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Abstract: Sustainable development is an integrated approach to tackle ongoing global challenges
such as resource depletion, environmental degradation, and climate change. However, a paradigm
shift from a fossil-based economy to a bio-based economy must accomplish the circularity principles
in order to be sustainable as a solution. The exploration of new feedstock possibilities has potential
to unlock the bio-based economy’s true potential, wherein a cascading approach would maximize
value creation. Seaweed has distinctive chemical properties, a fast growth rate, and other promising
benefits beyond its application as food, making it a suitable candidate to substitute fossil-based
products. Economic and environmental aspects can make seaweed a lucrative business; however,
seasonal variation, cultivation, harvesting, and product development challenges have yet not been
considered. Therefore, a clear forward path is needed to consider all aspects, which would lead to
the commercialization of financially viable seaweed-based bioproducts. In this article, seaweed’s
capability and probable functionality to aid the bio-based economy are systematically discussed. The
possible biorefinery approaches, along with its environmental and economic aspects of sustainability,
are also dealt with. Ultimately, the developmental process, by-product promotion, financial assistance,
and social acceptance approach are summarized, which is essential when considering seaweed-based
products’ feasibility. Besides keeping feedstock and innovative technologies at the center of bio-
economy transformation, it is imperative to follow sustainable-led management practices to meet
sustainable development goals.

Keywords: sustainable development goals; bio-based economy; seaweed functionality

1. Highlights

A systematic review on seaweed functionality;

Seaweed characteristics and potential value chains;

The exploitation of quantitative and qualitative analysis seaweed value chain benefits;
Summary of the “PBFS” approach, essential for considering seaweed-based products’
feasibility.

2. Introduction

‘Sustainability’ is a central topic in today’s research, and is a crucial pillar in the
socio-political landscape. The world’s population is expected to reach 9 billion by 2050,
putting prodigious pressure on environmental resources [1]. Climate change, resource
depletion, and toxicity potentials are the concerning threats to the society for which a new
solution is urgently needed. Focusing on reducing our dependency on the fossil-based
economy and shifting toward a bio-based economy could help in tackling these situations,
as well as for achieving sustainable development goals (SDG’s) [2]. The accomplishment
of a bio-based economy is entirely dependent on the utilization of renewable resources,
especially biomass, to produce multi-functional applications, including food, animal feed,
bio-based materials, energy, and pharmaceuticals. Recently, much focus has been given to
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either producing novel bio-based materials, or replacing the existing fossil-based products
by the scientific community and start-up industries [3]. Moreover, the prevailing question
arises: can sustainability and economic growth synchronize to lead the way forward?
Policymakers and researchers must answer this question and set up a framework within
the boundaries of the circular economy.

The circular economy is the most discussed and promoted concept, wherein the life
cycle of materials, products, and resources are extended as much as possible to extract
their economic benefits [1]. The bio-based economy can manage resources efficiently,
thereby improving the life cycle of the system at every stage by minimizing waste and
improving economic benefits [4]. The European Union (EU) has made considerable efforts
in making the bio-economy sustainable by establishing a European bio-based industries-
joint undertaking (BBI-JU) fund worth 3.7 billion euros via public-private partnership
(PPP) [5]. Moreover, the EU has established initiatives to encourage and help the bio-based
industry to interlink within new value chains. It is estimated [6] that the bio-based industry
generated nearly 2.3 trillion euros worth of turnover in 2015, wherein, 50% was contributed
by food and beverage related industries, ~17% was accompanied by the agricultural
industry ~8% by the paper industry [7]. The bio-based economy is at its early stage, albeit
having created more than 22 million job opportunities in 2012, with the numbers increasing
yearly [8]. The United States (US) has also made a significant effort to boost the bio-
based economy, as 4.2 million new employees were created with nearly a USD 400 billion
contribution to the US economy in 2014 [9].

Camia et al., 2018 [10] reported that nearly 1400 Mt dry matter is produced in Europe,
out of which approximately 950 Mt comes from the agricultural sector and 150 Mt from
the forestry sector. It was also estimated that out of 1 billion tons of available biomass,
the EU utilizes roughly 60% of it in the food sector, 20% in the bio-based energy sector,
and 19% in the novel bio-based material sector [7]. The EU chemical sector used 77.7 Mt
of organic raw material, with 10% of its share coming from renewable material [10]. The
prospects for the bio-based economy look promising; however, the cost associated with the
development of bio-based materials is significantly dependent upon the availability and
efficacy of feedstock [1].

In the past few decades, the environmental outlook has changed from loss of biodi-
versity to resource depletion and climate change. As a result, seaweed has been getting
exponential interest as an innovative feedstock for bio-based materials from different
sectors as a sustainability target. From an industrial point of view, such biomass has
potential application in various fields, including pharmaceutical, food, feed, cosmetics,
bioenergy, etc. A sufficient equilibrium between social, environmental, and economic
performances can set up a benchmark for future sustainable development, and newly
established industries can benefit from these astonishing consequences. However, most of
such industries are inceptive, and even institutional research is rudimentary. Therefore, it is
valuable to cumulate the recent progress, coherent potential value chains, and subsequent
sustainability impacts in a comprehensive overview.

According to Scopus, nearly 7000 articles related to seaweed applications were pub-
lished in 2020 alone, wherein, a significant focus was placed upon agricultural and medici-
nal applications. Subsequently, >5000 reviews in total have been published so far; however,
~70% of such articles discuss a seaweed strain. The remaining review articles have focused
on domain-specific applications. It is essential to understand that seaweed’s application
suitability has not been evaluated in every case. Moreover, the economic, social, and
environmental aspects of seaweed’s value chains are discussed collectively in just one
article [11]; despite this, the entire value chain’s inclusiveness is lacking. The approach to
gathering the information presented in this review is shown in Figure 1 below.
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The prerequisite of the seaweed value chain can provide a valuable addition to the ac-
tual delivery of the product through nutrient uptake and carbon sequestration. The primary
aim of the present manuscript is to assess whether seaweed biomass can deal with ongoing
sustainability issues, and to identify routes of potential improvement. First, the manuscript
discusses the current seaweed market and seaweed characteristics. Next, it deals with
the various types of seaweed cultivation and harvesting, as well as seaweed functionality
and its application in various fields, in order to give a comprehensive overview to the
instigators. Later, this manuscript discusses the aspects surrounding sustainability, includ-
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ing environmental and economic perspectives. Finally, a PBFS approach is discussed to
develop a trajectory for future scenarios. In this review, the latest information on seaweed
functionality and its sustainability proceedings is collected, which may help policymakers,
industries, and researchers to further develop a bio-based economy:.

3. What Is Seaweed?

Seaweed is a macroscopic alga, with its usual habitat at the bottom of shallow coastal
waters. It typically grows at a depth of 180 m, and can be found on rocks, pebbles, shells,
black water, and seawater plants. They are classified into green algae (Chlorophyceae),
red algae (Rhodophyceae), and brown algae (Phaeophyceae) based on pigmentation. Ap-
proximately 624 algal species have been identified in India alone, wherein green seaweed
contributes nearly 72%, red algae 27%, and brown algae nearly 1% [12]. It is essential
to understand that seaweeds are the only species responsible for producing several phy-
tochemicals, including agar-agar, align, and carrageen which has extensive additional
applications [13]. Various consumptive and non-consumptive applications such as, fertil-
izers, animal feed, medicines, building materials, soups, sushi, salads, and other snacks
are mentioned in the literature [14]. Seaweeds have been prominently used as a feedstock
for thousands of years, and are mentioned in Greek texts extensively. It is also reported
that during the scarcity of fodder, seaweeds were dried and fed to horses, sheep, and cattle
until the early 1900s [15].

Recently, the EU and various countries’ interest have increased for seaweed'’s cultiva-
tion and application due to its multi-dimensional functionality. However, historical aspects
of seaweed functionality must be considered in order to gain a better understanding. The
first commercial use of seaweed was reported in the 17th century, where it was used to
replace wood ash in glass production, especially in France and Norway [14]. Norway
followed a similar path; seaweed burning to produce potash was one of the significant
incomes during the 18th century. It was reported that during 1913, 150,000 tons of Kelp
(a brown seaweed) was dried and burned for the production and export of 6000 tons of
potash [14]. In France, seaweed was also an essential ingredient in the production of iodine
in 1823. The production of seaweed meals was first industrialized in 1937, produced in
nine factories, all of which are still functional [14]. Traditionally, algae cultivation was a
household activity with a focus on agricultural purposes only. However, the first com-
mercial algal harvesting plant was established in 1947 in the western part of Ireland to
harvest enough algae for feed and food applications. Though seaweed has comprehensive
functionality, it was advised to focus on the techno-economic improvements in seaweed
farming and cultivation, as knowledge and skills are not yet advanced enough to encourage
stakeholders to invest.

4. Seaweed Market

The Food and Agricultural Organization (FAO) of the USA estimated that nearly 30 Mt
of seaweed was utilized in 2014, wherein most of it was produced via aquaculture and
nearly 6% was harvested through wild species. Seaweed usage has been increased by nearly
176% since 1995 due to the scientific and technical enhancement in harvesting practices
worldwide [16]. The world seaweed product market is dominated by the Philippines,
Indonesia, and China, whereas European countries and the USA are the latest emerging
players. It is estimated that if a special economic zone can be implemented for the marine
aquaculture program globally, the seaweed yield could be increased exponentially to 300-
1120 Mt [17,18]. The conversion of at least half of this available seaweed biomass into
valuable products such as biogas would neutralize the natural gas import in the USA. As
seaweed’s product demand, production, and domestication increase, an improvement in
seaweed biotechnology is ultimately encouraged [19].

Subsequently, research and innovation have increased exponentially in the past decade,
resulting in many research publications and patents [20]. Although publications and
patents do not necessarily indicate the market overview, it certainly shows a potential way
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forward [21]. A total of 15 countries have filed patents on seaweed and its application.
Nearly 37% of the total scientific publications are within the food sector, followed by
agricultural (19%) and human health applications (13%). Out of 795 seaweed species
registered, 31 species were subjected to a patent application, and 138 species were discussed
in publications [19]. The seaweed patent registration scenario in the EU is presented in
Figure 2.
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Figure 2. Seaweed patent registration in Europe per application.

5. Seaweed Characteristics

The most significant advantage with seaweed is that it does not contain distinct parts
usually found in other terrestrial plants; therefore, the whole seaweed can be used as
biomass [22]. Most of the green seaweeds, including Monostroma, Caulerpa, and Ulva species,
are discussed in the literature for their capability to produce Ulva. Ulva is a complex acidic
polysaccharide, which has cosmetic and medical applications [22,23]. In red seaweed,
Palmaria palmata, Kapapaphysus, Pyropia Yezoensis, species are widely discussed to produce
a large quantity of carrageenan, agar with applications in pharmaceutical, textile, paint,
antibiotic, food, and biotechnology sectors [24]. Brown seaweed, Ascophyllum nodosum,
and Laminaria are known for their capacity to produce various polysaccharides (alginate)
with the primary application as a thickener, stabilizer, and gelling agent [22,25,26]. Typical
seaweed characterization is presented in Table 1 below. Seaweed has a relatively similar
composition to other bioenergy crops. Seaweed has excellent nutritional value and has
a higher polysaccharide content, making it suitable for dried and fresh vegetables, as an
ingredient for the commercial production of phycocolloids [27], and a perfect candidate in
the changing fuel market [28].

Seaweeds are usually characterized by high ash content (13-30%), protein content
(5-43%), fibers (5-53%), and a low amount of fats. Few macroalgae have high lipid content
in their biomass, whereas some other macroalgae are considered to have high protein
content. Their composition may vary according to the type, geographic condition, seasons,
and cultivation method. Nevertheless, it is documented that green and red algal species
have high carbohydrate content; moreover, brown algal species have a high protein and
carbohydrate content [29].
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Table 1. Typical Seaweed Characterization.

Constituents BI‘I(:}V; 113;?;;:(1 Red Seaweed (Rhodophyta) ((;éellellgrii,all";f:;i
Ascophyllum nodosum, ° Palmaria palmata, ° Monostroma,
Most discussed species Laminaria digitata, ° Kapapaphysus, ° Caulerpa,
Alaria esculanta e Pyropia Yezoensis e  Ulva species
Water content 50-75% 60-88% 60-80%
Ash content 15-25% 15-30% 8-20%
Carbohydrate content ﬁf:;?:gllg__f (?:/f 30-45% 30-45%
Protein 4-10% 8-40% 15-25%
Fats 1-4.5% 0.3-2% 0.6-0.7%
Potassium 3-4% 5-7% 0.7-1%
Magnesium 0.5-0.9% 0.4-0.5% 0.2-0.5%
Sodium 1-3% 1-3% 2-4%
Other Fucoidan 4-10% Xylan 20-40% Xylan 30-40%

5.1. Lipids

As noted previously, lipid content is relatively lower in seaweed than in other plants,
including sunflower and soy. Moreover, its lipid quality is of great interest, as it contains
essential fatty acids, including omega-3 and other fat-soluble vitamins [30]. It was observed
that the lipid content in brown seaweed varies between 1 to 4.5 g/100 g of dry seaweed
biomass; however, there have been many discussions in the literature about its specific lipid
content [31]. Few publications discuss the phospholipid as a significant lipid constituent in
seaweed [32], while others argue that glycolipids are the prominent constituents [33,34].
The seasonal variation has a crucial impact on lipid content as well as on seaweed growth.
In one study, it was observed that Undaria, a green seaweed, reaches a maximum height of
4 m by the spring; however, it degenerates in summer [35]. The lipid content was observed
to increase during winter, and this also declined in summer. The same observation was
noted by Nelson et al., 2002 of Egregia menziesii, a brown seaweed, wherein the highest lipid
content of 13.3 mg/g was observed in spring, and the lowest lipid content of 6.3 mg/g was
observed in summer [36].

5.2. Carbohydrates

Carbohydrates are the primary constituent of seaweed, with these accounting for at
least 40% of its mass. The majority (approximately 45%) of the ash-free volatile solids
found in Sargassum, an all-season brown seaweed, are complex carbohydrates. Fucoidan, a
sulfated polysaccharide, has been extracted from brown seaweed in recent years [37]. Ulva,
the most discussed green seaweed, is observed to have a high content of monosaccharides,
including rhamnose, glucose, uronic acid, etc., [38]. In the case of red seaweed, Gracilaria,
galactose and glucose are found to have a dominant presence. The variation in carbohydrate
content also originates from the season, temperature and is species-dependent [39].

5.3. Proteins

Protein content is an essential aspect of seaweed functionality. However, it varies
according to species, geographical region, growth environment, and season. It has been
observed that brown seaweed contains a low protein concentration (4-10%), and green
seaweed contains a moderately high protein concentration (15-25%). The highest protein
concentration was observed in red seaweed (8-40%), which has a high commercial impor-
tance [40]. In the case of the Laminaria digitata species of brown seaweed, a protein content
of nearly 15% has been reported, whereas in the case of Undaria pinnatifida, a species of
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brown seaweed, a protein content of up to 24% has been reported [41]. In green seaweed,
seasonal changes have been found to affect the protein content, as evidenced by the fact
that the protein content of Ulva armoricana, a species of green seaweed was found to be
18% in October and 24% in February [42], respectively. In the case of Porphyra tenera, a
species of red seaweed, protein content was reported to reach up to 47% during ideal
circumstances [43]. It was hypothesized that the seasonal variation in seaweed protein
content is catalyzed by the nitrogen nutrients found in the cultivation water. Salinity was
also found to impact seaweed growth directly, as it was observed that the algal growth
slows down in the rainy season due to a decrease in salinity, resulting in a decreased
protein concentration [44]. The light intensity was also found to impact protein content
significantly, as light-harvesting pigments bound by phycobiliprotein were produced by
red seaweed [45].

5.4. Pigments

Seaweeds are also reported to be a source of pigments that are of commercial im-
portance. As mentioned previously, phycobiliproteins are the primary light-harvesting
pigments observed in red seaweed, which are the only water-soluble pigments [46] and
contribute nearly 50% of its total protein content. It is commercially significant in various
applications, including dairy products, wasabi, and gums. Brown seaweed dominates the
Fucoxanthin, a Xanthophyll pigment responsible for the brown coloration. It has been
reported that the Fucoxanthin is the most stable compound, which can get through the
drying and storage process at room temperature [47]. Moreover, it has been reported that
chlorophyll-a contributes nearly 1.5% of seaweed organic content [48].

5.5. Other Constituents

The algal phenolic compounds are called Phlorotannins and are derived from the
Phloroglucinol unit, i.e., 1-3-trihydroxybenzene. The brown seaweed is found to have a
rich concentration of Phlorotannins. Researchers have found immense interest in replacing
synthetic antioxidants with natural seaweed-derived antioxidants in the last decade [47,48].
Apart from antioxidants, seaweeds are a rich source of vitamins, including A, B-complex,
C, D, niacin, folic acid, etc. The brown seaweed named Ascophyllum and Fucus has a higher
vitamin E concentration than any other seaweed species. As the seaweed is grown in
marine environments, it has a high concentration of minerals, including Mg, Ca, Cu, Fe, as
well as some rare minerals [49]. In recent studies, seaweed was also found to have bioactive
compounds that can be used as secondary metabolites.

6. Seaweed Cultivation

Seaweed cultivation is not frequently discussed in the literature, despite the fact
that seaweed has a rich history of applications. Globally, however, few seaweed species
are commercially cultivated. Cultivation methods are traditional in most cases, and the
cultivation areas are significantly smaller in size than other vegetables. In the last decade,
the focus has been on seaweed cultivation at the molecular level after realizing that seaweed
has substantial economic potential. The commercial cultivation of seaweed is carried
out at a sizable scale throughout the world. The whole process is mainly distinguished
into juvenile plant (seed stock) cultivation, adult plant cultivation, harvesting, and final
processing [50]. Seed stock cultivation is the primary step that determines the success of the
whole seaweed cultivation process. It depends upon the quality of the crop and seasonal
variations. The actual cultivation process starts with adult plant cultivation, wherein the
seaweed grows to the full extent and is divided into microscopic and macroscopic processes.
The macroscopic process starts with algal fragments, and only two life cycle stages are
under control during the cultivation process. The microscopic cultivation process is a
relatively new method that starts with the seaweed’s microscopic pores, and the entire life
cycle of seaweed is under control during the cultivation process. Based on the cultivation
environment, the cultivation process is performed in five different setups:
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Land-based—indoor cultivation;

Land-based—outdoor pond, open-air cultivation;
Shallow sea—semi-floating or pole system;

Shallow sea—U-type floating system (in a subtidal zone);
Shallow sea fixed support system (in an intertidal zone).

SAEIN

Harvesting is the ultimate purpose of seaweed cultivation, and the seaweed is har-
vested using different advanced techniques mentioned elsewhere [51]. However, the
processing is the final, partially dependent stage in seaweed cultivation, carried out to
produce the intended product [50].

7. Sustainability in Seaweed Cultivation

As seaweed cultivation and its application are still at the development stage, environ-
mental sustainability may encourage future establishments. Environmental sustainability
can be assessed using life cycle assessment (LCA), which evaluates both the benefits and
burdens associated with the whole life cycle of seaweed, from seaweed production to the
application and the end-of-life stages. In general, LCA appears to be one of the essential
techniques to quantify various environmental impacts associated with a product, process,
system, or service from cradle-to-grave, based on the ISO 14040 series guidelines [52,53].
The LCA methodology considers the life cycle starting from extraction of raw materials,
manufacturing a product, transport, distribution, use, and end-of-life, including waste
collection, segregation, treatment, recycling, and disposal [54]. However, very few studies
are available in the literature that solely focuses on the seaweed cultivation’s life cycle
assessment. Most of the available literature focuses on the application and uses of seaweed.
The seaweed applications in the different sectors and the related LCA studies are discussed
in the latter part of this paper; however, the use of algal biomass in biorefinery as third-
generation feedstock has gained a lot of interest worldwide. The value chain of seaweed
cultivation is presented in Figure 3 below.

= T

Seed line " omurmed]
Water m———b . Seaweed
: Prot‘juct\on &f —_— Dep"i)lfrzgsnt of Cultivation & ‘
co, ] Deve f{ar:seﬂt 0 Harvesting

Nutrient Bio-
extraction

Figure 3. Seaweed Cultivation & Harvesting System Boundary.
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The life cycle for seaweed cultivation started with the seed line production and
development of lines, which is the juvenile plant cultivation process mentioned previously.
The development of lines and seaweed harvesting is considered inside the system boundary
by most available studies [54,55]. The inventories required for developing the LCA model
of seaweed cultivation processes include electricity, water, seashore land required, nutrients,
such as phosphorus (P), magnesium (Mg), zinc (Zn), nitrogen (N). Researchers have found
that carbon dioxide is required to grow juvenile seaweed, which means that seaweed
utilizes the oceanic carbon from the water column directly for their growth, and reduces
oceanic carbon content [55].

At present, most seaweed cultivation activities are carried out in limited coastal lo-
cations; therefore, it is estimated that a maximum of 2.48 million tons of carbon have
been extracted from the ocean, which is nearly 0.4% of the total expected oceanic carbon.
The agricultural sector is expected to produce nearly 30% of the total global warming
gases; seaweed has a great potential to reduce these emissions due to its efficient carbon
sequestration. After the cultivation and harvesting process, seaweed is partially dried and
transported to the next facility to produce intermediates and products. The seaweed culti-
vation output usually contains emissions such as liquid waste, solid waste, and seaweed as
a product itself. The starch and lipid content of the seaweed can also be considered in the
output based on the intended application of the sustainability studies [56]. The available
literature focusing on the sustainability assessment of seaweed cultivation is presented in
Table 2.

Table 2. Life Cycle Assessment of Seaweed Cultivation.

Svstem Hotspot for
Sr. No. LCA Study FU Bo¥1n dary Impacts Studied * Environmental Ref.
Impact
1 ha of (ReCiPe Midpoint) Design of Seeded line,
1 Eea(\:/lveed e offshore Cradle-to-Gate ~ CC, CED-T, ME Low protein output,
eedstock for cultivation 1 FWE, HT-C Land occupation [57]
Energy and Feed 4 ’ . p
area HT-NC impacts
. Design of dried
dL(':A for system 1 ton protein (CML 2001) Seaweed production
2 esign of Seaweed production Cradle-to-Gate OLD, HTP, FAETP, system, Protein [58]
cultivation and from dried 1 MAETP, TETP, ' od ’.
. oduction, the
drying seaweed AD, EP, CC prod
drying process
Diesel consumption
LCA of (CML-2001) .
3 microalgae 1 hﬁ.arete.a of Cradle-zto-Gate GWP, AP, ODP, EP, for harvestl.ng,. [59]
cultivation cultivation HTP Hatchery, Cultivation
process
. 18 ha of -1 Distance between
Comparative LCA ) oatili)g Exergetic life cycle ﬁﬂtrlllr al r o;ves'f
. of two Seaweed | q Cradle-to-Gate Assessment Bi Yield [55]
cultivation onglines, an 1 expressed in MJex iomass Yield,
0.6 ha of raft - Hatchery, the distance
systems MJex Y
y systems ex between facilities
LCA of s
. L Electricity
Biomethane from 1 km trip with Cradle-to- CC, ODP, FEW, consumption during
5 offshore a gas-powered G TA. ME. FD. WD : [60]
cultivated car rave , ME, FD, ’ch]e3 drying process,
Seaweed rying process
LCA of (ReCiPe
6 Seaweed-based Production of  Cradle-to-Gate Midpoint)ME, Electricity, [61]
Biostimulant 1 kg of Extract 2 FWE, FD, HTP, IR,  Cultivation Process
production WD, TA
LCA of (ReCiPe
7 Seaweed-based Production of  Cradle-to-Gate Midpoint)ME, Electricity, [62]
Biostimulant 1 kL of Extract 2 FWE, FD, HTP, IR, Cultivation Process
production WD, TA

* The abbreviations are presented at the end of the manuscript.
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Few LCA studies were published on the seaweed’s cultivation (Cradle-to-Gate-1)
to its application (Cradle-to-Gate-2). Most LCA studies have focused on cultivation and
energy application. Several flaws were identified using the life cycle assessment model
after analyzing the seaweed cultivation system listed in Table 2. It has been consistently
observed that the electricity required throughout the cultivation system has contributed to
significant impacts in all the impact categories and resulted in resource depletion, global
warming potential, and increased toxicity potential. The use of renewable energy to replace
traditional energy may improve the overall environmental performance of the system. The
design of seaweed lines has caused an increase in many of the impacts. Interestingly, it has
been reported that as the distance between the rope increases from 2 m to 5 m, the resource
demand was found to be increased, resulting in a nearly 4% increase in its environmental
impacts [55]. Similarly, the alternate light floating material for the raft system was discussed
in the literature, as the high-density polyethylene (HDPE) increases the environmental
impacts [63,64]. The distance between the cultivation area and processing unit has also been
found to have a notable impact from an environmental point of view. The cultivation of only
economically feasible seaweed species, such as Palmaria palmate, requires fewer nutrients
and a high carbon sequestration rate. This approach may also improve the environmental
performance at the later stages, and is therefore encouraged in some techno-economic
analysis studies [65-68]. The impact of raw materials consumed, including chemicals and
minerals, is not discussed extensively in the literature; however, the carbon absorption has
reportedly affected the environment by reducing the overall impacts, especially in terms of
global warming. Moreover, the literature suggested that the traditional seaweed cultivation
system needs to be technologically upgraded, which can mitigate the shortcomings related
to large-scale handling [59].

8. Seaweed Applications

Seaweed has wide applications in biofuels, food and animal feed, energy, pharmacy,
cosmetic, and other chemical industries. Interestingly, all the seaweed species have little to
no lignin content, making them directly suitable for producing third-generation biofuels.
After harvesting, seaweed traditionally goes through enzymatic hydrolysis and/or saccha-
rification to separate the polysaccharides. The extracted C-5 or C-6 sugar is then used for
the fermentation process to obtain various biofuels. In the past few decades, seaweed has
only been considered for producing a single product, like alginate, or bioethanol, which
stretched the economic, social, and environmental considerations. The cascading approach
has been discussed in the literature for the past few years [69] as a means to fully explore
seaweed’s functionality. The cascading approach promotes the production/application of
high-valued material first, followed by the next high-valued materials in descending order.

Cascading the seaweed valorization has a great potential in yielding various by-
products and other chemicals, which could ultimately reduce its environmental burden
and improve the socio-economic potential. Provided that food and energy are the primary
concerns in the 21st century, a strategy can be made to process the seaweed to utilize food,
animal feed, and energy. In contrast, the technology can be improvised to use the leftover
biomass [70] for other applications. In this functional order, the seaweed biorefinery concept
has recently been upgraded to utilize the excess seaweed biomass to produce biofuels
and biogas. In this manner, the seaweed biomass value can be increased to multiple folds,
which would benefit the supply chain, and promote the circular economy.

8.1. Seaweed in Food Applications

Food safety is of prime concern all over the world. The United Nation’s SDGs prioritize
food safety and encourage stakeholders to develop the policy around it. According to
estimates, only half of the total 9 billion people would have access to nutritional food
by 2050 [69]. Seaweed is well-known for its nutritional value to humans and animals,
as it can provide minerals, vitamins, calories, and essential antioxidants [71,72]. The
most significant benefit of seaweed cultivation is that it does not compete with other
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terrestrial plants. The total consumption of dried seaweed is estimated to be 2,000,000 tons,
including sea vegetables, as a direct source and other applications, like phycocolloids.
Asian countries, including China, Korea, Japan, Vietnam, the Philippines, and Thailand,
are intensively involved in seaweed production. Moreover, some European countries,
including France, Norway, Ireland, United Kingdom, Spain, and other countries, including
Canada, New Zealand, and Chile, are active in seaweed production. Seaweeds are varied
according to geographical location; however, L. japonica, P. yezeonsis, U. pinnatifida are
the most consumed seaweeds. Seaweed is usually dried before any further processing,
followed by salting, mixing, rolling, and slicing according to requirement. The link between
the seaweed species and preparing seaweed food must be highlighted to get the customer’s
approval [73]. Moreover, the prominent challenge in using seaweed as food is that it has to
be accepted by a wider global community.

Apart from traditional use, seaweed has other commercial importance as well. The
alginic acid obtained from the seaweed has stabilizing and thickening properties, making
it suitable for syrups, ice-creams, sauces, juices, shakes, desserts, and bakery products [74].
There are seven different forms of carrageenas observed in seaweed with the sulfated
galactose unit, out of which three forms of carrageenas are commercially used. The
carrageenas is a roughly thickening agent and is preferred to prepare pizzas, desserts, gels,
canned foods, etc. It is also reportedly used as a preservation or additive agent, and the
carrageenas additives are usually marked as E407 nomenclature. Seaweed is composed
mainly of agaropectin and agarose, which are the polymers of galactopyranose. These can
be used as a gelling agent, primarily in canned products, desserts, pie fillings, etc., under
the nomenclature of E406 in the food industry [75].

Seaweeds are nutritious, with many health benefits associated; however, they are
prone to accumulate undesirable heavy metals. Therefore, it is always advised to check the
organic and inorganic components present in the seaweed before any further processing.
Seaweed’s daily consumption has not been prescribed as of now; moreover, Asian diets
contain nearly 5-8 g of seaweed per day; therefore, it is safe to consider 5-8 g of seaweed
(nearly 30 g of wet seaweed) consumption daily [49,75].

8.2. Seaweed into Furfural

Furfural is becoming an essential chemical that can be obtained after biomass conver-
sion. The US Department of Energy (USDOE) has listed furfural as a platform chemical,
and it is expected to increase its market potential [73] steadily. Furfural can be used as
a base chemical to produce different derivatives, including various polymer units, lig-
uid fuels, and organic solvents [76-78]. Furfural is produced from the extracted sugars
of lignocellulosic biomass waste after catalytic conversion. The economic conversion of
extracted biomass into furfural depends on various factors, including the availability of
diversified feedstock, type, nature of the catalyst, and reacting conditions [79]. Park et al.,
2016 have extensively researched the production of furfural from seaweed. The commercial
H,SO4, HyPW12049, and Ambelyst15 catalysts were tested for their efficiency, and it was
observed that the HyPW1,04 catalyst exhibited significant catalytic activity [80]. Similarly,
the tetrahydrofuran was an efficient reactive medium compared to water in the conversion
of seaweed-derived alginate into the furfural. The seaweed extract was used to produce the
alginic acid first, followed by alginic acid hydrolysis to the monomers. Later, the monomer
was converted into the furfural through the series of decarboxylation-dehydration reac-
tions.

8.3. Seaweed into Hydrogen as a Fuel Application

The monomers obtained from the biomass’s carbohydrate content play an essential
role in producing fuels [81,82]. It has been discussed in the literature that hydrogen pro-
duced from the fermentation of simple carbohydrates, such as glucose and xylose, has
great potential to dominate the fuel sector [83-85]. Mannitol is a simple carbohydrate with
high water solubility, which is observed at nearly 20-30% in the dried brown seaweed [86].
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It has been reported the fermentative production of hydrogen yields 5 moles of hydrogen
per mole of mannitol consumed for the acetic acid pathway, 1 mole of hydrogen per mole
of mannitol consumed for the ethanol or lactic acid pathway, and 3 moles of hydrogen
per mole of mannitol consumed for the butyric acid pathway [87]. The heat pre-treatment,
mannitol concentration, and pH were reported to be the rate-determining factor in hydro-
gen production. The anaerobic digestion process yields nearly 1.8 moles of hydrogen per
mole of mannitol used; however, maintaining the fermentation conditions is a challenging
task [88].

8.4. Seaweed into Biofuel

Production of bioethanol from seaweed can reduce agricultural land, freshwater
consumption, and chemical fertilizer usage, ultimately reducing the environmental impacts
throughout the lifecycle. The pulp, which remains after seaweed processing, creates an
unnecessary burden if not utilized. The pulp contains many carbohydrates, which can
be used for bioethanol production, and the leftovers from the fermentative bioethanol
production can be used as a fertilizer [89]. Statistically speaking, Kumar S. et al., 2013 [90]
have reported that nearly 25% (w/w) of the pulp can be obtained after the seaweed biomass
processing, out of which the cellulosic material constitutes 40%, and the hemicellulosic
material constitutes nearly 20% of the overall leftover pulp (w/w). On the successive
enzymatic hydrolysis process, almost 88% of the cellulosic material is converted into
simple sugars and utilized further in the fermentation process with 86% of bioethanol yield
efficiency. Moreover, it has been assumed that the CO, absorption in the algal biomass
is nearly seven times higher than that of terrestrial woody biomass [91]. Therefore, the
ultimate carbon sequestration can further reduce the environmental impacts associated
with the lifecycle of bioethanol production. Several researchers have extensively worked
on bioethanol production from the seaweed pulp, and several seaweed species have been
reported in the literature in the same context. Yeon et al., 2016 have reported getting 0.386 g
of bioethanol per g of Sargassum sagamianum seaweed pulp [92]. In contrast, Yanagisawa
et al., 2011 have used a cluster of species, including U. pertussa, G. elegans, and A. crassifolia,
to get the yield of 0.381 g, 0.376 g, and 0.281 g of bioethanol, respectively [93]. Kumar S.
et al., 2013 have extensively collected the literature from the past decades to compare the
bioethanol yield from various biomass [90], and it was reported that the highest bioethanol
yield of 0.46 g of bioethanol was obtained per g pulp of G. verrucosa seaweed. Kim et al.
(2015) have reported that red seaweed, especially Gelidium amansii, is a great potential
source for bioethanol [94]. This red seaweed species has a high carbohydrate content, which
can easily be converted into simple sugars such as galactose or glucose via hydrolysis, and
produce bioethanol after fermentation. Approximately 11 million tons of red seaweed were
produced in 2011, while there has been a constant increment reported in the production [94].

The production of bioethanol from seaweed has many technological barriers. The
processes involved in bioethanol production, including seaweed harvesting, pulp pre-
treatment, enzymatic hydrolysis, and the fermentation process, require techno-economic
upgrades for achieving a higher yield. The adaptation of the new saccharification methods,
i.e., simultaneous and combined saccharification process, and enzymatic hydrolysis, have
reportedly increased the bioethanol yield by the 20%. The method was effective in most
cases with low or single polysaccharide content in the seaweed [67].

8.5. Seaweed as an Animal Feed

The traditional raw materials used for animal feed include oats, soybean, wheat,
barley, and sorghum. The critical setback in using the traditional feedstock is that, apart
from being a healthy source of the human diet, they are seasonal crops, and they require a
considerable amount of time to grow. The use of such resources throughout the year can
create a feud among the supply value chain and lead to inflation in the food prices [95].
Seaweed possesses many advantages over seasonal crops as they can be harvested in any
season, proliferates, and do not require terrestrial agricultural land [96]. Seaweed contains
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several bioactive compounds and healthy nutrients, which can serve the purpose and
provide dietary benefits. The seaweed extract contains soluble fibers, including fucoidan,
alginate, and ulvan, which have good antimicrobial properties. Gardiner et al., 2008 and
Reilly et al., 2008 have mentioned the use of seaweed extract in pig diets as some feed
antibiotics [97,98]. Kolb et al., 2004 mentioned using seaweed extract in the cattle’s diet
as a dietary supplement [99]. They also mentioned that the addition of seaweed extract
improves animal health and increases milk quality. It has been reported that seaweed can
replace nearly 15-20% of the traditional poultry diets based on the type of seaweed and
the poultry animal [100].

8.6. Seaweed in Pharmaceuticals

In the past few decades, extensive research has been carried out on seaweed extracts
in various medical and pharmaceutical products. Cancer prevention, tumor-suppressing,
and health recovery treatments using seaweed extract are documented in the literature.
Funahashi et al., 1999 documented a series of seaweed types and their effectiveness in
preventing and suppressing cancer. The administration of seaweed extract at 1.6 g/kg
body weight of the patient for 28 days reportedly inhibited 46-70% of the Ehrlich carci-
noma [101]. The brown seaweeds such as Scytosiphon lomentaria, Laminaria japonica, Lessonia
nigrescens, and Sargassum ringgoldianum used in the study showed 70%, 58%, 60%, and
46% of inhibition, respectively. Apart from brown seaweed, some of the red seaweeds, like
Eucheuma geltinae, Porphyra yezoensis, and green seaweeds, such as Enteromorpha prolifera,
have shown nearly 52% of inhibition. Various biomolecules obtained from seaweeds such
as fucoids, glycolipids, and phospholipids have shown great potential against the MethA
fibrosarcoma and have an antimetastatic effect on A549 lung cancer [102].

Some of the biomolecules extracted from the brown seaweed have excellent dietary
fiber content, which plays a significant role in cancer prevention. Brown seaweeds such as
Undaria pinnatifida and Hijikia fusiformis were found to have a high concentration of Fucoxan-
thin, and are frequently used as a daily dietary supplement in Asian countries. Other brown
seaweeds such as Ecklonia kurome and Laminaria japonica were found to have laminarin as
an active ingredient. Laminarin is a water-soluble polysaccharide with 3-(1-3)-glucan link-
ages [103]. Moreover, brown seaweeds are bountiful with Carrageenans and Phlorotannins,
linear galactans with antioxidative properties [104]. Some of the red seaweeds, including
Gracilaria arcuate and Actinotrichia fragilis, have 3-amino-1-propanesulfonic acid, which
is commercially known as alzhemed. The alzhemed drug treatment at stage III clinical
trials is effective in Alzheimer’s disease treatment [105]. The clinical trials have reported
that the absorption of 500 mg of brown seaweed like Fucus vesiculosus can lead to an 8%
increment in insulin sensitivity index than that of placebo in diabetic patients [106]. Alginic
acid is one of the important biomolecules obtained from brown seaweeds, and has wide
biomaterial applications to prepare nanoparticles or gel for targeted drug delivery [107].

8.7. Seaweed in Cosmetics

The cosmetic industry has been booming for the past few decades with approximately
EUR 400 billion trade worldwide. Europe is the leading cosmetic market with a EUR 72 bil-
lion business, followed by the USA (~EUR 38 billion) and Japan (~EUR 30 billion). France
has a substantial cosmetic market with nearly EUR 25 billion trade with roughly EUR 8 bil-
lion trade surplus [108]. The cosmetic industry is always hunting for new constituents for
economic and social purposes. Bio-based materials have significant demand in the cosmetic
industry, and the marine algal source has been considered extensively in cosmetics product
development [109]. Seaweeds are the apparent option to consider in the cosmetic industry,
as they contain various biomolecules, named phycocosmetics [108]. The brown seaweed
Macrocystis pyrifera belongs to the laminariaceae family, which contains hyaluronic acid.
Hyaluronic acid is the prominent constituent of the extracellular matrix and hence used
as a treatment aid for burn victims since 1968 [110]. In many other cases, plastic surgeons
use hyaluronic acid for treating volume loss and face wrinkles [108]. Fucoxanthin and As-
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taxanthin are major biomolecules constituted in the brown seaweeds. These biomolecules
have excellent antioxidant properties, and therefore, have applications as an anti-aging
ingredient in the cosmetic industry [111]. Micosporine-like amino acids (MAAs), such as
shinorine and usujirene, are found in most seaweed algae. These molecules are responsible
for absorbing most of the UV radiation between 310-360 nm and hence protect the seaweed
algae. These MAAs have been exploited on an industrial scale for their application in
sunscreen lotion [112]. Many brands such as Daniel Jouvance (LA Gacilly, France), Science
& Mer (Paris, France), Phytomer (Brittany, France), Algotherm (Brittany, France), and
Gelyma (Marseille, France) are working on commercializing the phycocosmetics, and many
others are exploiting the future possibilities.

9. Sustainable Seaweed Applications

Researchers are exploiting the various ways through which seaweed can be utilized
maximally. However, even though world seaweed production has been increased three
times in the past 50 years, the sustainability of seaweed functionality is still a challeng-
ing concern [113]. Sustainability is a relative concept, especially in seaweed cultivation,
and depends on the production region. Many reports on seaweed functionality have
reported that the time of harvest, as discussed earlier, has a significant effect on its appli-
cability. For example, Adam et al., 2011 reported a 30% higher biomethane yield when
the Laminaria digitate seaweed is cultivated and harvested in June, compared to winter or
spring [114]. Similarly, Jard et al., 2013 observed a 25% higher biomethane yield when
Saccharina latissimi seaweed was cultivated and harvested in August, compared to the
winter or summer [26]. Therefore, seaweed sustainability must be discussed and assessed
to identify the sustainability benefits and drawbacks in relation to seaweed functionality.

Conversion of seaweed biomass has typically been presented as having strong po-
tential for biorefinement in the present literature, wherein its composition, treatment
technologies, and value chains are discussed, similar to that of microalgae. Few published
reports have focused on the characteristics of seaweed and its application in bioenergy.
The rest of the published research has noted its carbon capture capacity and viewed it as a
solution to the ‘food vs. fuel’ debate. Moreover, the sustainability and thorough analysis
of a value chain in the biorefinery process is still lacking in the literature. Sustainability
is often a vaguely used term in literature on seaweed cultivation, focusing on ecology
and the environment. Nonetheless, with an increase in the number of reports on seaweed
functionality, it is necessary to implement sustainability assessments comprehensively,
which could also support finding improved seaweed economics and social acceptance.
In the present manuscript, available literature on environmental and techno-economical
aspects of seaweed’s value chain has been collected and described. The value chain of
seaweed is presented in Figure 4 below.

In 2007, the Biorefinery International Energy Agency (BIEA) identified different tasks
that need to be achieved in order to develop a low-carbon sustainable economy. Task
42 aimed to implement sustainable biorefineries with a zero-waste value chain and the
production of both bio-based food and non-food-based value chains [115]. The biomass
from terrestrial origins is still the predominant feedstock; however, aquatic biomass is
considered for the biorefinery approach in recent years. A seaweed biorefinery process
could provide an essential boost to the seaweed market, thereby closing the loops in the
circular economy. With additional economic value given to seaweed processing, several
technologies have increased along with interest in this field, as reported by Laurens et al.,
2017 [116]. Since seaweed is still an expensive feedstock (~USD 50-80/ton), the biorefinery
approach allows full use of available biomass, including high-value applications, giving
more socio-economic and environmental benefits. Figure 4 depicts the potential biorefinery
approaches in seaweed processing through different systems. System 1 illustrates the
traditional methpd of utilizing seaweed for the production of furfural. System 1 is the
most discussed pathway in the literature, wherein seaweed is processed via physical and
thermochemical technologies to extract the complex carbohydrate content (such as xylose,
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alginate, levulinate, etc.), thereby converting it into furfural. This system’s implementation
is mostly at an early stage of development and at pilot scale in some cases. Furfural is a
starting material for various products and a key intermediate in many bio-based value
chains. Furfural derived from bio-based sources can be converted to solvents and chemicals
used in the polymer and pharmaceutical industry, as projected in Systems 5, 6, and 7.
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Figure 4. Seaweed biorefinery.

System 2 is the obvious choice for seaweed processing, wherein the proteins and other
parts are separated for a variety of food applications. This system has been established
in Asian countries, where seaweed is consumed as a food in various cuisines, including
Furikake, Jerky, Sea-chi (kimchi), pickle, salsa, tea, etc. Seaweed-based food companies
such as Cargill, Acadian seaplants, DuPont de Nemours, Irish seaweed, Mara seaweed,
and Beijing Leili had nearly USD 5 billion/year collective trade in the last decade [117].
System 3 depicts another biorefinery route for seaweed processing, wherein the seaweed
extracts are used as active biological ingredients in food, pharma, and cosmetics industries,
as discussed previously. Carrageenan, alginate, and agar were found to have antiviral, anti-
inflammatory, antibacterial, and antioxidant properties, attracting interest from various
pharmaceutical companies [118]. Institutes such as IOTA pharmaceuticals, Oncology
SME, University of York, and the University of Cambridge have collaborated to develop a
seaweed-based drug system to fight cancer. According to a recent public report, scientists
at Rensselaer Polytechnic Institute have claimed that the seaweed extract (RPI-27) could
outperform the well-known COVID-19 drug Remdesivir to trap the virus before it can infect
the human body. In addition, several cosmetic industries, such as, Earthrise Nutritionals
(California, USA), Cyanotech Corporation (Kailua-Kona, Hawaii), BlueBioTech Int. GmbH
(Kaltenkirchen, Germany), Bluetec Naturals Co., Ltd. (Erdos, Inner Mongolia, China), and
Tianjin Norland Biotech Co., Ltd. (Tianjin, China), etc., have been developing an entire
range of cosmetic products based on seaweed extracts. System 4 presents one possible
biofuel concept from seaweed extract, which is widely discussed in the literature [93].
There are also potential economic benefits in producing other value-added products, such
as bio-butanol and biogas, for implementing this route. First- and second-generation
biomass, used for fuel production, has limitations in terms of its usability and sustainability.
However, macroalgae’s current developments can overcome these hurdles and provide a
sustainable low-carbon economy by exploiting the output of value-added products, apart
from bioenergy [119].
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The LCA’s quantitative and qualitative analysis can exploit the benefits of the seaweed
value chain. The literature on the LCA of the seaweed value chain is limited, with most
papers focusing on biofuels. The European Directives embraced the LCA methodology in
2009 to evaluate the environmental impacts generated by biofuels during their entire life
cycle, and created an objective to reduce the GHG emissions by 50% in the next decade [120].
The available literature on LCA of seaweed applications is compiled in Table 3 below.

Table 3. Life Cycle Assessment of Seaweed Algae Applications.

System Impacts
Sr. No. LCA Study FU Boundary Studied * Hotspots Ref.
LCA of . Production of 1 kg Land use, water, Soil
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) . Grave FD co-products
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Table 3. Cont.

System Impacts
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After evaluating available LCA studies, it was observed that most of the studies
focus on the cradle-to-gate approach. Discussion around the application or the end-of-
life section is missing from most of these studies; wherein, the end-of-life section is only
considered in biofuel applications (combustion of the fuel). Energy consumption and
seaweed cultivation were major impact contributors in fuel applications. In the non-fuel
applications of seaweed, LCA studies indicate that seaweed cultivation plays a significant
role in imposing environmental impacts throughout the cradle-to-gate scenario. Tradition-
ally, infrastructure is excluded from LCA studies; however, seaweed cultivation requires
specific infrastructure, different from terrestrial ones, to facilitate higher growth. Therefore,
impacts associated with infrastructure development have to be considered to get a realistic
overview; however, this aspect has been neglected in available studies. Technology usage
was different in every study, starting from the seaweed cultivation until the intended
application production. Therefore, it is not easy to compare all studies on the potential
seaweed-based product and their commercially available counterpart. Due to the presence
of reactive nitrogen in nutrients and the anoxic conditions that occurred during seaweed
cultivation, nitrogen emission (N,O, NH3, etc.) most likely occurs, which leads to acidifica-
tion and GHG emissions [137,138]. Provided that N,O has a GWP of 250 times the GWP of
CO;, more emphasis must be put on such emissions, and the emission factors have to be
considered while interpreting the environmental impacts. Similarly, the CO, fixation at the
cultivation step and CO, emission during the user phase (especially combustion in biofuel
applications) need to be considered. Most studies have omitted this part and considered
the entire process as a CO;-neutral process. This approach may significantly affect the
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GWP impact, and therefore, the greenhouse gas flow must be considered. Additionally,
these studies have considered various functional units and impact assessment method-
ologies, making it challenging to compare seaweed-based products on an environmental
or economic basis. As mentioned previously, the LCA studies have been conducted for
the high-end seaweed-based products only, whereas most low-end products and their
feasibility are not discussed. Moreover, the discussion about co-products or by-products
generated during the seaweed’s processing is missing, which would improve the seaweed
value chain. Feasibility studies, including techno-socioeconomic assessment, should be car-
ried out to promote the seaweed-based products and support the selection of economically
viable and environmentally sustainable value chains.

10. Techno-Economic Assessment

Apart from technological glitches, seaweed is at the center of attention for its potential
to substitute fossil-based products and positive environmental impacts, such as nutrients
recovery. However, seaweed farming has to be compatible and sustainable to accomplish
either of these needs. Presently, seaweed is primarily produced for consumption purposes,
whereas its production for high /low value-added products such as fertilizers, bioenergy,
and biomaterials is still at a developmental stage. Scarce information is available in
the literature for techno-economic assessment of seaweed-based value-added products;
however, published literature implies that seaweed cultivation and harvesting is the
decisive factor in estimating the cost of bio-based products [66,139]. It was reported that
the seaweed harvesting cost would vary from USD 200-900/ton of dry mass, based on the
type of seaweed cultivation [65]. Moreover, the use of seaweed as food and chemical seems
a worthwhile option. Clarens et al., 2010 suggested the optimization of seaweed farming
by expanding the current production line and producing value-added products or selling
wet seaweed at a higher price (USD 2/kg) to have profitable farming [140]. Electricity
production from seaweed has often been discussed in the literature, and a break-even selling
price of USD 154/MWh was estimated. This break-even price of seaweed-derived electricity
is comparable with the existing renewable sources like solar (USD 150 4+ 10 MWh) and
thermal (USD 250 + 10 MWh). Jorquera O., 2010 [141] assumed that nearly 16 MMT of
dry seaweed would be required to sell the electricity to the industrial sector at the rate
of USD 70/MWh. However, it was also assumed that if the government subsidizes 20%
of the production cost, then the required seaweed production would go down to nearly
11 MMT. The UK government has taken an initiative to subsidize the electricity production
from seaweed anaerobic digestion, by which the failure in time price of the electricity has
been set to 147 GBP/MWHh for small-scaled units [66]. Dave et al., 2013 have reported
the break-even selling price of 178 GBP/MWh at an internal rate of return of 8% while
considering 86.4 tons/day dry seaweed consumption, 64% conversion rate at anaerobic
digestion, 25% capital fees, and 4% operational cost [66]. Nevertheless, seaweed farming
must develop business cases for future value chains and optimize strategies. In order to
compete with already established products or chemicals, the risk factors, such as seaweed
growth variation, nutrient recovery, CO, fixation, market volatility, CapEx, OpEx, and
supply-demand value chains must be analyzed. Government viable funding, subsidies,
and seed funding are needed to develop a viable seaweed market; otherwise, the seaweed
business will not be sustainable.

11. A Way Forward

It is understood that seaweed has a great potential to go beyond its application as
food and support the transition to a bio-based economy. However, specific shortfalls in
knowledge have been identified based on the listed scenarios. It is unknown from the
available literature how seaweed can mitigate climate change’s ongoing problems and
support the concept of a circular economy. The available literature does not discuss viable
business models for seaweed apart from its application as food. The social aspects are
still missing from the available documents, which play a significant role in product estab-
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lishment. Producing seaweed-based products at a laboratory scale and comparing them
with already established benchmarks will not elucidate the barriers to commercialization.
Therefore, a clear path forward is needed to consider the aspects which would lead to
the commercialization of financially viable seaweed-based bioproducts. Based on the
present understanding, we have summarized the “PBFS” approach, which is essential
while considering seaweed-based products’ feasibility. The PBFS based product feasibility
approach is presented in Figure 5 below. This approach considers four significant aspects of
commercialization, including process development (P), by-product promotion (B), financial
assistance (F), and social acceptance (S).

Social Acceptance @ Process Improvement
Awareness and Public Perception Bioconversion, Downstream
Processing

Seed Funding for Start-ups, Viability

. . . Byproduct Promotion
Financial Assistance h yp
e Bioenergy, Biochemicals, Biopolymer,

Gap Funding, R&D Funding

biobased Pharmaceuticals
Figure 5. Seaweed product feasibility approach.

The first and foremost step is to achieve technological enhancement. In the process’
economics, it is understood that nearly 30% of the production cost is accompanied by
feedstock processing and handling. Technological improvements will help in increasing
product yield, thereby reducing the feedstock processing cost. It may include better storage
facilities, separation processes, enzymatic hydrolysis, pre-treatments, fermentation, etc.
Emerging technologies and R&D in the field of biotechnology and biochemical processing
can improve seaweed-based product economics. Apart from this, skilled labor would play
a significant role in R&D, thereby developing novel technologies and improving the overall
process.

The second part of the feasibility approach is promoting co-products and by-products
developed during seaweed processing. It is understood that the bio-based products are not
economically viable compared to their chemical counterparts if produced in a stand-alone
facility. It is evident from the overall scheme in Figure 4 that several by-products and
co-products are generated while processing seaweed, including proteins, polysaccharides,
pigments, extraction residues, etc., have a commercial value in the market. If the production
line were strategized so that co-products/by-products are separated efficiently, and their
respective processing is considered within the system boundary, then the seaweed-based
product would become more economically viable.

The third approach is assisting these projects financially. Stand-alone facilities with the
production of seaweed-based products will not survive on their own. For promoting the
bio-based economy, the EU and other countries must develop a policy bubble for producing
bio-based products. These stand-alone companies should be provided with seed funding
for start-up and R&D at the initial development stage. To compensate for the production
cost, viability gap funding should be provided until the selling price becomes profitable.
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Other financial initiatives such as collective tax reduction, incentivizing bio-based products,
and defining minimum seaweed purchase price are also encouraged.

The fourth important aspect of achieving the feasibility of seaweed-based products
is to improve social acceptance. End users are a significant part of the value chain, since
it is they who utilize or consume the product. However, the end-user is always willing
to get a premium experience at a low cost, and more often than not, is uninterested in
changing the conventional route. It is essential to convey the value-added benefits and
competitiveness of a bio-based product to the end-user. Target-specific information would
help customers to understand the merits and usefulness of seaweed-based products. The
EU may play a crucial role in developing a policy, awareness, and advertising benefits
to attract potential customers. Apart from this, evaluating socio-economic aspects and
developing benchmarks will also assist in decision-making and social acceptance.

12. Conclusions

The bio-based economy’s prospects seem compelling, given that it is an innovation-
based sustainable system, fulfilling the circular economy’s goals. The latest understanding,
research, modifications, and competitiveness of bio-based products have propelled unprece-
dented growth in the last couple of decades. However, some market-driven aspects such
as commercial success, scale-up, and economic viability are severe obstacles to progress.
Seaweed is a significant feedstock for various bio-based products, which is still in its
infancy, and has excellent development potential. Seaweed cultivation has been restricted
to food applications so far, and its multi-dimensional usage has not yet been explored
commercially. Seaweed cultivation ensures several benefits, including its ability to trap
sea nutrients, limit eutrophication, increase biodiversity, and achieve carbon sequestration.
Seaweed processing requires extra steps, which could, holistically speaking, counteract en-
vironmental sustainability. However, full exploitation of seaweed feedstock with targeted
biorefineries approaches and novel value chains is expected to bring environmental and
socio-economic benefits.
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HTP Human Toxicity Potential
FAETP Fresh Aquatic Eco-toxicity Potential
MAETP  Marine Aquatic Eco-toxicity Potential

TETP Terrestrial Eco-toxicity Potential

AD Abiotic Depletion

EP Eutrophication Potential

GWP Global Warming Potential

AP Acidification Potential

obr Ozone Depletion Potential

TA Terrestrial Acidification

FD Fossil Depletion

WD Water Depletion

IR Ionizing Radiation

GHG Green House Gas

5-HMF 5-Hydroxymethylfurfural

FFC Fossil fuel consumption

RD Resource Depletion

NMVOC Non-Methane Volatile Organic Compound
PM Particulate Matter

NREU Non-Renewable Energy Use

PBFS Process development, By-product promotion, Financial assistance, and Social acceptance
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