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Abstract

The shift towards a bio-based economy requires the search for sustainable and renewable feedstocks
alternative to the finite fossil resources. Seaweeds or marine macroalgae have become an attractive 3rd
generation biomass. Unlike other food crops, seaweeds can grow on arable lands that are marginal for
the production of food and use brackish/saltwater as a media and thus grown without competition to
agriculture practices. Seaweed are endowed with higher productivity compared to terrestrial plants
including carbon sequestration. This paper presents an in-depth overview of the current status of
seaweed biorefineries featuring possible pathways focusing on various fractions, used for several
different end-uses such as biofuels, biochemicals and biomaterials. The paper reviews the state-of-art of
seaweed growth, composition and principal transformation pathways (biochemical- -anaerobic
digestion, fermentation-, and thermochemical- -pyrolysis, hydrothermal liquefaction-) in a combined
approach. It evaluates each pathway with respect to both the opportunities and challenges which it may
pose - ranging from feedstock availability/variability, processing intensity and economics to scalability.
Additionally, this review emphasizes the significance of integrated, multi-product biorefining
approaches for optimal biomass valorization and improved sustainability in the context of a seaweed-
based bioeconomy. Research gaps and future perspectives needed to overcome the existing barriers and
enable seaweeds to be a cornerstone of our sustainable industrial future are also discussed in this
article.

Keywords: Seaweed, Macroalgae, Biorefinery, Bio-based Economy, Sustainable Feedstock, Biofuels,
Biochemicals, Circular Economy

1. Introduction

The global economy is at a crossroads but inhabited by two key concerns: the necessity of
climate change mitigation and the transition from finite fossil-resource dependence. This
phenomenon has driven the transition towards a bio-based economy, using sustainable
biomass resources to produce energy, materials and chemicals (Kostas et al., 2021) [*l. At the
center of becoming is the discovery and continuous development of appropriate biomass
feedstocks. Whereas food-security concerns are raised for first-generation feedstock (e.g.,
corn, sugarcane), and issues with processing exist for second-generation sources (e.g.,
lignocellulosic biomass), third-generation biofuel feedstocks have attracted considerable
scientific and industrial attention, most notably of marine microalgae or seaweed ((Sharmila
etal., 2021)) 2,

Seaweeds provide an attractive set of features as a biorefinery feedstock. They do not
compete with arable land, freshwater and fertilizers as well, thus avoiding most of the
sustainability-related disadvantages of terrestrial biomass (Fernand et al., 2017) EL In
addition, since seaweed farms can be utilized for ecosystem services such as carbon
sequestration, nutrient bioremediation in coastal waters and marine life habitat provision,
they represent an important element of the blue economy (Krause-Jensen & Duarte, 2016) I,
The fast growth rates and the variety in macromolecular composition of seaweeds, very rich
in polysaccharides, proteins, lipids and many bioactive compounds render them particularly
suitable as feedstock for a multi-product bio refinery (Torres et al., 2019). Bl

The biorefinery concept has analogous to petroleum refinery, with the objective of
converting biomass into range of value added products using integrated processing routes for
optimum resource utilization and economic revenue generation while minimizing wastage
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(Baghel et al., 2023) 1. A byword here is the design of a
circular bioeconomy, that keeps resources in use for as long
as possible, extracts maximum value from them whilst in
use and then recovers and regenerates products and
materials at the end of each service life. This review
critically evaluates the current development and challenges
of seaweed biorefinery in order to provide an insight into
different conversion pathways, variety of end products, as
well as barriers that should be addressed for wide scale
commercialization of sustainable feedstock from seaweed
for the global bio-based industry.

2. Methodology

This paper aims to systematically and critically review the
literature in order to summarize current knowledge on
seaweed biorefineries. The study’s methodology was multi-
phased and intended to be extensive and balanced on the
coverage of the research subject. First, a wide search of
scientific databases such as Scopus, Web of Science and
Google Scholar was performed by searching with keywords
or a compound of words including “seaweed biorefinery,”
“macroalgae bio-based economy,” “seaweed conversion
pathways” and “sustainable feedstock.” Then, further
searches were based on a targeted search strategy with
specific conversion technologies used as input queries (e.g.,
“anaerobic digestion,” “fermentation,” etc.) within the
context of seaweed biomass.

The selection criteria for inclusion in this review prioritized
peer-reviewed journal articles, review papers, and
conference proceedings published in English between 2010
and 2025 to ensure the relevance and timeliness of the
information. Emphasis was placed on studies that provided
quantitative data on process Yyields, techno-economic
assessments, and life cycle analyses. The gathered literature
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was systematically categorized based on key research
themes: seaweed cultivation and sustainability, biochemical
composition, biorefinery ~ conversion  technologies
(biochemical and thermochemical), and commercialization
challenges. The information was then critically analyzed to
identify key trends, knowledge gaps, and future research
directions. By synthesizing information from a wide range
of high-impact sources, this review aims to provide a
holistic and critical perspective on the potential of seaweeds
to contribute to a sustainable bio-based economy.

3. Seaweed as a Sustainable Feedstock: Composition and
Cultivation

Seaweed's potential as the biorefinery feedstock is
essentially determined by marine biomass and its renewable
aquaculture constraints. Unlike land-based crops, seaweeds
can grow rapidly and provide high biomass yields without
the need to compete for the most important resources
including arable land and fresh water which makes them
fundamentally more sustainable alternative for bio-based
economy (Roleda & Hurd, 2019) ],

3.1. Biochemical Composition

Seaweeds are generally divided into three major groups
brown (Phaeophyceae), red (Rhodophyceae), and green
(Chlorophyceae) with unique, but also highly bioactive
chemical composition. Carbohydrates are the major organic
components of FW, ranging between 59% and 75% in dry
matter (Jonsson et al., 2020) ©. But high levels of proteins
and lipids as well as minerals and a plethora of bioactives
factors can be found. The carbohydrate fraction is of
particular importance for biorefining because it consists of
complex polysaccharides which are the main substrates used
in biofuels and biochemicals production.

Table 1: Biochemical Composition of Major Seaweed Groups

Brown Seaweeds Green Seaweeds L
Component (Phaeophyceac) Red Seaweeds (Rhodophyceae) (Chlorophyceae) Key Applications
S - - -
Carbohydrates (% 30-75% 30-60% 25.50% Biofuels, biochemicals,
DW) food
Main Alginate, Fucoidan, Hydrocolloids, fermentation
Polysaccharides Laminaran Carrageenan, Agar, Porphyran Ulvan, Starch substrates
. Animal feed, human
0, - 0, - 0, - 0, !
Proteins (% DW) 5-15% 10-45% 10-30% nutrition, bioactive peptides
- Omega-3 fatty acids,
0, -50, i ~1) -0,
Lipids (% DW) 1-5% 1-5% 1-3% biodiesel
- 5 — -
Ash/Minerals (% 12-46% 10-35% 8-40% Fertilizers, mineral
DW) supplements
Key Bioactive Fucoxanthin, h coeprh);(r:l?i?ll)l '?\;Otcecl)zs c(JE;le-like Chlorophylls, Carotenoids Pharmaceuticals,
Compounds Phlorotannins, Fucosterol phycoery ), Mycosp (B-carotene, Lutein) nutraceuticals, cosmetics
amino acids
Se (Elzrstt)?ar’zion High (up to 1,156 ¢ Moderate (68.43 t C/halyear for Moderate Climate change mitigation
gotential C/halyear for Laminaria) Eucheuma) g 9

The brown type of seaweed contains the alginate, fucoidan,
and laminaran. Carrageenan and agar, which are already
commonly used as gelling agents in the food industry, are
obtained from red seaweeds. Ulvan and other sulfated
polysaccharides have been found in green seaweeds (Rhein-
Knudsen et al., 2015) Pl The complex and diverse
structures between different species, even within a single
species due to the impact of seasons and environment, make
polysaccharides promising but difficult substrates for
hydrolysis (Maneein et al., 2018) [%. In addition to

polysaccharides, seaweed biomass is also rich in a range of
commercially valuable co-products such as
phycobiliproteins, pigments (e.g., fucoxanthin), polyphenols
and minerals which can be extracted through an integrated
biorefinery approach to improve economic feasibility (Arias
etal., 2023) [,

3.2. Cultivation and Sustainability Aspects
Seaweed (or macroalgae) aquaculture has several potential
environmental advantages in compliance with a Circular
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Bioeconomy. Seaweed farms serve as prodigious carbon
sinks, soaking up large amounts of atmospheric CO2
through photosynthesis. It has been calculated that seaweed
farming could sequester large amounts of CO2 (Laminaria
species, for example, might sequester as much as 1,500
tonnes of CO2 per square kilometer per year. It is this ability
to capture carbon that makes seaweed farming so attractive
as a tool against climate change (Canvin et al., 2025) [*2,

In addition, seaweeds are powerful in taking up surplus
nutrients (nitrogen and phosphorous) from coastal areas.
This bio filtration capacity would contribute to reduce the
impact of eutrophication in the coasts resulting from
agricultural load and waste discharges ((Sisman-Aydin &
Simsek, 2022)) 31, The combination of seaweed farming
with other aspects of aquaculture (Integrated Multi-Trophic
Aquaculture, IMTA) also provides a synergistic approach
which acknowledges that the waste from one species is food
for another and further improves sustainability. The
possibility of cultivating seaweed at sea also makes the
immense areas of ocean available for productive use, greatly
increasing the potential scale of biomass production without
encroaching on land-based ecosystems (Ashkenazi et al.,
2022) 41,

4. Seaweed Bio refinery: Conversion Pathways and
Products

The bioconversion of seaweed biomass to a variety of
products are possible with different conversion routes,
namely biochemical and thermochemical pathways. The
selection of pathway is presumably influenced by the
seaweed species to be used as feedstock, the desired
nutraceutical portfolio and the ultimate economic, social and
environmental targets of biorefinery ((Herrera Barragan et
al., 2022) ¥, The integrated strategy of co-fermentation
among different pathways is frequently thought to be the
best way for complete utilization of biomass [*°],

4.1. Biochemical Conversion Pathways

Biochemical conversion pathways employ microorganisms
and enzymes to decompose the organic content of seaweed,
in particular their complex polysaccharides into less
complex molecules that can be fermented or digested for
biofuel and biochemical production. Such processing
generally is carried out at moderate temperatures and
pressures.

4.1.1. Anaerobic Digestion for Biogas Production

Anaerobic digestion (AD) is a mature technology that
employs a microbial community in the absence of oxygen to
biologically convert organic matter into biogas, which
mainly consists of methane (CH4), carbon dioxide (CO2),
and nutrient-rich digestate. AD with seaweed Seaweed is a
good and promising feedstock for AD, because it has high
carbohydrate but low lignin content, so can be more easily
biodegraded than lignocellulosic biomass(Hughes et al.,
2012) 1281, The process yields biogas, a mixture of methane
(CH.) and carbon dioxide (CO-), which can be used for heat
and power generation or upgraded to biomethane for
injection into the natural gas grid. The nutrient-rich
digestate co-product can be recycled as a biofertilizer,
contributing to a circular economy model (Milledge et al.,
2019) 71, However, challenges such as salt inhibition of
microbial activity and the presence of sulfur compounds that
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can lead to the formation of corrosive hydrogen sulfide
(H=S) need to be addressed for efficient operation.
Nevertheless, some challenges still there such as the
possibility of inhibition by high salt content and sulfur
compounds are present in seaweeds might cause generation
of a corrosive gas H2S in the biogas Pre-treatment of
lignocellulosic feedstock, including washing to remove salt
content or enzymatic hydrolysis for the degradation of
complex polysaccharides, can increase the effectiveness of
AD but also contribute to higher overall process costs (Ward
et al., 2014) (8],

4.1.2. Fermentation for Bioethanol and Lactic Acid

The fermentation is also a considerable biological route to
process the sugar from seaweed becoming more valuable
products such as bio-ethanol and lactic acid. In contrast to
the starch of first generation crops, seaweed polysaccharides
cannot be fermented directly and need either specific
hydrolytic enzymes or acidic treatments so as nano-heated
solutions to convert them to monosaccharides which can
then be fermented (i.e. glucose, galactose or mannose). The
hydrolysis step is a key component of the seaweed-biofuel
value chain and should be both cost effective and efficient
(Offei et al., 2018) [,

Considerable efforts have been made to bioethanol
production using several species of seaweed. There are
reports of the bioethanol high-yielding fermentations of
seaweeds with easily hydrolysable polysaccharides. In
addition, lactic acid has also been successfully produced by
fermentation with seaweed hydrolysates not only as a
versatile platform chemical for biodegradable polymers
(PLA, polylactic acid), plastics, food and drugs The
selection of the microbial strain is essential, as it has to
ferment in a very efficient way against the combination of
sugars that will be present in seaweed hydrolysate. (Chong
et al., 2024) 9. The coexistence of several high value
products inside a bioethanol and lactic acid biorefinery
hallways is a promising strategy for the sectors’
diversification as well as complementing the economic
feasibility (Lee et al., 2024) [,

4.2. Thermochemical Conversion Pathways

Heat and pressure are even employed in thermochemical
conversion processes to break the seaweed biomass down
into biofuels and biochar. These are generally faster than
their chemical counterparts and work with a broader
spectrum of feedstocks, such as leftover biomass or slag
produced by other processes.

4.2.1. Pyrolysis for Bio-oil Production

Pyrolysis is the process of thermally degrading biomass in a
zero-oxygen environment to generate biooil as liquid
product, char as solid product, and syngas (Rowbotham et
al., 2012) 22, Fast pyrolysis, a quick heating to intermediate
temperatures (400-600 °C), is generally preferred for the
higher production of bio-oil that can be upgraded to
transportation fuels or as feedstock for specialty chemicals.
The high ash contents of seaweed are difficult to pyrolyze
due to the catalytical activity, which can result in poor
quality bio-oil. Nevertheless, from the perspective of bio-oil
yield and quality, we find that co-pyrolysis of seaweed
together with other biomass (e.g., rice husk) is a better
approach (Fermoso et al., 2017) 23],
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4.2.2. Hydrothermal Liquefaction (HTL)

Hydrothermal liquefaction (HTL) is a hot slurry pressurized
conversion of wet biomass in water (250-370°C, 5-20 MPa)
to a crude bio-oil commonly called biocrude. (Osman et al.,
2021)** Among the strengths of HTL, there is no need for
energy-consuming drying process to be carried out on the
feedstocks which makes it particularly convenient to treat
high-moisture biomass such as seaweed. The bio-liquids
produced are of higher energy content, and more stable than
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the pyrolysis bio-oil. It has been demonstrated that HTL can
efficiently transform various seaweeds to biocrude in high
yields. Life cycle assessments have shown that HTL can be
such an environmentally friendly biofuel production
pathway from seaweed, but development is required to pass
the process and up-grade its low quality of biocrude for

further upgrading into drop-in fuels ((Djandja et al., 2020)
[25]

Table 2: Comparison of Seaweed Bio refinery Conversion Technologies

Technology Process Conditions

Main Products

Typical Yields Advantages Challenges

Temperature: 35-55°C (mesophilic) or 50-

Anaerobic Digestion 60°C (thermophilic); Anaerobic; Retention

Biogas (CHa: 50-70%,

* No drying
required

* Low energy| «
200-450 mL CH.4/g VS; |input
Biomethane: up to 447.8 |+ Nutrient-

Salt inhibitio .H.S
production .Long
retention time

(AD) time: 15-30 days C0:2: 30-50%), Digestate mL/g VS rich digestate | . Lower energy
- Established density
technology
» High-value
product + Requires
- Mild hydrolysis
Fermentation Temperature: 30-37°C; pH: 4.5-6.0; Bioethanol, CO-, Residual | 0.3-0.45 g ethanol/g sugar; [conditions -~ Enzyme costs

(Bioethanol) Aerobic/Anaerobic; Time: 24-72 hours biomass 40-85% theoretical yield |+ Established | - Sugar diversity
market -« Inhibitor
* Drop-in formation
fuel
» High-value
product - Requires
- PLA hydrolysis

Temperature: 30-40°C; pH: 5.5-6.5;

Fermentation (Lactic Anaerobic: Lactic acid (L-, D-, or DL- | 0.4-0.8 g LA/g sugar; 60- |precursor ~ pHcontrol
Acid) Time: 48-96 hours form), Residual biomass 90% theoretical yield | Mll_d_ Pro_d_uct_
conditions purification
- Multiple Downstream costs
applications
» Fast process ) )
Temperature: 400-600°C; Atmospheric | Bio-oil (50-70%), Biochar | . _ [ Muttiple | - Requiresdrying
. . . " o Bio-oil: 30-50 wt%;  [products ~ High ash content
Pyrolysis (Fast) pressure; Heating rate: >100°C/s; (15-25%), Syngas (10- . R L
. T Energy recovery: 50-70% [+ Handlesdry| . Bio-oil instability
Residence time: <2 s 20%) : .
biomass ~ Upgrading needed
> Scalable
* No drying
require
. d - High pressure
. _ or. B~ -5009
Hydrothermal Temperature..25_0 370 G Pre_ss.ure. 5-20 Biocrude %30 50 A)I)_,d Biocrude: 20-45 wt%; | High . Corrosion
Liquefaction (HTL) MPa; Time: 15'6.0 min; Aqueou_s phase, Soli HHYV: 30-36 MJ/kg energy ~ Complex product
Aqueous medium residue, Gas ' : ]
density - Upgrading needed
* Handles
Wwet biomass

5. Challenges and Future Perspectives

Although seaweed biorefineries have great potential, a few
barriers need to be overcome for the industrial application.
These difficulties are encountered all along the value chain
from cultivating and harvesting sustainably to effectively
converting and marketing.

- Feedstock Supply Consistency and Quality: One of
the main challenges is to provide a continuous supply
of high-quality seaweed biomass. The biochemical
content of seaweed varies greatly depending on
species, season and growing conditions affecting the
efficiency and coherency of conversion processes
(Ferreira et al., 2025) 1281, It is essential to develop
sophisticated cultivation and harvesting operations, and
a strong conversion technology that can accept
variability in the feedstock.

~ Techno-Economic Viability: The severe economic
barrier in terms of the seaweed biorefinery is a
significant challenge. High cost of production and

harvesting, as well as conversion to useful forms, while
low-priced end uses such as biofuels make them
difficult to economically compete with products from
fossils (Soleymani & Rosentrater, 2017) 7. An
integrated multi-products biorefinery concept combined
to the extraction of high-value co-products (e.g.,
phycocolloids, pigments and protein) with biofuels
could still enhance the overall economics (Poblete-
Castro et al., 2020) [?81, Techno-economic-analyses and
life-cycle assessments are indispensable tools to
identify cost-reduction potentials, as well as for
optimized-sustainability of the overall value chain
(Pantis et al., 2024) 29,

- Integrated processes and Process optimisation: The
establishment of novel economic technologies for the
fractionation and conversion of seaweeds biomass is
one of the crucial research needs. These tools include
new pathways to synthesize chemicals, such as
enzymes for the hydrolysis of polysaccharides, robust
microbial strains that ferment these products, and better
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catalysts for thermochemical conversion((Wargacki et
al., 2012) B9 Modeling cascading biorefinery Model
involving multiple conversion pathways is crucial in
order to exploit biomass resources and avoid waste
(Luan et al., 2024). 34

Market and policy support: The establishment of markets for
seaweed-based products and the setup of enabling policy is
essential to stimulate growth in the seaweed bioeconomy.
This encompasses policies that promote the consumption of
renewable and sustainable products, as well as investment in
research and development to de-risk new technologies and
assist in their commercialization (Balina et al., 2017) 2,

To accelerate the commercialization of seaweed
biorefineries, attention of future study should be emphasized
on some aspects. These include:

-~ Genetic improvement and selection of seaweed strains
with increased growth rates, resistance to stress, and
desirable chemical components.

- Novel low-cost enzymes and microbial consortium that
can hydrolyze and ferment complex polysaccharides
from seaweeds.

~ Process intensification for biochemical &€” deep
eutectic solvent (DES) and thermochemical conversion
to enhance yield, energy consumption, cost efficiency.

- LCA and TEA of various biorefining trains to
determining optimal sustainable and cost competetive
pathways.

- Creation of favorable policy and regulatory regimes that
encourage investment in seaweed farming and
biorefinery, such as carbon credits for growing seaweed
or requirements on bio-based products.

In these ways, it is possible to unlock the full potential of
seaweed as a lynchpin for a sustainable bio-based economy
by overcoming the obstacles through focused research,
technological advancement, and timely policy development.

6. Conclusion

Seaweeds are a key feedstock for the global bio-based
economy and provides an alternative way out of the vicious
cycles of economic growth, fossil resource dependence,
natural resource degradation and pollution. This review has
consolidated the vast amount of literature reporting on
marine macroalgae that demonstrates their huge promise in
light of being easily cultivable with little resource demands
and favourable environmental attributes including carbon
sequestration and nutrient bioremediation. The development
of advanced biorefinery pathways that include biochemical
and thermochemical methods for product conversion have
proven the technical basis to produce a broad range of
valuable products --from next generation biofuels, high
value specialty chemical intermediates as well as
biomaterials.

But the road from good research to mass commercial
practicality is paved with difficulties. The major obstacles of
feedstock large scale, high-processing costs, and capital
investment are issues that need to be resolved stepwise. A
multifaceted approach is necessary in order to ensure the
success of the future seaweed biorefinery industry. This
involves further development of cultivation and quantitative
harvesting technologies, advances in enzymatic and
catalytic conversion to deliver pathways with reduced costs
and enhanced sustainability, while at the same time
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promoting the implementation of multi-product biorefinery
concepts which can convert every fraction of biomass into
its highest value products as well.

In the end, bringing to fruition our vision of a robust
seaweed-based bio economy will be a combined effort
among scientists, engineers, entrepreneurs and policy
makers. That potential of seaweeds can be unleashed
through targeted research, strategic financing and
investment as well as the development of enabling policy
frameworks towards a circular bio-seaweed industrial
ecosystem with high sustainability and resiliency.
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