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• Seaweed farming can contribute to 
climate change mitigation through 
several pathways. 

• Not all pathways may be able to be 
readily integrated within carbon ac
counting frameworks. 

• A first estimate of the current carbon 
sequestration capacity of global 
seaweed farms is presented. 

• Farming emissions may currently 
entirely offset any CDR.  

A R T I C L E  I N F O   

Editor: Kuishuang Feng  

Keywords: 
Aquaculture 
Mariculture 
Macroalgae 
CO2 removal 
Negative emissions 
Blue carbon 
Life cycle assessment 
Ocean afforestation 
Kelp 

A B S T R A C T   

The pressing need to mitigate the effects of climate change is driving the development of novel approaches for 
carbon dioxide removal (CDR) from the atmosphere, with the ocean playing a central role in the portfolio of 
solutions. The expansion of seaweed farming is increasingly considered as one of the potential CDR avenues 
among government and private sectors. Yet, comprehensive assessments examining whether farming can lead to 
tangible climate change mitigation remain limited. Here we examine the results of over 100 publications to 
synthesize evidence regarding the CDR capacity of seaweed farms and review the different interventions through 
which an expansion of seaweed farming may contribute to climate change mitigation. We find that presently, the 
majority of the carbon fixed by seaweeds is stored in short-term carbon reservoirs (e.g., seaweed products) and 
that only a minority of the carbon ends up in long-term reservoirs that are likely to fit within existing inter
national accounting frameworks (e.g., marine sediments). Additionally, the tiny global area cultivated to date 
(0.06 % of the estimated wild seaweed extent) limits the global role of seaweed farming in climate change 
mitigation in the present and mid-term future. A first-order estimate using the best available data suggests that, 
at present, even in a low emissions scenario, any carbon removal capacity provided by seaweed farms globally is 
likely to be offset by their emissions (median global balance net emitter: -0.11 Tg C yr− 1; range -2.07–1.95 Tg C 
yr− 1), as most of a seaweed farms’ energy and materials currently depend on fossil fuels. Enhancing any potential 
CDR though seaweed farming will thus require decarbonizing of supply chains, directing harvested biomass to 
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long-term carbon storage products, expanding farming outside traditional cultivation areas, and developing 
robust models tracing the fate of seaweed carbon. This will present novel scientific (e.g., verifying permanence of 
seaweed carbon), engineering (e.g., developing farms in wave exposed areas), and economic challenges (e.g., 
increase market demand, lower costs, decarbonize at scale), many of which are only beginning to be addressed.   

1. Introduction 

Limiting global warming and its pervasive impacts on Earth’s eco
systems and people will require drastic reductions in fossil fuel emis
sions. Additionally, increases in carbon dioxide removal (CDR) from the 
atmosphere may be necessary to limit runaway warming and offset 
emissions of hard-to-abate sectors, at least in the short term (IPCC, 
2022). Currently, almost all of the current CDR capacity comes from 
land-based solutions (Geden et al., 2023). However, the pressing need to 
mitigate the effects of climate change is pushing the development of 
novel approaches, with the ocean playing a central role in the portfolio 
of CDR methods (NASEM, 2021). In recent years, considerable focus has 
been dedicated to understanding whether seaweed (macroalgae) should 
be included within that portfolio (NASEM, 2021; Ocean Visions, 2022). 
That interest is underpinned by seaweed being one of the fastest- 
growing and most productive autotrophs per area on the planet (Pes
sarrodona et al., 2022), and the fact that a portion of the carbon that 
they fix during photosynthesis may get sequestered for atmospherically- 
relevant periods of time (Hill et al., 2015; Krause-Jensen and Duarte, 
2016; Ortega et al., 2019). For instance, some fjord and shelf sediments 
show continuous seaweed carbon burial over 120 years (Frigstad et al., 
2021), whilst seaweed DNA has been found in 350-year-old loch sedi
ments (O’dell, 2022). 

Seaweed aquaculture is the fastest-growing food production sector 
with intense potential to generate products with low carbon footprints 
for a wide range of applications (e.g., biofuel, fertilizer, livestock feed, 
hydrocolloids, cosmetics, pharmaceuticals) as well as seafood (Duarte 
et al., 2022; Jones et al., 2022). The carbon fixed in farmed seaweeds can 
also be stored in long-term reservoirs, theoretically contributing to CDR 
in a similar way than natural seaweed beds (Chung et al., 2011; 
Froehlich et al., 2019; Gao et al., 2022). In addition, certain seaweed 
products can indirectly lower emissions — but not directly remove at
mospheric CO2— if they replace other carbon-intensive alternatives (e. 
g., meat heavy diets, synthetic fertilizers, fossil fuels) (DeAngelo et al., 
2023). The idea of cultivating seaweed at large scales to avoid fossil fuel 
emissions was first trialed in the mid-1970s, where pilot seaweed farms 
to produce biofuels were funded by the US Government (Ritschard, 
1992). In the early 1990s, concerns about rising atmospheric CO2 levels 
already led several authors to propose using similar farms for a range of 
climate mitigation outcomes (Alpert et al., 1992; Orr and Sarmiento, 
1992; Ritschard, 1992; Spencer, 1991). Recently however, numerous 
proposals have emerged to cultivate seaweed exclusively for CDR pur
poses, leading to significant public and private investment (Chung et al., 
2013; Ocean Visions, 2022; Ricart et al., 2022; United States Department 
of Energy, 2017), as well as widespread attention in the media (Hurd 
et al., 2022) and the scientific literature (Bach et al., 2021; Gao et al., 
2022; NASEM, 2021). Despite this growing attention, whether the in
dustry can provide significant CDR remains highly controversial, largely 
because the literature is dispersed across fields (e.g., biogeochemistry, 
agronomy, bioenergy, material science) and remains poorly synthesized. 
Importantly, a clear assessment linking the scale of seaweed farming 
operations with its CDR capacity, technical and economic feasibility, 
and any potential co-benefits or disbenefits is lacking. 

Here we aim to fill this knowledge gap by synthesizing evidence of 
the CDR capacity of seaweed farms. We focus on quantifying the 
different fluxes underpinning CDR with the best available evidence to 
date, and reviewing the outstanding barriers (e.g., technical, economic, 
regulatory) to implement scaling seaweed farming for climate benefits. 
An in-depth review of the outstanding scientific challenges to accurately 

measure and verify carbon fluxes in seaweed systems, as well as the 
climate impacts of the different stages of seaweed value chains, are 
outside the scope of this manuscript, as they have been discussed else
where (Hurd et al., 2022; Pessarrodona et al., 2023). Our review begins 
by synthesizing the different pathways through which seaweed farming 
can contribute to CDR. We then examine the current status of seaweed 
farming and provide a first-order estimate of the current CDR capacity of 
seaweed farming globally. We finish by discussing the interventions 
through which seaweed farming may contribute to mitigate climate 
change, which largely depend on whether farming can increase the 
ocean’s overall CDR capacity over a natural baseline or contribute to 
greenhouse gas emission reductions. Our synthesis concludes that whilst 
seaweed farming is currently not able to combat climate change at scale, 
it is a key step towards greater sustainability in seafood production. 

2. Methods 

Literature search. To identify relevant publications in the field, we 
conducted a search in the Scopus database (accessed 09/12/2023) with 
the following search terms (seaweed OR macroalga*) AND (farm* OR 
mariculture OR aquaculture OR IMTA) AND (sequestr* OR CDR OR 
“blue carbon” OR “carbon storage” OR “carbon sink” OR “carbon foot
print” OR “CO2 sink” OR “afforestation” OR “CO2 bioremediation” OR 
“life cycle assessment”). Our search yielded 172 different publications, 
with additional publications being obtained by following the references 
of publications outlined in the original search. We then scanned the title 
and abstract to determine whether they focused on wild seaweed habi
tats or seaweed aquaculture and its products, with only the latter being 
included. 

Global estimate of the current CDR capacity of seaweed farming. We 
scanned the list of potentially relevant studies meeting our search 
criteria to collate information and data on carbon fluxes in seaweed 
farms (cf. Fig. 1) to compute a first-order estimate of the current net CDR 
capacity provided by seaweed farming. We assumed that the carbon 
fixed by seaweed farms eventually led to a direct removal of atmospheric 
CO2, and that farming did not displace any natural CDR or enhance 
natural carbon emissions (see discussion of the all assumptions in 
“Overview of seaweed farming and its present CDR potential”). For the 
estimate, we preferentially included data from aquaculture studies, as 
the conditions wild seaweeds grow in (rocky substrates, mesohaline 
exposed waters) may not necessarily reflect where most seaweed 
farming takes place (over soft sediments, moderately hyposaline waters 
in shallow embayments). Data from commercial seaweed farms at sea, as 
opposed to hypothetical and research or land-based aquaculture facil
ities, were also selectively preferred, as they better reflect the present 
seaweed aquaculture sector. Our net CDR estimate was based on two 
main terms: the amount atmospheric CO2 fixed by seaweeds and 
sequestered in long-term carbon reservoirs (CSEQ), and the CO2 emis
sions generated during farming (CEMIT), so that: 

net CDR capacity = CSEQ − CEMIT (1) 

To calculate the carbon sequestered (CSEQ), we compiled data on the 
net carbon fixed by seaweeds during cultivation, the amount of it that is 
harvested, and the fate of the unharvested carbon. We only included 
data obtained during a one-year cultivation period and expressed on a 
per-area basis (i.e. gC m− 2 yr− 1). If studies did not provide data in these 
units, but provided information that enabled their calculation (e.g. size 
of farm, number of months cultivated during a year), their values were 
converted. Following a modified model of Krause-Jensen and Duarte 

A. Pessarrodona et al.                                                                                                                                                                                                                         



Science of the Total Environment 918 (2024) 170525

3

(2016), we considered fixed carbon could be sequestered long-term 
(CSEQ) in four potential pools so that: 

CSEQ = CDEEP + CPROD + CSED + CRDOC (2) 

In our analysis, carbon sequestered via transport and storage to the 
deep sea (CDEEP) was considered negligible as most of the world’s 
farming occurs within sheltered embayments, which typically have 
reduced exchange with the open ocean (Liu et al., 2019), and cultivation 
rafts with seaweed reduce the water exchange rate (Zeng et al., 2015), 
likely precluding carbon transport away from the farm (Hancke et al., 
2021; see “Transport to the deep sea”). Sequestration through conver
sion to long-lived biomass products (e.g., biochar) (CPROD) was also 
considered negligible, as currently most of the world’s production is 
used for short-lived products that do not store carbon long-term (Fer
douse et al., 2018; Hwang et al., 2019; Liu et al., 2014). We considered 
that sequestration occurs when fixed carbon is released as detrital par
ticulate organic carbon (POC) and buried in marine sediments long-term 
(CSED), or fixed carbon is released as dissolved organic carbon (DOC) a 
fraction of which resists degradation entering the refractory dissolved 
organic carbon pool (CRDOC). CSED was calculated as: 

CSED = CPOC⋅%POC LOSS⋅% POC BURIAL (3)  

where CPOC is the amount of carbon fixed by farmed seaweeds that is 
assimilated into POC, %POC LOSS is the percentage of assimilated POC 
that is lost as detritus before harvesting, and %POC BURIAL is the per
centage of detrital POC that is buried in marine sediments. Given that 
the loss of POC increases with the amount of time crops are left un
harvested (Hancke et al., 2021; Zhang et al., 2012), we considered 
farmers would optimize harvest time to minimize biomass losses and 
maximize profits, thus choosing the lowest value of %POC LOSS reported 
within each study. CRDOC was calculated as: 

CRDOC = CFIX⋅%DOC⋅%RDOC +CPOC⋅%POC LOSS⋅%POC− RDOC (4)  

where CFIX is the carbon fixed by farmed seaweeds, %DOC is the per
centage of this carbon that is released as DOC, %RDOC is the percentage 
of DOC that is refractory and % POC-RDOC is the percentage of lost POC 
that turns into refractory DOC. In both instances, CPOC was calculated as 

CPOC =
Harvested POC
1− %POC LOSS, whilst CFIX was calculated as CFIX =

CPOC
1− %DOC . 

In the case of CO2 emissions generated during farming (CEMIT) we 
only included emissions incurred during the cultivation of a given mass 
of seaweed stock (cradle-to-gate emissions), which included emissions 
from the hatchery and at-sea operations, but not those to preserve the 
biomass or dispose of it (i.e. cradle-to-grave emissions). As a result, to be 
included in our calculations, emissions had to be expressed based on the 
production of fresh, dry or carbon mass of seaweed (i.e. kg CO2 emitted 
per g of seaweed), or provide information that enabled calculation in 
this units. All data were standardized to a carbon mass basis (i.e. CO2 
emitted per g C of seaweed) using conversion factors provided by the 
studies or using the conversion factors from Brey et al. (2010), with CO2 
ultimately being converted to carbon mass using its molar mass. 

In this way, for a given value of harvested carbon biomass, we could 
calculate the amount of carbon that ended up sequestered long-term 
(CSEQ) and the amount of carbon emitted during its production 
(CEMIT). The balance between the two was equal to the per-area net CDR 
capacity, with positive values indicating net carbon removal and nega
tive values indicating net carbon emissions. To estimate the current 
potential CDR capacity of all farms globally, this net (per-area) CDR 
value was multiplied by the estimate of total area of seaweed farms 
obtained from the literature. We then combined the literature values 
compiled (Table 1) with a Monte Carlo approach to derive a crude es
timate of the potential contribution of seaweed farming to global carbon 
sequestration and its uncertainty. For each term in Table 1 and Eqs. (1)- 
(4), 10,000 randomly generated values were obtained by sampling 
randomly from a uniform distribution with the minimum and maximum 
values obtained from the literature. This distribution was chosen as in 
many cases there was only a minimum and maximum value available in 
the literature. Individual estimates of the sequestration, emissions and 
balance were calculated by combining each of the 10,000 simulated 
values, yielding 10,000 estimates that combined the uncertainty in each 
parameter. The median, mean, and standard deviation were then 
retrieved. 

We tested two additional scenarios to explore possible optimization 
strategies to increase the global CDR capacity of seaweed farms. In the 
first alternative scenario, the crop was left untouched to increase carbon 
sequestration under seaweed farms, so that %POC LOSS = 100. In the 

Fig. 1. Schematic representation of the carbon cycle in seaweed farming. Black arrows denote carbon flows leading to sequestration, grey arrows denote remi
neralization of organic carbon, and red arrows denote emissions. Similarly, red numbers denote fluxes leading to carbon emissions (CEMIT), whilst black letters denote 
fluxes leading to carbon sequestration (CSEQ), with long-term carbon reservoirs being shown in blue text. Circles around the numbers and letters denote the relative 
simplicity to estimate the fluxes, reflecting the availability of data (green: easy; yellow: moderate; purple: hard). The following fluxes are denoted: (a) air-sea flux of 
CO2, (b) carbon fixation by seaweeds (CFIX), (c) loss of particulate organic carbon (POC LOSS) before harvesting, (d) burial of POC in marine sediments (CSED), (e) 
release of dissolved organic carbon (DOC), (f) transformation of POC to DOC, (g) transformation of DOC to refractory DOC (CRDOC), (h) transport of POC and DOC to 
the ocean interior (CDEEP), (i) harvested POC, and (j) long-term storage of carbon in seaweed products (CPROD). The following emissions are denoted (red numbers): 
(1) release of GHGs by seaweeds (e.g. halocarbons); (2) change in carbon sequestration due to farming; (3) GHG emissions from enhanced burial of OC (e.g. 
methanogenesis); (4) maintenance and harvest emissions, (5) emissions from farm material manufacturing and hatchery facilities, (6) emissions from processing 
seaweed into products, (7) transport and distribution emissions; (8) product use emissions or emission avoidance; (9) post product use emissions. Note that the 
emissions and carbon emissions and pathways are likely to differ depending on whether seaweed farms are in shallow water (e.g. Indonesia) or suspended in the 
water column (e.g. China). 
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second alternative scenario, we used emission values from farms culti
vating Saccharina japonica and Kappaphycus alvarezzi, which tend to 
have lower carbon footprints when compared to the typically small-scale 
farms of Europe and America and constituted a 39 % emission reduction 
in our calculations (i.e. maximum emissions value 1,742 CO2-eq Mg C 
produced− 1). 

3. CDR capacity of seaweed farms 

Unlike natural seaweed beds, the CDR capacity of seaweed farming 
depends on the balance between any atmospheric CO2 that may be 
sequestered by seaweeds (CSEQ; Fig. 1, processes d, g, h, j) and the 
additional CO2 emitted during the farming supply chain and at sea op
erations (CEMIT; Fig. 1, processes 4-9) (Coleman et al., 2022; Hasselström 
and Thomas, 2022). Additionally, the net CDR effect will also depend on 
whether seaweed farming enhances natural greenhouse gas (GHG) 
emissions (Fig. 1, processes 1-2) or displaces any naturally occurring 
CDR in the environment seaweeds are farmed in, such as CDR by 
phytoplankton or seagrass (Bach et al., 2021; Duarte Moreno et al., 
2021) (Fig. 1, process 3). This section briefly discusses well-established 
pathways through which farming could lead to carbon sequestration, 
and whether these can be accounted for in existing carbon accounting 
methodologies. Other pathways, such as the permanent reduction of 
metabolic products formed via alkalinity production have been pro
posed, but remain poorly understood in seaweed systems (Perkins et al., 
2022; Reithmaier et al., 2021). We also explore the potential sources of 
carbon emissions arising through seaweed farming. We focus on emis
sions and removals of CO2 rather than other GHGs like methane, nitrous 
oxide or halocarbons because their removal/emissions are only begin
ning to be understood (Hasselström and Thomas, 2022; Roth et al., 
2023). 

3.1. Carbon sequestration 

For atmospheric CO2 to be sequestered, the carbon fixed from the 
water column by seaweeds first needs to remove CO2 from the atmo
sphere (Fig. 1, process a). As seaweeds fix carbon from the water, the 
water around the farm will become depleted of carbon, leading to a CO2 
air-sea flux that is strongly related to seaweed growth (Han et al., 2021; 
Jiang et al., 2013; Xiao et al., 2021). For a true 1:1 ratio between the 
carbon fixed by farmed seaweeds and the CO2 removed from the at
mosphere however, waters with a CO2-deficit need to be completely 
replenished before losing contact with the atmosphere (Bach et al., 
2023). This condition may be relatively easily satisfied along the coast 
and estuarine embayments where most seaweed farming currently takes 
place, as re-equilibration times there are typically short (days to weeks) 
(Akhand et al., 2021; Van Dam et al., 2018). In contrast, re-equilibration 
times are substantially longer (months to years) in open waters (Jones 

et al., 2014), and can be longer than the residence times that water 
masses are in contact with the atmosphere (Bach et al., 2021). A useful 
first step to calculate the CDR capacity of seaweed farms may be then to 
evaluate the risk of incomplete CO2 equilibration, and adjusting it 
accordingly (Bach et al., 2023). 

CDR also requires some of the carbon fixed by seaweeds to be ulti
mately transported and stored in a carbon reservoir away from the at
mosphere for periods of time long enough to affect the climate system 
(typically defined as >100 years; (UNFCCC, 2022). These long-term 
reservoirs are namely the pool of refractory dissolved organic carbon 
(CRDOC), the pool of particulate organic carbon stored within marine 
sediments (CSED), and/or carbon in any form transported to water 
masses with low exchange rates with the atmosphere, such as those of 
many deep-sea areas below 1000 m (CDEEP; Siegel et al., 2021). The 
carbon assimilated into biomass that is harvested will not directly 
contribute to CDR unless it is stored in a long-term reservoir (e.g., bio
char) (CPROD). Substituting products with carbon intensive footprints (e. 
g., fertilizer, plastics, fuel, food) with replacement products made from 
seaweed biomass can however contribute to climate change mitigation if 
the greenhouse gas emissions of seaweed products are lower than the 
products their replace (i.e. leading to emission avoidance; Poore and 
Nemecek, 2018; Vijn et al., 2020; Laurens et al., 2020; Singh et al., 
2018). This will require thorough accounting of the emissions of 
seaweed products and their alternatives throughout their whole life 
cycle. Currently, the widespread adoption of seaweed-based products 
faces several technical and legislative challenges affecting their scal
ability and economic performance, but these are reviewed elsewhere 
(Yong et al., 2022). 

3.1.1. Refractory dissolved organic carbon 
Around one third of the carbon fixed by commonly cultivated 

seaweed species is released as DOC (Chen et al., 2020a; Gao et al., 2021). 
Cultured seaweed are important sources of DOC to coastal waters, where 
they can increase the DOC concentration by 20-40 % compared to 
reference sites (Li et al., 2022; Mahmood et al., 2017). This contribution 
can far exceed those from phytoplankton in intensively cultivated areas 
(Gao et al., 2021), but is highly dependent on the life-cycle of the species 
cultivated and the timing of seeding and harvesting (Chen et al., 2020b; 
Li et al., 2018). A range of studies have identified numerous refractory 
components (e.g., phlorotannins, fucans, xylans, long-chain lipids, 
suflated-polysaccarides) in the DOC from cultivated seaweed that can 
avoid degradation or undergo slow decomposition over years, decades, 
or millennia, constituting a potential long-term carbon reservoir known 
as refractory DOC (RDOC). Estimates of the RDOC fraction from 
cultured seaweeds vary between 5 and 56 % of the total DOC (Gao et al., 
2021; Li et al., 2018; Zhang et al., 2022a), albeit the methodology to 
determine that fraction varies between studies (for a discussion see 
Pessarrodona et al., 2023). A minor fraction (0.3-1.2 %) of the carbon 
lost as detrital POC may also be transformed into RDOC (Feng et al., 
2022; Zhang et al., 2023). The production of RDOC by seaweed thus 
represents a potentially important pathway of CDR (Buck-Wiese et al., 
2022; Krause-Jensen and Duarte, 2016; Reithmaier et al., 2021; Zhang 
et al., 2023). Critically, this pathway cannot be currently accounted for 
in any of the international climate mitigation policy and finance 
frameworks (IPCC Task Force on National Greenhouse Gas Inventories, 
2014; Needelman et al., 2018). 

3.1.2. Burial of POC in sediments 
Before being harvested, a portion of the carbon assimilated into 

seaweed biomass is usually lost due to erosion of distal tissue, breakage 
of seaweed parts (e.g., blades), or the loss of entire individuals (Dolliver 
and Connor, 2022)—collectively termed POC. In kelp farms, the amount 
of carbon biomass lost has been found to vary from 63 to 460 g C m− 2 

yr− 1, constituting between 8 and 61 % of the total carbon assimilated 
into biomass (Table 2). Estimates from other farmed seaweeds are 
largely lacking, but are likely high as losses of entire individuals are 

Table 1 
Details of the data used in the uncertainty propagation analysis.   

Min Max References 

Harvested POC (kg 
C⋅m− 2⋅yr− 1)  

300  1400 Supplementary data 

POC loss rate (%POC LOSS)  8  45 Table 2 
POC RDOC 

transformation rate 
(%POC-RDOC)  

0.3  0.12 (Feng et al., 2022; Zhang et al., 
2023) 

POC burial rate (%POC 

BURIAL)  
4  9 (Queirós et al., 2019) 

DOC rate (%DOC)  15  39 (Chen et al., 2020a; Gao et al., 
2021) 

Percentage RDOC (%RDOC)  5  58 (Gao et al., 2021; Li et al., 
2018; M. Zhang et al., 2022a) 

Emissions (kg CO2-eq⋅Mg 
C produced− 1)  

159  4472 Table 4 

Macroalgae area (km2)  1369  4000 Table 5  
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common, particularly during months of stronger water currents and 
wave action (Reis et al., 2009; Sobuj et al., 2023). Whilst the majority of 
biomass lost from cultivation sites will be decomposed and remineral
ized back to CO2 by microbial respiration (Zhang et al., 2023), a fraction 
can end up buried in marine sediments, where it may be stored long 
term. Overall, burial rates will depend on the amount of carbon fixed by 
farmed seaweed (which will depend on farm size, production, and spe
cies), local sedimentary conditions, and factors affecting transport to 
long-term reservoirs (e.g., depth, hydrodynamic conditions). For 
instance, carbon burial rates can be highly seasonal depending on the 
life-cycle of the species cultivated and harvesting times (Broch et al., 
2022; Cai et al., 2003). Seaweed and abalone farms have been found to 
increase organic carbon burial in sediments (Liu et al., 2015; Pan et al., 
2021), with seaweed burial intensity being related to the proximity to 
the farm (Pan et al., 2019) and the magnitude of production (Wang 
et al., 2023b). The relative contribution of seaweed to total sedimentary 
carbon burial is however highly variable (Table 3), which may suggest 
that the incorporation of seaweed into sediments varies seasonally and 
yearly as well as according to its state (fresh versus degraded; Ren et al., 
2014). 

The fraction of the buried seaweed carbon that remains sequestered 
long-term is still largely unresolved, as most studies have examined 
burial in shallow sediments (Table 3), where sediment is often highly 
mixed (Pan et al., 2021; Wang et al., 2023b). Assessing long-term 
sequestration in sediments requires dating of sediment cores, which is 
typically expensive and logistically complex. Studies conducted in 
adjacent areas have reported contrasting findings. Liu et al. (2015) re
ported that the total organic carbon burial rate did not increase 
following development of aquaculture in Sanggou Bay (China), with the 
highest values being recorded prior. In contrast, Pan et al. (2021) 

suggested that sediments showed an increase in organic carbon after 
kelp and abalone farming developed in Ailian Bay, <15 km from 
Sanggou Bay. These contrasting results are surprising given the prox
imity of the cores, the fact that Ren et al. (2014) found little contribution 
of degrading detritus in the sediments of Ailian Bay, and that production 
of kelp and shellfish in Sanggou Bay is several orders of magnitude 
higher than that of Ailian Bay. More evidence is thus needed to link 
seaweed farming with permanent carbon removal, as well as under
standing its drivers. Despite these important uncertainties, carbon 
buried in the vicinity of farms seems to fit well within existing carbon 
accounting frameworks (Vanderklift et al., 2022), as sources and sinks 
can be more easily monitored, verified, and linked to a specific farming 
operation. Developing model-based approaches to estimate CDR 
robustly but simply has been useful in other ecosystems (Lovelock et al., 
2022a, 2022b), and may be particularly promising for seaweed given the 
complexity of its carbon flows (Hurd et al., 2022). 

3.1.3. Transport to the deep sea 
Transport and storage of DOC or POC in the “deep sea”, where water 

masses typically take long periods of time to exchange carbon with the 
atmosphere, is an important sequestration pathway in wild seaweed 
ecosystems (Pessarrodona et al., 2023; Braeckman et al., 2019; Krause- 
Jensen and Duarte, 2016; Ortega et al., 2019). Evidence so far suggests 
that most of the carbon fixed in conventional seaweed farms is deposited 
and remineralized near cultivation sites, suggesting this pathway may be 
less important. Using transport models and in situ observations, it was 
estimated that POC from Norwegian kelp farms deposited within a 10 
km radius, with 90 % of the material settling within 4 km from the farm 
(Hancke et al., 2021). A farm producing 100 t of fresh weight (FW) per 
hectare was therefore expected to deposit between a few mg up to 25 g C 
m− 2 yr− 1 on the sediment surface, with quantities >1 g C m− 2 yr− 1 

occurring within 1 km of the farm (Hancke et al., 2021). Using stable 
isotopes, Pan et al. (2019) documented that kelp organic carbon was 
present in the sediments of sites approximately 10 km offshore from the 
farming area. Sediments directly below farms however had relatively 
higher concentrations of kelp, further suggesting that the carbon 
exported from farms is mostly retained locally (Pan et al., 2019). From a 
carbon accounting perspective, carbon sequestered in the high seas or 
outside of national jurisdictions (e.g., outside Exclusive Economic 
Zones; EEZs) cannot currently contribute to national GHG inventories or 
GHG reduction targets (Gitarskiy, 2019; Sutton-Grier and Howard, 
2018). Deep ocean carbon sinks are currently not accounted for in na
tional greenhous gas inventories (IPCC Task Force on National Green
house Gas Inventories, 2014), but carbon transported to the deep sea 
may be accounted in voluntary carbon markets. No approved method
ologies to do so are available by the major carbon crediting organiza
tions (e.g., Verra, GoldStandard) to date. 

Table 2 
Estimates of the biomass lost as particulate organic carbon (POC) during culti
vation of seaweed. Minimum values correspond to harvesting at optimum times 
(i.e., when there are relatively low losses and high biomass), whilst the 
maximum values correspond to harvests later in the season.  

Location Species POC loss 
(g C m− 2 

yr− 1) 

Component 
measured 

Reference 

Trøndelag, 
Norway 

Saccharina 
latissima 

63-390 
(8-50 %) 

Erosion (Hancke et al., 
2021) 

Troms, 
Norway 

Saccharina 
latissima 

88 (13 
%) 

Erosion (Hancke et al., 
2021) 

Sungo Bay, 
China 

Saccharina 
japonica 

300-460 
(45-61 
%) 

Erosion (Zhang et al., 
2012) 

Strangford 
Lough, 
Ireland 

Saccharina 
latissima 

(43 %) Dislodgment, 
Erosion, 
Exudation 

(Dolliver and 
Connor, 2022) 

Otsuchi Bay, 
Japan 

Undaria 
pinnatifida 

(19 %) Erosion (Yoshikawa 
et al., 2001)  

Table 3 
Estimates of the biomass particulate organic carbon burial in sediments under seaweed farms, and their relative contribution to total burial in sediments. When 
available, values are expressed as mean ± standard error, with ranges indicated in parenthesis.  

Location Cultivated species or genus Sediment depth sampled 
(cm) 

Biomarker Burial (g C m− 2 

yr− 1) 
Relative contribution 
(%) 

Reference 

Sansha Bay, China Saccharina, Gracilaria, 
Porphyra 

3 C:N ratio, δ13C 25 ± 14 16 ± 9 (Wang et al., 
2023a) 

Sansha Bay, China Saccharina, Gracilaria 22 C:N ratio 71 ± 32 23 ± 7a 

53 ± 8b 
(Wang et al., 
2023b) 

Sanggou Bay, 
China 

Saccharina 0-5 C:N ratio, δ13C  15.3 ± 6.63 (Pan et al., 2019) 

Sanggou Bay, 
China 

Saccharina 0-2 δ13C  36.6 (20.1-86.5) (Sui et al., 2019) 

Ailian Bay, China Saccharina latissima, scallops 0-3 δ13C  (1.1-1.6) (Ren et al., 2014)  

a 1963-1990. 
b 1990-2022. 
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3.1.4. Long-term storage in seaweed products 
On its own, the carbon stored in harvested seaweed biomass cannot 

be considered “sequestered” (Zhang et al., 2017), as the range of prod
ucts seaweed is used for (e.g., food, biofuel) have very short lifespans, 
and its carbon will eventually return to the atmosphere through respi
ration or combustion (Hurd et al., 2022). Around 80 % of the production 
is presently used for human consumption (Ferdouse et al., 2018; Hwang 
et al., 2019; Liu et al., 2014), including the production of the hydro
colloids agar (e.g., Gracilaria spp.), alginate (e.g., Saccharina spp., Les
sonia spp.) and carrageenan (e.g., Eucheuma spp. and Kappaphycus 
alvarezii) (McHugh, 2003), and therefore does not contribute to carbon 
sequestration. Carbon stored in biomass can however be bound into 
long-lived products such as biochar, a fertilizer produced from the py
rolysis of seaweed biomass whose stable and recalcitrant carbon may be 
stored for hundreds of years when applied to the soil (Sun et al., 2022). 
Additionally, some of the CO2 emitted during the biomass digestion and 
pyrolysis of certain industrial processes (e.g., biofuel production) can be 
captured and stored underground, although the deployment of such 
technology remains severely limited. 

3.2. Carbon emissions 

Emissions generated by seaweed farming can occur during the 
farming stage at sea, throughout the supply chain for the farming 
operation (e.g. energy, materials used in the farm) as well as during the 
use-phase of seaweed products and at the end of their life (e.g. emissions 
associated with how the product is disposed). Seaweed farming emis
sions are generally lower and less variable than other types of aqua
culture (Jones et al., 2022), with cradle to gate emissions ranging 
between 3 and 174 kg of CO2 per metric ton of fresh seaweed produced 
(Table 4). Farming emissions can substantially offset any carbon 
sequestered in long-term reservoirs, and must be therefore be thor
oughly accounted for. For instance, emissions due to enhanced microbial 
respiration during the later stages of kelp growth can offset the carbon 
removed from the atmosphere during early cultivation phases (Xiong 
et al., 2024), and emissions can offset between 61 and 90 % of the 
carbon potentially sequestered even in farms designs to optimize 
seaweed CDR (Coleman et al., 2022; Lian et al., 2023). Despite this, the 
emissions associated with seaweed farming are often not included in 

assessments of the carbon removal and climate change mitigation ca
pacity of seaweed farming (Duarte et al., 2017; Erlania and Nyoman 
Radiarta, 2015; Froehlich et al., 2019; Sondak et al., 2017; Wu et al., 
2020). Life Cycle Assessments, commonly known as LCAs, constitute a 
powerful tool to quantify the environmental impacts of products or 
systems during their entire life cycle in a systematic manner, and 
examine which processes and materials are responsible for the bulk of 
climate impacts (reviewed in Hasselström and Thomas, 2022). LCAs are 
typically individually conducted for a specific seaweed product or 
farming system, and may use different methodological assumptions, 
data, and system boundaries (e.g. whole life cycle versus at sea and 
supply chain operations only), making comparisons not always 
straightforward. Still, most studies to date find that a large portion of 
seaweed farming emissions arise from energy use (e.g., electricity con
sumption in the hatchery and boat fuel use during cultivation; Coleman 
et al., 2022; Lian et al., 2023; Nilsson et al., 2022) and the fabrication of 
components used in farms (e.g., polyethylene rope, buoys; Li et al., 
2023) —all of which still largely rely on fossil fuels (Fig. 1, processes 4- 
5). Finally, if harvested seaweed biomass is converted into products, 
there are other emissions associated with the processing (e.g., pack
aging), use (e.g., transport), and end-of-life (e.g., landfill, compost) 
phases of the value chain (Hasselström and Thomas, 2022) (Fig. 1, 
processes 6-9). Storing carbon from harvested seaweed biomass into 
more permanent forms (e.g., biochar) has also associated emissions, as 
there are CO2 losses during the combustion process and this process 
requires substantial energy inputs (Leung et al., 2014; Wen et al., 2022). 

Currently, our understanding of the magnitude of emissions gener
ated throughout the whole life cycle of seaweed farming is hampered by 
most estimates being from research or pilot-scale farms (but see Li et al., 
2023; Lian et al., 2023) and from a few locations using different ap
proaches. As a result, there is considerable variability in the system 
boundaries considered, the degree of detail in the inventories, and the 
energy and materials data used (Hasselström and Thomas, 2022). For 
example, farming a ton of fresh kelp uses between 0.0002-60 kg of diesel 
and 0.6-11 kg of rope depending on the farm considered (Li et al., 2023 
and references therein, Alvarado-Morales et al., 2013; Coleman et al., 
2022; Lian et al., 2023). There is currently limited data on the emissions 
from euchematoid (red sea moss) farms, which are responsible for 
around a third of the world’s production and are farmed using different 

Table 4 
Estimates of the cradle-to-gate emissions (CEMIT) to produce a metric ton of seaweed biomass. The operations included in the life cycle assessment inventory are the 
following: SEA: At sea operations; HAT; Hatchery operations; CONS: Hatchery construction. Note emissions from electricity consumed in each study are based on the 
regional electricity mix, which may vary between locations. ns = not specified. DW:FW = dry weight to fresh weight ratio.  

Farmed seaweed Size (ha) Scale Location CEMIT (kg CO2 t 
FW− 1) 

DW: 
FW 

CEMIT (kg CO2 t 
DW− 1) 

Inventory Reference 

Alaria esculenta ns Commercial Ireland  14.4  0.100  552.0 SEA, HAT (Collins et al., 2022) 
Asparagopsis 

taxiformis 
ns Hypothetical Australia  3.3  0.125  441.6 SEA, HAT (Ridoutt et al., 2022) 

Kappaphycus alvarezii ns Commercial India  3.9  0.110  35.8 SEAa (Ghosh et al., 2015) 
Laminaria digitata ns Hypothetical Denmark  24.9  0.209  119.0 SEA, HAT (Alvarado-Morales et al., 

2013) 
Laminaria digitata 20,800 Hypothetical Denmark  83.4  0.148  563.5 SEA, HAT (Seghetta et al., 2017) 
Laminaria digitata 20,800 Hypothetical Denmark  81.9  0.148  553.4 SEA, HAT (Seghetta et al., 2016) 
Laminaria digitata 1 Hypothetical Ireland  22.2  0.177  125.5 SEA, HAT (Czyrnek-Delêtre et al., 2017) 
Laminaria digitata 1 Hypothetical Ireland  24.7  0.197  125.5 SEA, HAT (Czyrnek-Delêtre et al., 2017) 
Saccharina japonica 320 Commercial China  34.6  0.140  247.2 SEA, HAT (Lian et al., 2023) 
Saccharina japonica 400 Commercial China  57.5  0.100  574.6 CONS, SEA, 

HAT 
(Li et al., 2023) 

Saccharina japonica 1 Hypothetical Korea  15.1  0.150  100.5 SEA, HAT (Jung et al., 2017) 
Saccharina latissima 20,800 Hypothetical Denmark  83.4  0.248  336.3 SEA, HAT (Seghetta et al., 2017) 
Saccharina latissima 20,800 Hypothetical Denmark  81.9  0.248  330.2 SEA, HAT (Seghetta et al., 2016) 
Saccharina latissima 404 Hypothetical USA  60.1  0.133  451.2 CONS, SEA, 

HAT 
(Coleman et al., 2022) 

Saccharina latissima ns Commercial Ireland  160.0  0.105  1200.3 SEA, HAT (Nilsson et al., 2022) 
Saccharina latissima 2 Commercial Sweden  55.2  0.155  356.1 SEA, HAT (Thomas et al., 2021) 
Saccharina latissima 1 Commercial Denmark  86.1  0.081  1063.4 SEA, HAT (Zhang et al., 2022b) 
Saccharina latissima 1 Commercial Denmark  123.5  0.221  558.7 SEA, HAT (Zhang et al., 2022a, 2022b) 
Saccharina latissima 1 Commercial Denmark  173.9  0.135  1287.9 SEA, HAT (Zhang et al., 2022a, 2022b)  
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infrastructure. Data from Chinese and other Asian farms may be 
considered as a proxy for a low emissions scenario, as high competition 
in that area demands highly efficient production, energy use, and 
therefore lower emissions per kg of seaweed produced (Li et al., 2023, 
Lian et al., 2023); values from Europe or North America on the other 
hand may represent a higher emissions efficiency scenario (Table 4). 
However, as 97.4 % of seaweed farming production comes from Asia, 
compared to 0.8 % from Europe and 1.4 % from North America (FAO, 
2018), this low emission scenario is likely the most representative of 
current global emissions. Following standardized accounting frame
works (e.g., LCAs; Hasselström and Thomas, 2022), agreeing on system 
boundaries, and using data from industry-scale farming operations is a 
promising way to better understand the emissions generated by farming 
practices, and their offset of any potential CDR capacity. Nevertheless, it 
is clear that decarbonizing supply chains, powering facilities and oper
ations with renewable energy, and using farming materials with low 
GHG footprints is the way forward to drastically reduce the emissions 
associated with farming. For instance, sourcing electricity for the nurs
ery stage from renewable energy would reduce farming emissions by 8- 
10 % (Coleman et al., 2022), whilst using buoys and ropes made from 
recycled plastic and recycling them after use would reduce the emissions 
of a large-scale farm by 40 % (Li et al., 2023). 

3.3. Life cycle perspective on GHG emissions 

Besides CO2 emissions, aquaculture activities can also result in the 
release of other greenhouse gases such as methane, nitrous oxide, or 
halocarbons (Fig. 1, processes 1,3). Methane emissions in coastal envi
ronments largely result from anaerobic methanogenesis during the 
degradation of organic matter in sediments (Rosentreter et al., 2018; 
Roth et al., 2023). Unlike wild seaweed ecosystems, which grow on 
rocks, most seaweeds are cultivated over sediments in near eutrophic 
and meso- and hyposaline waters, all of which facilitate methanogenesis 
(Rosentreter et al., 2021). It is therefore possible that excess input of 
organic matter under farms will lead to conditions prone to methano
genesis, as it is often the case in animal aquaculture farms (Liu et al., 
2023). Like phytoplankton, seaweed have been found to emit volatile 
very short-lived brominated halocarbons (see Keng et al., 2020 for a 
review). These compounds are involved in the catalytic destruction of 
ozone in the stratosphere and may contribute to climate change due to 
alterations in atmospheric circulation patterns and cloud formation. 
This observation has opened the debate on whether wild and cultivated 
seaweed could play a role in exacerbating climate change (Leedham 
et al., 2013; Mithoo-Singh et al., 2017; Phang et al., 2015), particularly 
in tropical regions, which transport large quantities of halogenated 
compounds to the stratosphere due to deep convection (Phang et al., 
2015). Extrapolations from small-scale experiments on tropical sea
weeds in Malaysia suggested that aquaculture is currently a minor 
contributor to total brominated halocarbon emissions (Leedham et al., 
2013), although aquaculture growth could lead to relevant increases in 
the future. Overall, the contribution of seaweed farming to the release of 
such gases is still poorly understood, and large uncertainties associated 
with the lack of spatial and temporal data on seaweed GHG production 
preclude any conclusions on whether they contribute significantly to 
climate change (Keng et al., 2020). 

4. Overview of seaweed farming and its present CDR potential 

Understanding the present status and trends of seaweed farming is 
necessary to gauge its current CDR capacity, but also the technical and 
economic feasibility to enhance it in the near- or mid-term future. Global 
seaweed production has steadily grown at an average yearly rate of 6.5 
% since the 2000s, reaching 32 Tg (million tons) of fresh weight in 2018 
(FAO, 2018), which translates to almost 1.5 Tg of carbon using group or 
species-specific fresh-to-dry-weight and dry-to‑carbon-weight ratios 
derived from Brey et al. (2010). Globally, around 221 seaweed species 

are of commercial value, but 98 % of the world’s cultivated seaweed 
production is represented by only six genera – Saccharina, Undaria, 
Porphyra, Eucheuma, Kappaphycus and Gracilaria (Fig. 2A). Production is 
led by China (57.5 % of the total seaweed farming, producing mostly 
kelp) and Indonesia (28.5 % producing mostly carageen-containing 
seaweed, Fig. 2B). It is important to note that global production 
values are based on Food and Agriculture Organization (FAO) Fisheries 
and Aquaculture database, which are derived from the numbers pro
vided by each country. Reported “official” volumes can be however 
multiple times higher than those reported by farmers, traders and ex
porters in industry (Hatch Innovation Services, 2022; Pratama and 
Albasri, 2021), given that different calculations frameworks are used. 
Although not all countries have reported the area under seaweed culti
vation, the global areal extent is likely to be under 4000 km2, as China, 
Indonesia and Korea (i.e. 90 % of the world’s production) report a 
cultivated area of 3680 km2 (Table 5). Estimates of the total area 
potentially farmable range from 100,000 to 48,000,000 km2 globally 
(Arzeno-Soltero et al., 2022; Froehlich et al., 2019; Lehahn et al., 2016; 
N’Yeurt et al., 2012; Wu et al., 2023), being mostly offshore or in open 
ocean waters. These estimates, however, rarely consider growth limi
tation by micronutrients (e.g., iron, Paine et al., 2023), nor the economic 
costs or the logistical and technical feasibility of farming in open waters 
(Coleman et al., 2022; DeAngelo et al., 2022), and should therefore be 
considered as overestimates of the actual realizable potential. 

Our first-order estimate suggests that currently seaweed farming is a 
global net emitter (i.e. negative net CDR capacity) at –0.77 Tg C yr− 1 

(range –5.65–1.80 Tg C yr− 1), with carbon sequestration (median 0.35 
Tg C yr− 1; range 0.01–3.18 Tg C yr− 1) being entirely offset by farming 
emissions (median 1.14 Tg C yr− 1; range 0.03–6.37 Tg C yr− 1). POC 
burial in the vicinity of farms only accounted for 0.04 Tg C yr− 1 (range 
0.002–0.33 Tg C yr− 1). This latter value is on par with the 0.14 Tg C 
estimated to be buried every year as a result of aquaculture (all types) in 
China, based on the rates of organic matter deposition, the percentage of 
carbon in surface sediments, and the total farm area (Zhang et al., 2017). 
It is important to note that seaweed farms are usually anchored on very 
shallow sediments (e.g., ca 7-10 m depth in China; Fang et al., 2016; Pan 
et al., 2021) so carbon buried in the surface sediment layers is more 
likely to be subject to remineralization, precluding long-term burial and 
sequestration (Liu et al., 2015). In contrast, our estimate suggest that the 
majority of carbon sequestration from farms is driven by transformation 
of DOC and POC into RDOC (0.30 Tg C yr− 1; range 0.01–2.98 Tg C yr− 1). 
Whilst seaweed RDOC may well constitute a long-term carbon reservoir, 
this pathway is currently not integrated into any mainstream carbon 
accounting framework (reviewed in Pessarrodona et al., 2023). If global 
farming emissions were assumed to reflect those from Saccharina 
japonica and Kappaphycus alvarezzi farms, which lie at the lower end of 
carbon footprints reported in the literature (Table 4, Li et al., 2023), but 
may represent a more likely scenario emission given these species pro
vide the bulk of the production, the net balance of seaweed farming 
would be closer to zero but still negative (median -0.11 Tg C yr− 1; range 
− 2.07–1.95 Tg C yr− 1). This finding suggests that intensive decarbon
ization and decreases in emissions throughout the value chain will be 
key ways to increase the net CDR capacity of seaweed farming. 
Increasing the flux of carbon available to be buried and sequestered 
under seaweed farms by leaving the crop unharvested only achieved a 
modest improvement in the net CDR capacity, which remained net 
negative (median − 0.66 Tg C yr− 1; range − 5.31–2.49 Tg C yr− 1). 
Diverting a fraction of the production to long-term storage products (e. 
g., biochar) or enhancing the ways seaweed carbon gets naturally 
sequestered (e.g. by placing farms near areas that favor long-term 
sequestration) may thus be more promising ways to boost the seques
tration capacity of seaweed farms. For example, assuming that produc
ing 1 ton of biochar requires 80 kW⋅h− 1 of electricity (Lian et al., 2023), 
an emission factor 0.997 kg CO2⋅kW− 1⋅h (Lian et al., 2023), and a bio
char yield of 59 % with a mean COrg content of 30 % (Lian et al., 2023), 
diverting 10 % of the world’s seaweed production (1.5 Tg C or roughly 5 
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Tg DW) to biochar storage would generate an additional 0.078 Tg of 
sequestration. Overall, given that most of the 1.5 Tg C harvested in 
seaweed biomass every year globally is typically destined to short-lived 
carbon reservoirs, and the current farmed extent represents only 0.06 % 
of the wild area, any additional CDR capacity from seaweed farms will 
be several orders of magnitude less than the natural sequestration ca
pacity of wild seaweed habitats (Krause-Jensen and Duarte, 2016). 

Although our calculations were grounded on the best available data 
and provide the most up-to-date estimate of the CDR capacity of 
seaweed farms to date, our approach was based on multiple assumptions 
and has several limitations. First, we assumed a 1:1 ratio between the 
CO2 fixed by farmed seaweeds and the CO2 removed from the atmo
sphere, as most current seaweed aquaculture takes plays along the coast 
and estuarine waters, where re-equilibration times are typically shorter 
(days to weeks) than the time water masses are in contact with the 

atmosphere (Akhand et al., 2021; Van Dam et al., 2018). For instance, 
the waters of the Yellow Sea where most of Chinese farming takes place 
are well mixed and show equilibration with the atmosphere during pe
riods of maximum seaweed growth (Zhai, 2018). Secondly, given little 
available quantitative data, our analysis did not incorporate several 
pathways that may enhance (e.g. alkalinity production) or decrease the 
actual CDR efficiency of seaweed farms (e.g., displacement of any nat
ural CDR, production of halocarbons; stimulation of methanogenesis) 
(Bach et al., 2021; Leedham et al., 2013; Reithmaier et al., 2021). Third, 
given that we only considered sequestration pathways occurring at sea, 
we only included emissions incurred during the growing and planting 
phases at sea and from the farm supply chain (e.g. energy and materials 
to run the farm). Forth, emissions associated with farming were 
modelled as being linearly dependent on the farmed yield, but emissions 
may vary with the scale of production (Li et al., 2023). Fifth, our analysis 
and uncertainty propagation sampled from a uniform distribution as in 
many cases there were only maximum and minimum values available, 
but data may approximate other distributions as more studies are con
ducted. Sixth, data for our analysis were mostly available from Chinese 
farms cultivating kelp (Saccharina japonica), and so our analysis 
assumed that the literature values are representative of seaweed farming 
all over the world. This is clearly not the case, as farm sizes; cultivation 
line densities; and yields (and therefore the amount of seaweed biomass 
per hectare of farm) vary widely across farming operations (Broch et al., 
2019) and even seasonally due to local environmental conditions 
(Langford et al., 2021). Additionally, most of the area farmed globally is 
destined to non-kelp species (Pyropia, euchematoids, 4), which have 
lower rates of carbon fixation (Fig. 2). Similarly, seaweeds in other key 
producing regions such as Indonesia are typically grown nearshore on 
ropes subject to tidal action, where the export and burial of carbon may 
be very different than that in floating farms. The sequestration values 
from the analysis should therefore probably be taken as a best-case 
scenario. Still, it is worth noting that adjusting the carbon fixation to a 
more realistic value based on the mean global harvested yield (ca. 350 g 
C m− 2 yr− 1) did not massively change the outcome of the analysis, which 
was more sensitive to other parameters. Specifically, given that ca. 85 % 
of the farming CDR was achieved through the DOC pathway, our 

Fig. 2. Seaweed aquaculture production over time by type of seaweed (A) and country (B). Species or countries with a production < 0.005 Tg C yr− 1 are not shown 
but are accounted for in the total. Raw data source is (FAO, 2018), converted to carbon units using the values from Brey et al. (2010). 

Table 5 
Area occupied by seaweed farms in several countries.  

Country Species Year Area 
(km2) 

Reference 

China Saccharina japonica  2016  444 China Fishery Statistical 
Yearbook in (Hwang 
et al., 2019)   

2017  442 China Fishery Statistical 
Yearbook in (Fan et al., 
2019)    

490 (Li et al., 2008) 
Pyropia spp.  2013  152 (Wu et al., 2017)   

2016  730 China Fishery Statistical 
Yearbook in (Hwang 
et al., 2019) 

Undaria pinnatifida  2016  73 
Gracilariopsis 
lamaneiformis  

2016  99 

Hizikia fusiformis  2016  12 
Eucheuma 
denticulatum  

2016  4 

Korea Saccharina japonica  2015  91 (Hwang et al., 2020) 
Indonesia Eucheuma, 

Kappaphycus, 
Gracilaria spp.  

2013  2222 (Zamroni and Yamao, 
2011a)  

2018  2750 (KKP, 2018)  

A. Pessarrodona et al.                                                                                                                                                                                                                         



Science of the Total Environment 918 (2024) 170525

9

analysis was highly sensitive to the percentage of carbon fixed during 
seaweed photosynthesis that is released as DOC and the fraction that 
eventually is stored as RDOC, both of which remain poorly constrained. 
Resolving the contribution of this pathway to total carbon sequestration 
should thus be a priority for future research. 

5. Seaweed farming and climate change mitigation 

Although without decarbonization seaweed farming appears to not 
have the scale to remove globally relevant amounts of CO2 from the 
atmosphere in the near- and medium-term future, numerous in
terventions have been proposed to enhance any potential climate ben
efits. These interventions may contribute to climate change mitigation 
by either increasing the CDR capacity achieved with seaweed farming, 
or by decreasing overall GHG emissions when substituting seaweed- 
based alternatives into products (e.g., fuel, plastics, food) that have 
higher carbon footprints. This section briefly explores several of the 
proposed interventions, and some of the current and future challenges to 
implement them (Fig. 4). In particular, there are specific ways in which 
climate benefits get accounted for in international policy and climate 
finance frameworks (Vanderklift et al., 2022). Inclusion in these 
schemes requires rigorous measuring, reporting and verification (MRV) 
of any atmospheric CO2 removal, and often the satisfaction of a set of 
criteria (e.g., no disbenefits to the environment). Additionally, in
terventions may be subject to different legal and regulatory frameworks 
depending on the location of their operation. Finally, there are several 
other important considerations (e.g., profitability and technical feasi
bility) that may restrict the applicability or scalability of seaweed 
farming or the adoptability of its products. 

5.1. Expansion of seaweed farming in the coastal ocean 

Expanding seaweed farming would increase the amount of carbon 
fixed by seaweeds, and potentially enhance the amount of carbon 
sequestered. The scope for expansion of coastal seaweed aquaculture 
varies between countries. Forty-seven countries produce seaweed 
commercially or have done so at some point in time, but global pro
duction is led by a handful of nations (Fig. 2B), with China and Indonesia 
being the dominant producers by far (aggregated production of 28.5 Tg 
fresh weight; 86 % of the total production). The potential for expansion 
is somewhat limited among well-established producer countries. 
Seaweed farming in China is conducted mostly within enclosed or semi- 
enclosed bays, with most of the area estimated suitable for seaweed 
farming (ca. 90 %) being already occupied (Wu et al., 2020). Expansion 
of farming therefore must take place in open, more exposed waters. By 
contrast, in Indonesia, the Ministry of Marine Affairs and Fisheries es
timates that only around 25 % of the potential area for seaweed aqua
culture (11,109 km2) is currently occupied (KKP, 2018; Zamroni and 
Yamao, 2011b). Despite the government’s drive to support and expand 
the seaweed industry, growth in production remains limited. A recurring 
limiting factor is the increase in outbreaks of diseases (Kambey et al., 
2020). Additionally, a complex set of social and market factors dictate 
the amount of area cultivated beyond environmental suitability (Lang
ford et al., 2022, 2021). Theoretically then, countries with little to no 
seaweed aquaculture have great potential for expansion, although they 
may lack the technical knowledge to achieve the large-scale expansions 
within the short timeframes required to achieve climate change 
mitigation. 

Potential co-benefits of seaweed farming include local reductions in 
acidification (Xiao et al., 2021) and eutrophication (Fan et al., 2019). 
Large-scale expansion of seaweed farming may have range of negative 
impacts on the environment and human well-being, which would have 
to be considered in most carbon accounting frameworks (Howard et al., 
2023). Impacts are typically scale-dependent (Hancke et al., 2021), but 
include: reduced oxygen levels and increases in methane emissions due 
increased inputs of organic matter, nutrient depletion in oligotrophic 

areas, habitat destruction and the facilitation in the introduction and 
spread of alien species (Campbell et al., 2019; Hancke et al., 2021; Hu 
et al., 2021; Kelly et al., 2020; Liu et al., 2023; Zemke-White, 2003). 
Farms may also increase sediment deposition and reduce light on the 
seabed (Pan et al., 2019), affecting the biota living below farms. This 
may be particularly problematic in tropical regions, where farms are 
often anchored on top of seagrass beds, which can reduce their pro
ductivity and carbon sequestration capacity (Kelly et al., 2020). 

5.2. Expansion of seaweed farming in the open ocean 

Expansion to offshore waters offers promising opportunities to in
crease carbon sequestration, as nutrient availability is typically higher 
offshore and farms over deeper habitats may be more conducive to 
sequestration (Broch et al., 2019; Froehlich et al., 2019). However, 
seaweed growth in offshore waters may be limited by micronutrients or 
other factors such as light or temperature (Paine et al., 2023; Pessarro
dona et al., 2022). Despite a huge potential area suitable for cultivation 
(Arzeno-Soltero et al., 2022; DeAngelo et al., 2022; Froehlich et al., 
2019; Wu et al., 2023), the success of offshore cultivation remains 
limited to date, with the majority of the industry currently based in 
inshore waters (Bak et al., 2020). Recent technical improvements have 
allowed cultivation systems to withstand large oceanic wave forces in 
water depths of up to 150 m (Bak et al., 2020; Buck and Buchholz, 
2004), but significant challenges remain to make cultivation profitable 
and feasible (Fig. 4). Currently, revenues are often unable to cover in
vestment and operation costs without increases in yields (Bak et al., 
2018; Zuniga-Jara et al., 2016). At present prices, economic incentives 
resulting from carbon finance are not enough to make cultivating 
seaweed solely for the purposes of CDR profitable (Firman et al., 2023), 
with retaining the seaweed biomass (for climate mitigation purposes or 
not) being by far a more profitable enterprise (Coleman et al., 2022; 
DeAngelo et al., 2023). There are also important regulatory challenges 
outstanding, as farming may be subject to a range of international, na
tional, state, and/or local laws and regulations depending on the juris
dictional area where operations occur (Webb et al., 2021). Given that 
seaweed typically does not naturally occur in offshore waters (with a 
few notable exceptions), large-scale farming may have negative envi
ronmental impacts, including alterations to the ecology and chemistry of 
offshore ecosystems (Boyd et al., 2022). Finally, there are numerous 
ethical considerations associated with disposing valuable, nutritional 
seaweed resources into the deep ocean instead of using to meet other 
sustainability goals opposed to using them (Ricart et al., 2022). 

5.3. Increases in carbon sequestration efficiency 

Increases in the potential sequestration efficiency of existing farms 
can be achieved by enhancing the amount of carbon sequestered per unit 
area of farm or the amount of carbon sequestered per unit of carbon 
fixed. For example, enhancements in the amount of carbon fixed by 
farms can be achieved through the selection of high-productivity culti
vars, alleviating factors limiting productivity, or optimizing spacing and 
the timing of seeding and harvesting (Boderskov et al., 2023). Several 
high-yield cultivars have been developed through selection, mostly in 
Asian countries, which have long-established breeding programmes to 
improve cultivated varieties (Fang et al., 1983; Hu et al., 2021; Hwang 
et al., 2019; Li et al., 2007). Bred varieties can increase average yield by 
as much as 75 % compared to natural populations and other established 
varieties (Li et al., 2008; Liu et al., 2007; Zhang et al., 2007) (Fig. 3), 
although higher carbon fixation may negatively covary with other traits 
of interest (e.g. organoleptic properties). Productivity can also be 
increased by strategically placing farms in areas where potential 
nutrient uptake rates are higher, such as exposed coasts (Broch et al., 
2019; Visch et al., 2020) or near fish farms (Fossberg et al., 2018), or by 
modifying the cultivation depth (Boderskov et al., 2023; Ganesan et al., 
2006). Artificial upwelling of nutrients has been proposed as an 
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approach to increase seaweed carbon uptake rates in areas where nu
trients are limiting in China (Fan et al., 2019). 

On the other hand, increases in sequestration efficiency may be 
achieved by increasing the amount of fixed carbon that gets transported 
and stored in long-term carbon reservoirs. For instance, strategically 
placing farms in areas with high sedimentation rates (e.g., fjords) that 
could potentially increase the amount of carbon buried under farms 

(Smith et al., 2015), or in offshore deeper waters or nearby hydrody
namic or geomorphological features that serve as conduits to the deep 
sea (e.g., strong offshore currents, canyons; van der Mheen et al., 2024), 
may be a way to enhance carbon sequestration. Offshore farming pre
sents however numerous technical and economic challenges that remain 
mostly unresolved to date (Bak et al., 2020; Coleman et al., 2022). 

Fig. 3. Carbon fixation rates (net primary productivity, NPP) of the main seaweed aquaculture crops based on their cultivation method. Dashed lines indicate the 
mean NPP of a few selected highly productive land crops, whilst a yellow rectangle shows the NPP range of most land crops (data from FAO in Goudriaan et al., 
2001). Red dots indicate mean values. 

Fig. 4. Assessment of seaweed farming interventions that can potentially contribute to climate change. Scores are based in the calculations presented here and 
available literature. All criteria refer to current status of knowledge. ‘Mitigation potential’ refers to the overall magnitude of potential mitigation. ‘Accountability’ 
refers to whether interventions would fit within existing carbon accounting methodologies and frameworks. ‘MRV simplicity’ refers to the complexity to monitor, 
report and verify GHGs fluxes of each intervention to create credible mitigation. ‘Technical feasibility’ refers to the viability of upscaling the intervention. ‘Prof
itability’ refers to potential revenues generated based on current market prices. ‘Regulatory readiness’ refers the complexity and cost of obtaining permits to farm 
within national and international jurisdictions. ‘Co-benefits’ refers to any non-mitigation benefits arising from the intervention (e.g., biodiversity, social uplifting). 
‘Disbenefits’ refers to any potential negative impacts resulting from the intervention. 
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6. Conclusions 

Several potential pathways through which seaweed farming can 
contribute to CDR have been established. These can be broadly divided 
into carbon removal at sea before biomass is harvested, or the long-term 
storage of carbon in seaweed products like biochar. Additionally, 
seaweed products made from the harvested biomass may contribute 
greenhouse gas emissions avoidance and climate change mitigation if 
they substitute more carbon-intensive footprints (Fig. 4). Burial of un
harvested biomass in the vicinity of farms under suitable sedimentary 
conditions appears to be the best documented carbon removal pathway, 
and the one which can be reliably accounted for in existing carbon ac
counting frameworks. More research is needed, however, to solidify the 
evidence base linking farming operations to permanent carbon removal. 
Although seaweed farming has one of the lowest emissions and envi
ronmental impacts of any aquaculture product, our first-order estimate 
suggests that currently farming emissions likely offset any potential CDR 
capacity. Using renewables to supply hatchery electricity, or using 
recycled materials for farming operations, have been identified as key 
ways to reduce farming emissions, and should be prioritized to enhance 
the sustainability of seaweed products. Overall, however, even if these 
are adopted in the short or mid-term future, it appears that seaweed 
farming does not yet have the scale to contribute to carbon removal at a 
rate necessary to meaningfully affect atmospheric CO2 concentrations at 
the global level. Still, seaweed farming may lead to CDR at localized 
scales and can already deliver products with a low-carbon footprint. As 
such, this industry represents a key pathway towards a more sustainable 
future, and economically incentivizing the industry can help optimize its 
multiple benefits. Operationalizing the potential of seaweed farming to 
contribute to CDR will require the decarbonization of supply chains, 
developing robust models to trace and verify the fate of seaweed carbon, 
directing harvested biomass to long-term carbon storage products, and 
expanding farming outside traditional cultivation areas. 
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