economic
performance and long-term financial viability. In contrast, the net-based
systems, comprising the concrete block, heavy chain, and light chain
setups, showed considerably lower NPV values of around 0.51 million €,
0.55 million €, and 0.32 million €, respectively (Table 2). The markedly
higher NPV of the line system can be attributed to its lower material and
maintenance costs, simplified deployment, and reduced infrastructure
requirements, which collectively enhance operational efficiency and
return on investment. Overall, these results suggest that, under the as-
sumptions applied in this study, the line setup is the most economically
favorable of the evaluated configurations.

The discounted cash flow for an 18.75 ha seaweed cultivation farm
indicated distinct financial trajectories among the evaluated design
configurations. As shown in Fig. 5, the line system achieved a positive
cumulative balance the earliest, reaching its break-even point in
approximately the second operational year. In contrast, the net-based
systems required longer payback periods, achieving break-even be-
tween the third and fourth years of operation. The rapid cost recovery of
the line setup is primarily driven by its lower initial capital investment,
reduced maintenance costs, and higher biomass yield per unit area,
which collectively enhance overall profitability.

In addition to the baseline biomass price scenario (Case 1: €31 kg~!
dry weight), additional market price scenarios were evaluated to assess
the sensitivity of NPV outcomes to biomass value assumptions (Table 2,
SM and Data in Brief article [33]). These scenarios include a higher dry-
weight price reflecting reported values for European algae markets (Case
2: €107 kg~! dry weight) [41], as well as a fresh biomass retail price
derived from a commercial Danish seaweed platform (Case 3: €359 kg !
dry weight) [55]. Across all price scenarios, the relative economic
ranking of cultivation systems remained consistent. Although absolute
NPV values varied substantially with market price assumptions, the line
system consistently outperformed net-based configurations, achieving
NPVs approximately 1.5 to 10 times higher than those of net systems,
depending on the price scenario. This consistency across market sce-
narios indicates that, within the scope of the present TEA, the line setup
remained the most economically favorable option among the evaluated
systems.

4. Limitations and future research

This study acknowledges certain methodological and empirical
limitations that also point toward promising directions for future
research. The material input for this study was obtained from grow-out
trials at nearshore sites in Limfjorden. For the LCA and TEA models,
these trials were scaled to represent a full-sized farm of 18.75 ha. While
this approach enables comparability at the farm scale, it considers only

Table 2
Net Present Value (NPV) of S. latissima cultivation systems over 10 years under
three biomass price scenarios (million €).

Net_concrete Net_heavy Net_light Line
Case 1: €31 kg ™! DW 0.51 0.55 0.32 1.35
Case 2: €107 kg~ ! DW 4.64 4.88 4.04 7.07
Case 3: €359 kg~' DW 18.36 19.25 16.36 26.04
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Fig. 5. Discounter cash flow over a 10-year period for the net and line cultivation systems, showing the break-even trajectories of the evaluated configurations.

the spatial configuration and operational characteristics of each system
for scaling assumptions. In addition, although the two cultivation sites
were located close to each other within Limfjorden, some local envi-
ronmental variation may still have influenced biomass yields. Differ-
ences in hydrodynamic conditions, light availability, temperature, and
nutrient dynamics were not monitored in sufficient detail to isolate site
effects from cultivation design effects. Studies capturing site-specific
hydrodynamic, light and temperature conditions with variability
across seasons or locations would strengthen the representativeness of
the results.

Moreover, scaling trial-level data to an 18.75 ha farm introduces
some methodological limitations that influence both environmental and
economic evaluations. Small plots typically operate under controlled
and relatively uniform conditions, meaning that their yields, input ef-
ficiencies, and emission profiles may not reflect the operational con-
straints present at farm scale. Environmental flows, including fuel use,
are often scaled non-linearly due to differences in machinery usage and
farm operations. Assumptions during scaling up trial-level data, in some
cases, lead to overestimation of technical performance and uncertainty
not captured in trials, underscoring the need for uncertainty analysis and
validation with full farm data.

The current system boundary is defined as cradle-to-gate, excluding
post-harvest handling, logistics, product refining, and end-of-life man-
agement of major materials such as HDPE, nylon, and steel. Conse-
quently, both downstream burdens and potential credits from circular
design strategies, such as reuse, refurbishment, or material recycling, are
not represented. Although a sensitivity analysis was carried out to
explore the implications of material recycling through extended life-
times of nylon nets and lines, this assessment was not applied at the farm
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level. Extending the system boundary to include these processes would
provide a more comprehensive view of the overall life cycle impacts.

Several inventory components were simplified due to data con-
straints, including detailed hatchery equipment inventories, waste-
water, and biomass loss streams. Similarly, working boat fuel
consumption was estimated rather than measured, and electricity use
was modelled with a Danish medium-voltage grid mix, which may not
reflect future renewable energy transitions. Incorporating monitored
operational data and alternative energy scenarios could refine model
accuracy.

The environmental impact assessment employed the ReCiPe 2016
Midpoint (H) method in accordance with ISO standards; however, par-
allel application of the Product Environmental Footprint (PEF) method
[56,57] could further enhance comparability and methodological
robustness. In the techno-economic analysis, assumptions regarding a
fixed discount rate (7%), constant yield, and selected market prices may
limit reflection of market dynamics. Future analyses could incorporate
multi-scenario modelling to capture price fluctuations, product diver-
sification (e.g., food, feed, and biorefinery applications), and stochastic
risk elements using uncertainty analysis. Furthermore, co-location and
multi-use configurations, such as integration with offshore wind farms
or multi-trophic aquaculture systems [58-60], may represent promising
opportunities to improve spatial efficiency, economic viability, and
overall resource use. Future studies based on co-located trials or more
detailed site-resolved environmental monitoring would also strengthen
causal interpretation of differences between cultivation designs.
Addressing these aspects through extended boundaries, transparent
empirical datasets, and dynamic modelling approaches will further
enhance the scientific understanding and practical applicability of
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sustainable seaweed cultivation systems in Danish waters.
5. Conclusion

This study compared net and line seaweed cultivation systems for
Saccharina latissima in Danish waters using an integrated LCA and TEA
framework at a reference farm scale of 18.75 ha. Under the specific
system configurations, operational assumptions, and scaling framework
applied here, the net-based systems showed higher environmental im-
pacts (67-86 t CO2-eq./18.75 ha/year) and lower net present values
(0.32 to 0.55 million € over 10 years) than the line system, which
showed a lower carbon footprint (13.8 t CO2-eq./18.75 ha/year) and a
higher NPV (1.35 million €).

Both cultivation concepts contributed to nutrient uptake, although
the line setup showed the strongest overall restorative effect when
assimilation was included. Across the assessed systems, HDPE pipes,
buoys, and nylon net were major environmental hotspots. The sensi-
tivity analysis showed that reducing pipe diameter and extending net or
line lifetime could substantially reduce impacts, particularly for the net-
based systems, but these improvements did not change the overall
comparative ranking observed in this study. Across the different func-
tional units applied in this study, including site-, area-, biomass-, and
infrastructure-based perspectives, the overall comparative pattern
remained consistent, with the line setup showing lower environmental
burdens than the net-based systems.

Within the scope of this study, and from both LCA and TEA per-
spectives, the line configuration appeared more favorable than the net-
based alternatives for nearshore cultivation at the assessed scale. The
outcomes of the different cultivation setups can support strategic
decision-making among stakeholders involved in seaweed cultivation,
coastal management, sustainability planning, and investment assess-
ment. By comparing total footprints, nutrient assimilation, and net
environmental performance, the results may be useful for policymakers
designing incentive schemes, permitting frameworks, and restoration
programs that consider environmental benefits alongside material in-
tensity and economic requirements.

Farmers and producers may use these insights to select cultivation
designs that match their operational goals, site conditions, and invest-
ment capacity, including low-material systems such as line cultivation or
more robust net-based systems where greater structure stability is
considered important. The development of supportive policy frame-
works is likely to remain important for socially robust and economically
accessible seaweed value chains. Beyond these groups, the findings may
also inform marine spatial planners, investors, certification bodies,
supply-chain actors, and local communities seeking clearer information
on trade-offs between ecological restoration potential, resource use, and
operational practicality. Such information can help guide project plan-
ning, assessment of sustainability claims, monitoring requirements, and
alignment with conservation objectives and long-term ecosystem health.
Overall, this comparative assessment contributes to improved trans-
parency and can support more informed development of the seaweed
sector.
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