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Abstract Green tides, characterised by massive
blooms of the seaweed Ulva, pose a significant threat
to coastal economies and marine ecosystems. This
review explores the potential repurposing of harmful
Ulva blooms for carbon sequestration, addressing the
critical global issue of CO, emission. We conducted
a comprehensive literature review and examined the
conversion of shoreline Ulva biomass into biochar
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through pyrolysis, a process that can be implemented
directly at biorefineries. This approach not only
facilitates carbon sequestration but also mitigates
greenhouse gas emissions and enhances soil quality
through soil amendments. Our review covers data
from 2008 to 2022, focusing on the carbon seques-
tration potential of Ulva during green tide episodes
in China and Korea. Our assessment indicates that
Ulva biomass has the potential to sequester approxi-
mately 3.85 million tons of CO, equivalent (CO,e),
with about 1.93 million tons of CO,e potentially sta-
bilised through biochar conversion. Furthermore, we
conducted a hypothetical techno-economic analysis
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assessing the sustainability and economic viability
of Ulva cultivation and biochar production for CO,
sequestration. These findings suggest that the com-
bined biomass and biochar production could be finan-
cially viable and profitable. Despite the challenges
posed by green tides, our review highlights their
potential role in mitigating global climate change.

Keywords Green tide - Ulva bloom - Carbon
sequestration - Biochar production - Pyrolysis -
Techno-economic analysis

1 Introduction

Although the term ‘green’ is often associated with
environmental sustainability, ‘green tides’ can lead to
significant economic, social, and environmental dis-
ruptions. Green tides result from fast-growing mac-
roalgal blooms, typically dominated by species of the
ephemeral green seaweed genus Ulva, including Ulva
lactuca, Ulva linza, Ulva pertusa, Ulva prolifera, and
Ulva rigida. Green tides are increasingly frequent in
coastal areas worldwide (Fig. 1). The first reported
Ulva bloom occurred in Belfast, Northern Ireland, at
the end of the nineteenth century (Letts and Richards
1911). Since 2007, the Yellow Sea, particularly along
the coast of the Shandong peninsula, has experienced
several green tide outbreaks since 2007 (Zhang et al.
2019).

The largest recorded green tide occurred in 2021,
covering approximately 1975.89 km? of the Yellow
Sea with U. prolifera when it peaked (Chen et al.
2022).

As a result, the city of Qingdao spent 350 million
CNY (approx. $49 million USD) to clean up the bio-
mass, consuming 46.7 kt oil-equivalent of fossil fuels
and emitting 331.0 kt CO,-equivalent (Chen et al.
2022). Green tides off the coast of the Korean pen-
insula may originate from blooms near Shandong.
However, it cannot be ruled out that they originated
locally, as the patches in Korea are relatively small
and difficult to track using satellite imagery (Harun-
Al-Rashid and Yang 2018).
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In addition to cleanup costs, green tides cause
economic losses by impacting tourism, aquaculture,
and traditional fisheries. The environmental conse-
quences of Ulva blooms are significant and multi-
faceted, affecting marine ecosystems, water quality,
and biodiversity. Ulva blooms are typically fuelled
by excess nutrients, particularly nitrogen and phos-
phorus, which lead to eutrophication and promote
rapid algal growth that disrupts the natural balance
of marine ecosystems (Zhang et al. 2013). As Ulva
blooms grow and decay, they consume large amounts
of oxygen, creating hypoxic (low oxygen) or anoxic
(no oxygen) conditions detrimental to marine life.
Many aquatic organisms, including fish and inverte-
brates, require oxygen-rich environments to survive;
thus, hypoxic conditions can lead to mass die-offs
and decreased biodiversity (Zhang et al. 2019). Dur-
ing their growth phase, Ulva absorbs inorganic car-
bon from seawater, which increases the pH (alkalin-
ity) of water. However, as blooms die and decompose,
they release large amounts of CO,, which can lower
the pH and contribute to ocean acidification (Barakat
et al. 2021). This shift in pH can harm marine organ-
isms, particularly those with calcium carbonate shells
or skeletons, such as corals and shellfish (Doney et al.
2020). The rapid growth of Ulva can overshadow and
outcompete native marine plants and algae, disrupt-
ing local ecosystems. This competition can decrease
biodiversity, as native species struggle to survive or
are displaced (Xiao et al. 2019). The accumulation of
decaying Ulva biomass on the seafloor can smother
benthic habitats, affecting bottom-dwelling organ-
isms and altering the physical structure of the ecosys-
tem, with long-term consequences for marine habitat
health and stability (Zhang et al. 2019). The presence
of large quantities of Ulva can alter the composi-
tion and structure of microbial communities in the
water, affecting nutrient cycling and other ecological
processes, potentially leading to further ecosystem
imbalances (Qu et al. 2020). Ulva blooms can disrupt
local food webs by altering food resource availabil-
ity and changing habitat structure. The loss of oxy-
gen and changes in water chemistry can affect the
populations of various marine species, from primary
producers to top predators, causing cascading effects
throughout the ecosystem (Green-Gavrielidis et al.
2018). Large mats of floating Ulva can create physi-
cal barriers that affect navigation, fishing, and other
human activities (Rybak and Gabka 2018). These



Rev Environ Sci Biotechnol (2024) 23:1041-1061

1043

UK

760 tons
Ireland (1981, 1985)
USA 4,299 tons 1 Netherlands China
10,000 tons (2010, 2016, 2017) 991 tons South Korea
(2009-2010) (1987, 1989) 3,549,863 tons 6,559 tons

France 4
16,180 tons i}

(2008-2017) (2008, 2011-2022)

(1988, 1992, 1997, 1998) Denmark
40,000 tons L
Italy (1987-1993) Japan
69,240 tons 65 tons
(1992, 1993) (2008)
.
L India e
5 tons — Philippines
(2023) 0.001 tons
(1996)
Ulva biomass
(ton)
0
0.001
: b
South Africa
100 0.01 tons Australia v
(2015) 60,000 tons

10,000 I

1,000,000 I
3,500,000

Fig. 1 Global distribution of Ulva blooms by country, year
of occurrence, and amount of total biomass. The extent of the
green coloration serves as an indicator of biomass, wherein a

mats can also wash ashore, causing beach fouling and
negatively impacting coastal tourism and recreational
activities.

Given these significant ecological and economic
consequences, urgent mitigation strategies are neces-
sary. Some proposals include collecting and remov-
ing overwintering and germinating Ulva spp. prior
to outbreaks by pumping Ulva masses onto the
decks of harvesting boats and concentrating them
using nets and filters (Smetacek and Zingone 2013).
Implementing upstream reduction strategies for dual-
nutrient (i.e., N and P) emissions in rivers and the sea
can significantly impact the control of algal bloom
events and their cascading effects; however, these
approaches are expensive. Other suggestions involve
applying chemicals, such as strong oxidants, metals,
and synthetic biocides, to reduce green tides (Tang
et al. 2021), which can lead to environmental pollu-
tion and cause significant ecological damage. Biocon-
trol methods, such as using (in)vertebrates or enzy-
matic degradation by viruses up to 1 um in size, have
also been proposed to limit Ulva biomass develop-
ment (Geertz-Hansen and Sand-Jensen 1992; Abergel
et al. 2015). Preventing the propagation of Ulva sp.
in seaweed culture systems is another strategy to pre-
vent outbreaks, with methods like the "freezing net"

Total Ulva Biomass : 3,757,962 DW tons

(1992)
Total COzeq : 6,794,582-7,120,113 tons

greater saturation of green corresponds to a higher biomass
content. The quantification of biomass in relation to the colora-
tion can be assessed by referring to the scale bar on the left

technique where Neopyropia spp. seeded on nets can
tolerate extended periods at —20 °C, whereas Ulva
spp cannot survive. Similarly, modified clays can be
used in seaweed cultivation areas to remove micro-
propagules of Ulva spp. (Xia et al. 2022). Encourag-
ing individuals, communities, and industries to adopt
sustainable practices and reduce their nutrient foot-
prints can mitigate overall nutrient loads and prevent
algal blooms.

The practical use of seaweed as a raw material
in industsrial processes could counterbalance the
economic expenses of removing harmful seaweed
(Milledge and Harvey 2016; Dominguez and Loret
2019; Prabhu et al. 2020a, b). Ulva spp. serve as natu-
ral sources of chemicals for a wide range of industrial
applications, including food production, animal and
fish meals, energy and biofuels, biomaterials, plant
biostimulants, and bioelectric materials (Dominguez
and Loret 2019; Zollmann et al. 2019; Mantri et al.
2020). Ulva contains high levels of crude proteins,
including the major essential amino acids, cysteinolic
acid, cysteic acid, proline, glutamic acid, and chon-
drine (Mantri et al. 2020), in addition to polysac-
charides, such as ulvans, sulphated polysaccharides
comprising rhamnose, uronic acids, xylose, and glu-
cans (Holdt and Kraan 2011; Kraan 2013). Ulva also
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contains water- and fat-soluble vitamins, such as vita-
mins A, B, C, and E; valuable carotenoid and chlo-
rophyll pigments; polyunsaturated fatty acids; and
minerals, such as calcium and magnesium (Holdt and
Kraan 2011; Mantri et al. 2020). Some studies have
proposed that green tide Ulva spp. could be directly
used for human consumption, although potential con-
tamination issues depend on the collection location
(Lietal. 2018).

The essential components for producing and com-
mercialising biofuels and biomaterials from Ulva
include costly processing chemicals, advanced equip-
ment, high energy consumption, and labour-intensive
tasks requiring a skilled workforce (Zollmann et al.
2019). Therefore, alternative methods to streamline
biorefinery approaches and maximise the produc-
tion of value-added products from Ulva biomass are
necessary to achieve commercial viability in these
processes. This review explores recent advance-
ments in utilising the nuisance green tide alga Ulva
from ‘blue economy’ perspective. Coined by Bel-
gian Environmentalist Dr. Gunter Pauli in 2010, the
‘blue economy’ advocates for leveraging natural
ecosystem principles to stimulate economic revitali-
sation. This review proposes strategies for utilising
Ulva to sequester CO,, thereby aiding in mitigating
global warming attributed to excessive fossil fuel
consumption.

Fig. 2 Explosive growth of

Ulva. The number of Ulva

cells was expressed as an

exponent of 10 at 4-week 2

2 A portrait of Ulva

Ulva is a cosmopolitan green macroalgae with global
geographic distribution in fresh, brackish, and marine
waters. Of the 594 Ulva species, 130 have been taxo-
nomically identified (Guiry and Guiry 2013). Most
Ulva thalli are morphologically similar, comprising
one or two layers of cells with a diffuse growth habit,
likely giving Ulva spp. little non-photosynthetic struc-
tural tissue and a net positive carbon uptake under
optimal conditions (Beach et al. 1995; Park 2020).
These algae tolerate various environmental condi-
tions, including light, salinity, and temperature (Kim
and Chojnacka 2015; Gao et al. 2017; Food Agricul-
ture Organization of the United Nations 2018). Ulva
spp. has a higher surface-area-to-volume ratio than
those of other macroalgae, with thicker thalli facilitat-
ing nutrient uptake. Ulva species proliferate (9-37%
day‘l) (Huntzinger et al. 2017; Wu et al. 2018) in a
short generation time (31.3-35.5 days) (Cui et al.
2018), and produce abundant reproductive cells
(2.84-6.62x 10° reproductive spores cm™ thallus
area) (Zhang et al. 2013). They are ruderal species;
they can readily colonise open substrates and oppor-
tunistically disturb environments. Further, they grow
exponentially under favourable conditions. Given that
1 cm? of Ulva thallus tissue yields 10° spores, with a
germination rate of 91.6% (Cui et al. 2018), and sub-
sequently, only 1% of these spores survive and mature
within 35.5 days. Thus, the proliferation of Ulva
plants from 1 cm? would match the human population
within 4-5 weeks (Fig. 2).
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The exact mechanisms behind green tide formation
remain elusive, but they are associated with several
factors. These include heightened dissolved inorganic
nitrogen concentrations and phosphorus from rapid
industrialisation, urbanisation, and excessive fertiliser
use in agriculture and horticulture. Changes in ocean
nutrient levels contribute to nitric oxide production,
a crucial factor in Ulva sporulation, which releases
numerous spores. Furthermore, global climate change
can influence the dynamics of green tides. Rising
temperatures and increased atmospheric CO, con-
centrations, critical indicators of climate change,
create conditions conducive to the growth and photo-
synthetic carbon fixation in seaweeds. This, in turn,
facilitates more frequent green tides than the exist-
ing ones. Laboratory-based studies have shown that
ocean warming and acidification can expedite gamete
colonisation, promoting the proliferation of U. rigida,
a common green tide species (Gao et al. 2017).

2.1 Uses of Ulva

Ulva biomass offers many options for valorisation,
including salts, pigments (chlorophyll a/b and carot-
enoids), sulphated carbohydrate oligomers and mono-
mers, ulvans (water-soluble carbohydrates), water-
insoluble carbohydrates, proteins, and amino acids
(Dominguez and Loret 2019; Sadhukhan et al. 2019;
Zollmann et al. 2019). Chlorophylls, the predomi-
nant pigments in Ulva that support photosynthesis,
have antioxidant properties (Ragonese et al. 2014).
Tetrapyrroles extracted from chlorophyll can be used
as food colourants and supplements (Solymosi et al.
2015). Carotenoids in Ulva are similar to those in
higher plants and include B-carotene, lutein, violax-
anthin, antheraxanthin, zeaxanthin, and neoxanthin.
These compounds possess bioactive and therapeu-
tic properties, making them potential alternatives to
synthetic medicines and nutrients (Nabi et al. 2020).
Ulva contains considerable quantities (15-65%) of
polysaccharides, including ulvans and glucans such
as starch (Kraan 2013; Bikker et al. 2016). Ulvans
are composed of many sulphonic acids, sulphated
I-thamnose, xylose, and glucose compounds possess-
ing antioxidant, antiviral, antitumor, anticoagulant,
lipid-inhibitory, liver-protective, immunostimulant,
antidepressant, and anxiolytic properties. Therefore,
these compounds may be suitable for biomedical,

pharmaceutical, and food applications (Cardoso et al.
2014; Sari-Chmayssem 2019).

Through the selective, sequential extraction of
water-soluble polysaccharides (e.g. ulvans) from
Ulva, followed by the enzymatic degradation of car-
bohydrates, proteins can be concentrated for use in
high-value nutritional products. Ulva spp. contains
substantial quantities of proteins (7-24% dry weight)
(Gao et al. 2017) and essential amino acids (>40%)
(Korzen et al. 2016; Karray et al. 2017). These amino
acids, including methionine and lysine, are potentially
important sources of protein for humans and animals
(Taboada et al. 2010; Shuuluka et al. 2013). The total
amino acid composition of Ulva is very similar to that
of egg ovalbumin (Shuuluka et al. 2013). However,
further studies are needed to assess the feasibility of
food-related applications because Ulva proteins con-
tain allergens such as superoxide dismutase, thiore-
doxin-h, aldolase A, and troponin C (Polikovsky
et al. 2019). Ulva spp. have unique fatty acid profiles
characterised by high levels of alpha-linolenic acid
and stearidonic acid, which may mitigate the adverse
effects of fatty acids on cardiovascular and neurologi-
cal functions, as demonstrated in a hypercaloric diet
rat model (Cardoso et al. 2018).

Cellulose, a polymer of C4 sugars linked by p-(1-
4)-glucoside bonds, constitutes 38-52% of Ulva bio-
mass. As cellulose from Ulva does not have lignin
fractions, its extraction is more suitable for biomedi-
cal applications (Halib et al. 2017) and does not
degrade easily (Wahlstrom et al. 2020). Therefore, it
can serve as a feedstock for industrial applications,
ranging from biofuels and foods to nanocomposites,
micro- and nanocrystals, and bioplastics (Klemm
et al. 2005; Sadhukhan et al. 2016; Sadhukhan and
Martinez-Hernandez 2017).

2.2 Ulva as a feedstock for biorefineries

Biorefineries integrate biomass conversion and
separation processes to generate a range of bioprod-
ucts (e.g. food, feed, and chemicals) and bioenergy
(e.g. fuel, electricity, and heat) with minimal waste
(Bastiaens et al. 2017). They contribute to sustain-
able industrial economies by creating value-added
products that offer environmental benefits through
reduced pollution and dependence on ecosystem ser-
vices (Balina et al. 2017). Biorefineries based on sea-
weed feedstock have attracted increasing interest in

@ Springer
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recent years, and these mainly use ruderal seaweed
species often associated with eutrophication, such as
Ulva and Sargassum.

Ulva offers several advantages as a biorefinery
feedstock compared to other photosynthetic organ-
isms, such as microalgae and cyanobacteria. It pro-
duces a higher biomass yield per unit area compared
to microalgae and cyanobacteria (Bikker et al. 2016;
Dominguez and Loret 2019). Unlike microalgae,
which require complex harvesting methods such as
centrifugation and filtration, the larger size of Ulva
makes it easier to harvest, reducing the energy and
costs associated with the harvesting process and
making Ulva-based biorefineries more economically
viable (Bikker et al. 2016). Ulva is particularly noted
for its high protein and amino acid content, making
it a valuable nutritional source. Its cell walls contain
polysaccharides with unique bioactive properties
not commonly found in microalgae or cyanobacteria
(Dominguez and Loret 2019). The conversion of Ulva
biomass into biochar is a promising method of car-
bon sequestration. The structure of Ulva allows for a
higher yield of biochar compared to microalgae and
cyanobacteria, potentially providing better solutions
for carbon capture and storage (Aravind et al. 2020).
Additionally, Ulva can grow in a wide range of salini-
ties and temperatures, making it more resilient and
easier to cultivate in diverse environments compared
to some microalgae and cyanobacteria, which may
require specific conditions (Gao et al. 2017). These
advantages make Ulva biorefineries a compelling
option for sustainable development, with multiple
applications and environmental benefits (Chen et al.
2022).

A considerable amount of research has been dedi-
cated to the development of pilot-scale biorefining
systems (Bikker et al. 2016; Cappello et al. 2016;
Mata et al. 2016; Magnusson et al. 2016; Milledge
and Harvey 2016; Gajaria et al. 2017; Glasson et al.
2017; Gao et al. 2018; Prabhu et al. 2020a, b).

Guidelines for using Ulva across different biorefin-
ery platforms have been examined in detail in recent
publications (Dominguez and Loret 2019; Sadhukhan
et al. 2019; Torres et al. 2019; Zollmann et al. 2019;
Filote et al. 2021); a schematic overview is shown
in Fig. 3. However, only a few of these compounds
are commercially available. Therefore, considerable
research is required to develop commercially viable
biorefineries.

@ Springer

Biochemical consistency is important for develop-
ing biorefineries that use Ulva blooms as feedstock.
From an economic point of view, these resources are
abundant but likely not reliable enough for a sustain-
able business model unless they are provided con-
tinuously over the long term through cultivation and
harvesting, which are the most expensive and energy-
consuming steps in biorefining (Bruton et al. 2009;
Tedesco and Daniels 2018). Thus, challenges related
to current technological inefficiencies and the vari-
ability in seaweed biomass quantity and quality must
be addressed to fully utilise the potential of Ulva spp.
in developing a sustainable bioeconomy.

3 Can Ulva fight climate change?
3.1 Ulva can capture huge amounts of CO,

The 2018 Intergovernmental Panel on Climate
Change (IPCC) Special Report asserted that CO,
emissions must fall to zero between 2045 and 2080
to meet the Paris Climate Summit target of limit-
ing global temperature increases to 1.5-2 °C (IPCC
2018). However, a recent IPCC Working Group 1
report titled ‘Code Red for Humanity’ indicated
that warming has accelerated in recent decades and
reached 1.2 °C, dangerously close to the threshold of
1.5 °C. At the same time, extreme weather events and
climatic disasters are becoming more frequent and
intense.

The role of photosynthetic organisms in mitigating
CO, emissions has gained increasing attention, mak-
ing them a potential sustainable solution to combat
climate change. The Amazon rainforest exemplifies
the ecological services provided by organisms that
filter and reprocess harmful CO, emissions. Interest
in using seaweed, known as blue carbon (BC) for the
carbon stored in coastal and marine ecosystems, as a
CO, sink is growing among photosynthetic organisms
(Duarte et al. 2017; Sondak et al. 2017; McCoy et al.
2018). Early investigations into seaweed’s potential
for CO, mitigation and energy production spurred ini-
tiatives such as the proposal by the Tokyo University
of Marine Science and Technology. This initiative
involves deploying giant nets filled with rapidly grow-
ing brown seaweed and seagrass covering an area of
2,012 km? off the northeast coast of Japan to cap-
ture CO,. It is estimated that seaweeds along Japan’s
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coast could absorb 2,700,000 tons of carbon annually.
Therefore, the harvested material annually represents
a substantial biomass energy source, roughly equiva-
lent to 5.3 billion gallons of bioethanol or 16 billion
gallons of gasoline.

In 2005, the Incheon National University and the
Korean Phycological Society explored the use of
seaweeds for CO, removal based on initial measure-
ments of photosynthetic activity in the red seaweed
Pachymeniopsis sp. and green seaweed U. pertusa
collected from wild stocks. They found that the red
and green seaweeds assimilate 0.20 and 9.49 kg CO,
per ton of fresh weight per hour, respectively. Subse-
quently, the Korean Ministry of Oceans and Fisheries
included CO, absorption by seaweed in its Technol-
ogy Roadmap for 2005-2010 and funded projects to
use seaweed as a CO, sink. However, scientific con-
sensus on whether seaweed qualifies as a BC source
remains unsettled (Fujita et al. 2023).

The higher photosynthetic rates observed in the
green tide species Ulva prolifera may be attributed
to its predominant use of the more efficient C4 pho-
tosynthetic pathway for carbon fixation, compared to
the more common but less efficient C3 pathway.

This species primarily assimilates CO, through
the C3 pathway using HCO;™ via the carbonic anhy-
drase mechanism under low CO, levels. However,
it switches to the more efficient C4 pathway under
high irradiation levels. This dual carbon uptake strat-
egy enables the formation of extensive blooms, with
dense floating mats exposed to intense surface irra-
diation and CO, limitation (Liu et al. 2020).

From 1992 to 2022, global Ulva blooms accumu-
lated a total dry-weight biomass of 3,757,962 tons
(Fig. 1). Considering the average carbon content of
Ulva species (29.5%), these blooms sequestered an
estimated 1,108,602 tons of carbon over that period,
equivalent to 4,068,573 tons of CO,e. CO,e is a
standardised unit for comparing the global warming
potential of different greenhouse gases, calculated
by multiplying carbon stocks by 3.67, the molecular
weight ratio of CO, to C.

To estimate the carbon sequestration and economic
impact of Ulva blooms at these sites, we aggregated
the dry weight biomass of Ulva blooms and the cor-
responding area of occurrence for each country (data
lacking biomass or area information were excluded).
Our calculations show that Ulva blooms sequestered
3,843,270 tCO,e across 46,437 km? in China and
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7101 tCO,e across 19 km? in South Korea, respec-
tively (Table S1). Unlike BC ecosystems such as
mangroves, tidal and salt marshes, and seagrasses,
which can store two to four times more carbon than
terrestrial forests and are thus considered crucial
components of nature-based solutions to climate
change (IOC UNESCO 2023). Seaweeds are rarely
categorised as BC sinks because the carbon they
assimilate is quickly respired and released back into
the atmosphere (Krause-Jensen and Duarte 2016).
For seaweeds to significantly contribute to global car-
bon sequestration, several conditions must be met: the
carbon they capture must be stored long-term within
their habitats, they must be transported and bur-
ied where they are not subject to subsequent micro-
bial breakdown (Hill et al. 2015; Krause-Jensen and
Duarte 2016), or they must be utilised to replace fos-
sil fuels (Kraan 2013). Ulva species are short-lived,
which limits their potential in long-term greenhouse
gas reduction and climate change mitigation pro-
grams. However, green tide Ulva stands apart from
other natural and cultivated seaweeds by efficiently
binding CO, and forming large floating biomasses
carried by currents and concentrated along shorelines,
where it can be harvested relatively easily. Therefore,
collecting intact Ulva biomass from shorelines before
it decomposes and releases carbon into the atmos-
phere, followed by its conversion into stable forms
such as biochar, presents a promising approach for
carbon sequestration, storage, and sustainable energy
production. Importantly, the yield of biochar produc-
tion depends significantly on the characteristics of the
feedstock material and specific pyrolysis conditions,
such as temperature, heating rate, and residence time
(Fig. 4).

3.2 Ulva biochar can close the loop of carbon
absorbed during photosynthesis

Biochar is a solid black carbonaceous material pro-
duced via pyrolysis, the thermal decomposition of
organic components in dry biomass by heating in the
absence of oxygen (McKendry 2002; Saidur et al.
2011). Pyrolysis produces a solid (biochar), a liquid
(bio-oil), and a gas phase, of which the former (bio-
char) is resistant to microbial and chemical decom-
position. The carbon atoms in biochar are strongly
bonded to each other in large aliphatic and aromatic
molecular structures, giving rise to highly stable char,
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Fig. 4 The potential role of the pyrolysis process in valoris-
ing Ulva biomass. Pyrolysis yields various product fractions,
including char and condensable gases (bio-oil). Roughly half
of the feedstock C ends up in the char, which can subsequently

resulting in the sequestration and mitigation of CO,
emissions (Yu et al. 2018).

In contrast, the carbon in most organic matter is
quickly returned to the atmosphere as CO, through
respiration, whereas the carbon in biochar is much
more resistant to decomposition and remains seques-
tered for a longer period. Therefore, biomass conver-
sion to biochar is a potentially valuable method for
stabilising and storing carbon in soils for prolonged
periods, making it a viable strategy for removing CO,
from the atmosphere (Mulabagal et al. 2017). Hence,
adding biochar to soil creates a stable carbon pool
with an estimated residence time of hundreds to thou-
sands of years (Marzeddu et al. 2021). The stability of
biochar is supported by the discovery of dark Amazo-
nian soils. These fertile soils, rich in charcoal organic
carbon, are thought to have been intentionally intro-
duced by pre-Columbian farmers 800-5000 years ago
(Ronsse et al. 2015). The amount of carbon the soil
can maintain is staggering: 1 ha of soil can store as
much as 250 tons of carbon. Therefore, the potential
impact of soil-based carbon sequestration on climate
change mitigation cannot be overestimated. By the
end of this century, soil-based sequestration com-
bined with biofuel production could store up to an
estimated 2.6 Gt CO,e year™! (i.e. 2.6 Gt or 2.6 Pg of

be used in soil amendments, thereby sequestering C in soil.
The remaining half of the feedstock C is converted into pyroly-
sis gas and bio-oil. The bio-oil can be used for heat and power
generation, as well as for the production of fuels and chemicals

carbon a year), more than what has been emitted by
all fossil fuels to date (Keerthanan et al. 2023).

Biochar’s porous nature contributes to its capac-
ity to retain water and nutrients, thus serving as an
efficient soil amendment that can reduce reliance
on traditional fertilisers. Most feedstock’s inorganic
components, including P and K, remain in biochar
after pyrolysis. Depending on the concentrations of
these nutrients, biochar can at least partially replace
artificial fertilisers. Numerous studies have assessed
the effects of biochar application on soil productiv-
ity. A meta-analysis by Jeffery et al. (2011) found an
average crop yield benefit ranging from 28 to 39%,
with a mean of 10%. This study used biochar as a
soil enhancer in agricultural systems to close nutrient
loops.

In recent years, the potential of algae-derived bio-
char as a means to sequester atmospheric carbon has
gained considerable attention in both academic and
industrial spheres (Ji et al. 2021). This interest is
mainly attributable to algae’s comparative advantages
that algae possess over traditional terrestrial biomass
sources. Notably, algae cultivation demands signifi-
cantly less land area and is characterised by a higher
growth rate, ranging from 10 to 27 g per square metre
per day (Bach and Chen 2017; Lee et al. 2020; Sekar
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et al. 2021). This results in higher biomass that can
produce substantial biochar yields of 36 to 68 per-
cent through pyrolysis. Additionally, algae are com-
posed of high mineral content and devoid of lignin,
an attribute that simplifies the pyrolysis process.

The conversion of Ulva into biochar requires sub-
stantial thermal energy, which can be self-supplied by
combusting the syngas and bio-oil generated during
the seaweed’s pyrolysis (Zollmann et al. 2019). How-
ever, the efficacy of this process is contingent upon
the dryness of the feedstock, as Ulva naturally has a
high moisture content, which diminishes its inher-
ent energy yield and renders it insufficient for self-
sustained drying at an industrial scale. To overcome
this hurdle, solar drying emerges as a viable solution
capable of ensuring a net positive energy balance by
harnessing solar energy to reduce the moisture con-
tent of Ulva prior to pyrolysis.

Alternative to traditional pyrolysis, hydrothermal
carbonisation (HTC) presents an innovative approach

Dehydration
Decarboxylation

for biochar production, utilising wet biomass under
high pressure and temperature to yield ‘hydrochar’
(Fig. 5). This method is particularly advantageous for
processing biomass with high moisture content, as it
circumvents the need for preliminary drying. Unlike
the solid state of conventional biochar, hydrochar is
typically obtained as a slurry, comprising both solid
and liquid phases.

The application of hydrochar for carbon sequestra-
tion is an emerging area of research (Galluci 2021;
Masoumi et al. 2021). A notable study by Soroush
et al. (2023) reported a yield of 44.0+0.5% solid
hydrochar from Ulva pertusa, utilising optimal HTC
conditions including a temperature of 210 °C, a resi-
dence time of 4 h, and a water-to-biomass ratio of 5:1.
This process resulted in a hydrochar with a specific
surface area of 44.5+0.3 m? g~! and a maximum car-
bon content of 50.9+0.5%. However, the stability of
hydrochar in soil is comparatively lower than that of

@Gas Yield ®Liquid Yield ©Solid Yield

Gas phase 5 ®

NS
\ | 1
\§

Dehydration
Decarboxylation

AN R D 3
3220_6220_9 250_3 250_6 250_9 280_3 280_6 280_9

~——Raw biomass

HTC Hydrolysis ng
reactor ” \ ‘
\
Ulva pertusa =
Liquid phase
- 4000 3600 3200 2800 2400 2000 1600 1200 800 400
180-260 °C Wavenumber (cm-)
10-240 min Secondary 100
5-10 bar char -
g 80
[
Primary char £ w
o
=

Fig. 5 Production of hydrochar from Ulva pertusa. Wet feed-
stocks, like Ulva pertusa, can be processed through hydrother-
mal carbonisation, which uses hot compressed water to con-
vert the feedstock to three product fractions: non-condensable
gases, a liquid phase and a carbonaceous solid residue known
as hydrochar. The inserts (from top to bottom) demonstrate (i)
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surface functional groups in Ulva hydrochar through FTIR and
(iii) analysis of thermal stability of Ulva hydrochar using ther-
mogravimetric analysis
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traditional biochar, posing a challenge for long-term
carbon sequestration.

Moreover, phytotoxic organic compounds and
heavy metals within hydrochar raise concerns regard-
ing soil health and productivity, potentially negating
the benefits of HTC over slow pyrolysis. Given these
factors, there is a critical need for comprehensive
studies to assess and refine the carbon sequestration
capacity of hydrochars. Such research should aim to
optimise their use in soil systems, enhance stabil-
ity, minimise the emission of greenhouse gases, and
improve agricultural productivity (Kambo and Dutta
2015).

Ulva typically has a high mineral content, resulting
in biochar with high mineral content. These minerals
can benefit applications such as soil amendment or
catalysts, catalyst supports, and electrodes for elec-
trochemical applications (Sun et al. 2022). The high
mineral content also gives biochar a high pH (typi-
cally pH~ 10), which must be considered when decid-
ing on suitable applications, such as treating acidic
soils. Despite these desirable effects, certain inor-
ganic compounds in biochar may serve as sources of
contamination (such as heavy metals) or cause nega-
tive reactions in plants (e.g. high sodium content).
Therefore, appropriate pretreatment steps, such as
washing to remove salts or extraction of metals, may
be required depending on the source of Ulva biomass.
Such contamination issues are less likely to occur
with Ulva residues already extracted and processed in
biorefineries. Nevertheless, these steps would add to
the cost of the process.

Ulva harvested from green tides will likely be con-
taminated with plastics and microplastics, making
it unsuitable for many applications without further
treatment. However, in most cases, this type of con-
tamination does not pose a problem in biochar pro-
duction. Biomass contamination with various plastics
has no adverse effects on biochar quality, as plastic
contaminants completely decompose during the
pyrolysis step (Rathnayake et al. 2021). Halogenated
plastics are an exception, as they tend to form vari-
ous impurities during pyrolysis and must be handled
carefully.

3.3 Ulva biochar may offer a good opportunity to
draw down CO, from the atmosphere

The flux of carbon through green tide Ulva during the
2008-2022 blooms in China and South Korea was
1,049,147 tons. Considering that 50% of the carbon
captured by photosynthesis is stabilised against short-
term release back into the atmosphere (by burning
syngas or bio-oil) after conversion of biomass to bio-
char (Lehmann et al. 2006), the hypothetical carbon
stabilisation potential after conversion of Ulva bio-
mass to biochar is estimated to be 524,580 tonnes of
carbon (1,925,208 tCO,e). The BC value of Ulva bio-
char is estimated to be US$38.72 million. The green
tide phenomenon would thus generate US$116.15
million worth of BC from a 46,456 km? area in China
and South Korea.

The pyrolysis of Ulva biomass also helps in reduc-
ing avoidable emissions (CO, sources). For example,
the energy generated during pyrolysis replaces the
energy that might otherwise be generated using fossil
fuels. Carbon stabilised by biochar would otherwise
be released as CO, or methane (an even more potent
greenhouse gas) via combustion or decomposition.
The application of biochar to agricultural soils can
reduce the need for fertilisers and the corresponding
emissions of nitrous oxide and methane. Processing
2 tons of dry matter from green waste, cattle manure,
and wheat straw into biochar per hour, a single small-
scale plant would store approximately 14,000-58,000
tCO,e annually. Applying this biochar to agricultural
land would further reduce avoidable emissions by
700-1700 tCO,e (Sohi et al. 2009). If the same con-
version ratio (34-50%) of avoidable emissions were
applied to Ulva biochar from 3.56 million tons of
green tide biomass in China and Korea, its application
to agricultural land would result in a further reduction
of 654,583-962,629 tCO,e (Table S1). The additional
economic value of BC from the Ulva biochar used in
agriculture is estimated at US$13.16-19.36 million.

4 Land-based cultivation of Ulva

Drawbacks of the direct use of drifted and washed-
ashore Ulva for CO, sequestration and valorisa-
tion result from contamination, decomposition, and,
above all, from a variable and uncertain supply of
biomass, which could severely hamper the long-term
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sustainability of a low-carbon bioeconomy based on
Ulva biomass. Production in marine systems varies
seasonally and annually according to environmen-
tal factors such as temperature, salinity, and nutrient
availability. In temperate regions, ocean-based cul-
tivation only occurs during cool winters and springs
(Ohno 1993). Under warm conditions (>20 °C), the
reproductive maturity (sporulation) of Ulva usu-
ally leads to spore dispersal and a decrease in thallus
biomass (Hiraoka et al. 1999). Furthermore, the fate
of carbon in particulate and dissolved matter from
farmed seaweed is not fully understood, particularly
concerning the pathways and timescales relevant to
carbon storage. Most of the carbon sequestered by
seaweeds is stored as biomass for only a short period
because seaweeds are subject to disturbances that
can result in the immediate loss of biomass, leading
to large landings of particulate and dissolved organic
particles (Paine et al. 2021). Strong storm-induced
water movement and pest infestation can also lead
to large biomass loss (Pizarro and Santelices 1993).
Most of the carbon in seaweed enters the fast carbon
cycle and is not stored for the long term, unlike that
in terrestrial plants, which is essential for mitigating
global warming (Klinger 2021). Therefore, traditional
net cultivation in the sea is not a suitable option for
the mass production of Ulva as feedstock for biorefin-
eries and carbon sequestration.

Cultivating Ulva under more controlled conditions
may enable successful biorefining and valorisation of
Ulva products for industrial applications and a blue
bioeconomy. Ulva biomass can be produced in large
onshore facilities (Bolton et al. 2009) or via tank or
pond cultivation on land (Tsubaki et al. 2017), which
offers many advantages for producing raw materials
for functional products (Friedlander 2008). Land-
based cultivation allows for improved seaweed man-
agement, efficient control of nutrient inputs and biotic
factors, efficient use of available land, wastewater
treatment, and maintenance of continuous or semi-
continuous production (Sanchez-Barredo et al. 2020;
Revilla-Lovano et al. 2021). The mass cultivation of
Ulva from the spore to the adult stage is shown in
Fig. 6.

A recent study demonstrated bimodal production
of 3 kg m Ulva in 100 m? ponds, with a strong peak
in spring (258-290 g m~2 d!) and a smaller peak in
autumn, alongside lower production in summer and
much lower production in winter (40-85 g m~2 d1)
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(Zertuche-Gonzélez et al. 2021). A similar study in
Mexico grew U. ohnoi in a pond system, which pro-
duced about 178-214 ¢ m™2 d~! during the summer
season. Bioreactor and tank systems have also been
developed for Ulva cultivation. A recent design fea-
tures a ring-shaped cultivation system, where Ulva
moves in a circular pattern, simulating the movement
pattern in a standard tank cultivation vessel. In this
system, U. lactuca had a mean growth rate of 4.3%
day '+0.83% day™' at ambient CO, concentra-
tions (Sebok et al. 2019). Another approach utilised
a bioreactor with a submersible LED light source for
on-land cultivation. This system was operated away
from seawater source to avoid competition with other
activities such as recreation and fishing, to grow U.
intestinalis. This system recorded growth rates of
7.72+0.04% day~' were recorded, with an estimated
of 1.1 kg m~2 of biomass generation per year. How-
ever, this system was energy-intensive and significant
design modifications are necessary make it sustain-
able (Schmitz and Kraft et al. 2022).

Land-based macroalgal cultivation systems face
challenges because of the extensive use of seawater
and high capital and operating costs (Milledge and
Harvey 2016). Maintaining a constant water tem-
perature to sustain optimal growth and inhibit spore
formation requires high energy inputs for cooling
in summer and heating in winter. To reduce costs,
deep-sea water pumped from a depth of >300 m is
used in a land-based culture system that produces 3
tons of dried Ulva annually in Kochi, Japan (Tsubaki
et al. 2017). The continuous supply of deep-sea water
ensures a constant temperature throughout the year
(Hiraoka and Oka 2008). Similarly, a continuous sup-
ply of saline groundwater pumped from the bottom of
a nearby sea can ensure stable and effective Ulva pro-
duction throughout the seasons. An important consid-
eration is the land use changes when cultivating algae
on land. If arable land is used, there is direct competi-
tion with food production, and changes in greenhouse
gas emissions also need to be considered. Similarly,
when other types of land are used, such as grassland
or forested areas, the impact on the local ecology and
greenhouse gas emissions should be considered (Han-
dler et al. 2017).

Integrated multi-trophic aquaculture (IMTA)
practices may be useful for cultivating seaweeds and
reducing costs. IMTA involves the co-cultivation
of foraged species (such as finfish or shrimp) with
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Fig. 6 Mass cultivation of Ulva from spore to the adult stage.
The schematic illustrates Ulva’s cultivation, scaling process,
and associated CO, sequestration. The process commences in
the laboratory, where Ulva disks are prepared, and spores are
induced and released. Subsequently, the spores undergo germi-
nation under light, forming clusters over the course of approxi-
mately one week. Next, the germling clusters are transferred to
a flask and allowed to grow for a further week. The successive
one-week growth periods in increasingly larger flasks facilitate
the scale-up of Ulva cultivation. The diagram then proceeds to
a large-scale outdoor cultivation process. Initially, cultivation

extractive species, such as suspension feeders (e.g.
mussels and oysters), deposit feeders (e.g. sea cucum-
bers and sea urchins), invertebrates, and macroalgae,
which feed on the organic and inorganic effluents of
foraged species (Buck et al. 2018). IMTA can reduce
ecological impacts near aquaculture farms, improve
social perceptions of aquaculture, and provide finan-
cial benefits to aquaculture producers through prod-
uct diversification, faster production cycles, and price
premiums for IMTA products (Knowler et al. 2020).
An IMTA pilot system using Ulva has been success-
fully implemented (Ben-Ari et al. 2014; Shpigel et al.
2017). Such a system has also been used to remove
excess nutrients from N- and P-rich wastewater in
land-based aquaculture (Lawton et al. 2013). A recent

1ton x 10
1.08 ton 10.8 ton

in a 10-L container yields 10 g of fresh weight (FW) Ulva in
one week. This is then scaled to a 100-L container, yielding
100 g of FW Ulva in another week. The process continues in
outdoor photobioreactors, where one ton of Ulva sequesters
0.108 tons of CO,e in one week. This can be scaled up further
to 10 tons, sequestering 1.08 tons of CO,e, and finally to 100
tons, sequestering 10.8 tons of CO,e in one week. The figure
illustrates the cumulative CO, sequestration achieved at each
stage of the Ulva cultivation process, thereby emphasising the
process’s scalability and environmental benefits

study on an IMTA system using U. rigida found vis-
ible improvements in the beneficial prokaryotic com-
munity, which positively impacted Ulva development
and could thus be important for improving biomass
yields (Califano et al. 2020).

Ulva strain selection is essential for the success
or failure of production systems. Natural popula-
tions of U. prolifera normally disappear in sum-
mer (Hiraoka and Higa 2016) as they sporulate and
shed their reproductive cells at temperatures >20 °C
(Hiraoka et al. 1999). However, floating Ulva spp.
that causes green tides have little or almost no sporu-
lation activity (Hiraoka et al. 2004a, b). For example,
representative green tide species, such as U. prolifera
subsp. gingdaoensis, grow well vegetatively, even at
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high temperatures, and form large blooms in summer
(Hiraoka et al. 2004a, b; Cui et al. 2018). Using green
tidal species or strains for cultivation eliminates the
risk of sudden decay due to sporulation and makes
biomass production more stable. Selection of fast-
growing strains may also be necessary for successful
production. For example, a strain of U. meridionalis
has a daily growth rate that is elevated more than two-
fold under temperatures > 25 °C (Tsubaki et al. 2017).
Thus, cultivating fast-growing species could be an
effective option for CO, fixation and biomass produc-
tion for biorefineries.

Other characteristics of Ulva species that are
important for their cultivation are the amount and sta-
bility of the target biomolecules produced. Biomol-
ecule quality and quantity differ between Ulva speci-
mens found in the wild (Filote et al. 2021) and those
grown under optimal light, nutrients, water depth,
turbidity, and temperature cultivation conditions
(Aravind et al. 2020). A biorefinery concept based on
Ulva biomass collected from shorelines was recently
tested in Europe as part of EU projects to produce an
alternative feed additive for farmed fish feedstocks.
Extensive research is required to assess this system’s
economic and environmental viability, whose rev-
enues are closely related to the end product’s opera-
tional costs, yields, and market values (Bastiaens and
Postnikov 2017). In sustainable biorefineries, maxim-
ising biomass conversion and reducing residual waste
is important for sustainable economic development
and market growth.

5 Feasibility of Ulva cultivation

To expand the cultivation of Ulva on land for carbon
sequestration and thus contribute to climate change
mitigation, the economic feasibility of carbon dioxide
reduction through Ulva aquaculture systems needs to
be assessed (DeAngelo et al. 2023; Hurd et al. 2022;
Troell et al. 2023). While some publications underes-
timate the costs of seaweed production, uncertainty
regarding the exact production costs and potential
revenues exists, particularly in land-based seaweed
farming systems (van den Burg et al. 2016; Greene
et al. 2020; Nazemi et al. 2021; Sultana et al. 2023).
Techno-economic models can be used to estimate
the costs of Ulva production and the associated cli-
mate benefits and test the relative importance of
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model parameters systematically. Techno-economic
assessment (TEA) is a sophisticated tool for evaluat-
ing the technical and economic viability of a process/
system used for the strategic planning and manage-
ment of research and development to achieve eco-
nomically feasible and sustainable results (Borow-
itzka and Moheimani 2013). TEA can be used to
evaluate the economic viability of the entire process
pipeline, including cultivation, harvesting, biomass
dewatering, drying, and biomass conversion into the
desired products and product purification (Bhatt et al.
2022). TEA can also help define the scope of a mac-
roalgal project/process and quantify the associated
financial and technical risks (Bhatt et al. 2022). The
built-in sensitivity analysis tool can help determine
the effect of changes in the input variables (process
or environmental conditions) on the outcome. The
results of TEA can inform an appropriate strategy
for meaningful decision-making, future research and
development, and improving the economic viability
of each macroalgae process.

Figure 7 shows the application of the proposed
TEA framework for evaluating the economic feasi-
bility of Ulva cultivation systems for CO, sequestra-
tion. TEA studies on microalgae and kelp cultivation
have identified gaps that can be exploited to improve
Ulva cultivation and biochar production for CO,
sequestration. Recommendations include simplify-
ing and optimising cultivation systems, automating
processes, selecting sustainable materials, developing
low-cost feedstock substitutes, improving flue gases
and effluents/wastewater, and carefully selecting
TEA parameters. Implementing these recommenda-
tions will improve the sustainability and economics
of Ulva cultivation and biochar production for carbon
sequestration.

Figure S1 shows an example of a hypothetical
TEA for Ulva biomass and biochar production with
the addition of carbon trading revenues using a land-
based aquaculture system based on values from the
literature (Nikolaisen et al. 2011; Korzen et al. 2015;
van den Burg 2016; Soleymani and Rosentrater 2017;
Greene et al. 2020; Prabhu et al. 2020a, b). The TEA
results for combined biomass and biochar production
suggest that this project has the potential to be finan-
cially feasible and profitable.
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Fig. 7 Techno-economic analysis of the closed-loop system for Ulva cultivation and biochar production

6 Summary and future perspectives

Ulva spp. plays a crucial role in marine food chains
and can contribute to the sequestration of atmospheric
CO, through biological pumping. Additionally, they
serve as carbon donors by providing organic carbon
to BC ecosystems, thereby enabling effective carbon
sequestration.

However, several significant challenges must be
addressed to incorporate Ulva into the BC para-
digm. These challenges include accurately quantify-
ing organic matter inputs, identifying allochthonous
(external) and autochthonous (internal) sources of
organic carbon, and determining the specific con-
tributions of Ulva to carbon storage and export. To
address these obstacles, experts have proposed the
forensic carbon accounting (FAC) approach (Hurd
et al. 2022). This approach encompasses a wide range
of physical, biogeochemical, biological, ecologi-
cal, and mathematical techniques applied at both the
local and global scales to forecast the fate and func-
tion of Ulva. A comprehensive understanding of the
challenges and opportunities associated with integrat-
ing Ulva into the BC system is crucial for developing
effective management strategies for carbon seques-
tration and greenhouse gas mitigation. The FAC
approach enables the assessment of the extent of CO,
removal and the distribution of carbon sequestered by
Ulva. This knowledge will lead to developing efficient

and sustainable approaches for addressing the press-
ing issues of carbon sequestration and greenhouse gas
reduction.

The Kyoto Protocol, part of the United Nations
Framework Convention on Climate Change, allows
carbon sequestration exclusively through affores-
tation and reforestation in the trading programme
established under the Clean Development Mecha-
nism, excluding seaweed. However, macroalgal bio-
mass is a promising feedstock for biochar produc-
tion. Further work is needed to address challenges
such as cost efficiency, productivity optimisation,
and supply continuity (Yu et al. 2017). If biochar is
a viable carbon offset option, feedstock and pyroly-
sis processes must be configured to achieve signifi-
cant and scalable offset potentials quickly and effec-
tively. This unique challenge presents opportunities
for interdisciplinary research. Additionally, if car-
bon credits could be sold on carbon exchange, farm-
ers applying Ulva biochar to their land could earn
additional income, incentivising the large-scale
adoption of this system.

In conclusion, we propose that Ulva waste can be
sustainably repurposed to promote the circular econ-
omy. By harnessing the biomass from green tides and
cultivating Ulva as feedstock for biochar production,
we can shift our perception of Ulva blooms from
harmful weeds to valuable crops, transforming our
outlook on green tides.
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