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EXECUTIVE SUMMARY

With its ability to sink carbon, sustain marine biodiversity, employ women, and unloslesaleedcfaingg
demonstrates how development, climate, and nature work together to generate value and uplift communities
Seaweed farming can help build a world free of poverty on a livable planet and has enormous Tin@wvth potential.
report has identified ten global seaweed markets with the potential to grow by an additional USD 11.8 billion by
2030 (Figure A). Yet, much of the seaweed sector’s value remains untapped - it has clear growth potential beyon
current markets. Today, most farmed seaweed is used for direct human consumption, as fresh feed in aquacultu
as hydrocolloids. However, seaweed-farmed products may be able to displace fossil fuels in sectors such as fa
and plastics; can provide ecosystem services, such as carbon sequestration and nitrogen cycling; and can gen
socioeconomic benefits in fragile coastal communities. Further, the market is currently dominated by a handf
Asian countries, which produce 98 percent of farmed seaweed by volume globally. Opportunities for growth in
regions and applications are high.

Aims and methodology

TheGlobal Seaweed New and Emerging Markets Repoqr@@&8s an analysis of the commercial opportunities
for new high-growth seaweed market applications that could increase the scale of seaweed cultivation and enhg
value-added seaweed processing. The report assesses realism and readiness-to-scale of technologies needsd
grow more seaweed, extract increasingly valuable compounds, and create quality products for a range of mark
It assesses the potential for the industry to provide optimal socioeconomic and environmental benefits and g
entrepreneurs, investors, and policy makers towards ensuring the seaweed sector fulfills its potential now and
the future.

The report focuses b relatively new and emerging seaweed applicatimishave the greatest market
opportunities outside the established agar, alginate, carrageenan, food and aquaculture feed sectors. It examine$ i
ecosystem service side of the seaweed sector, providing case studies from emerging projects, along with predict
relating to whether — and how — these services could one day be monetized.

Information was gathered through interviews with key players in the sector, supported by scientific literature g
market data. The interviews covered a range of topics including the applications that present the greatest opportu
for seaweed; when seaweed-based products are likely to become cost-competitive; and the challenges the sea
sector needs to overcome.
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FIGURE Rredicted seaweed market size by 2030 ($ millions) with chance of market establishment indicated by color on
a high-level market horizon timeline
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Key findings of this study

ooooooooooooooocooooocooooooooooooooooooooooooooooooooo.ooooocooooooooooooooooooooooooooooooooocooooocooooo

: F|nd|ng 1: The most promising short-term markets for seaweed (beyond conventional market apphcatlons)
: are biostimulants, animal feed, pet foods, and methane-reducing additives. 3

0 000000000000000000000000000000000000000000000000808000000000000000000000000000000000000000000000000000800 ¢

» Short-term markets (before 2025)

Biostimulants, animal feed additives, and pet food are the most promising short-term markets for seaweed,
projected to reach USD 4.4 billion by 2030 (FigufeaAyeed-based products in these high-growth markets

already show competitive value propositions and prices. They also present low processing complexity with no
significant challenges to scaling compared to other applications. Animal-feed additives reduce dependence on
synthetic products and improve animal productivity by reducing feed conversion ratio. Methane-reducing additives
represent a totally novel market and, even though there are significant technological and regulatory challenges, there
are more vigorous efforts to overcome these in the short term compared to other markets.

ooooooooooooooocooooocooooooooooooooooooooooooooooooooo.ooooocooooooooooooooooooooooooooooooooocooooocooooo

: F|nd|ng 2: Nutritional supplements, known as nutraceuticals, alternative proteins, bioplastics, a.'nd fabrics
: offer medium -term opportunities. 3

000 0000000000000000000000000000000000000000006000000000060006000000000000000000000000000000000000000000000 o
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* Medium-term emerging market opportunities (2024-2028)

Nutraceuticals offer medium-term market entry points at high value but with the potential for regulatory hurdles

to slow down the development of this market, which is projected to reach USD 6 billionAlje2t&ive

proteins, bioplastics -plastics substitutes from renewable biomass sources- and fabrics are also emerging medium-term
market opportunities. Because of the challenges they face from significant production costs, prices, and functionality,
these markets will need to achieve significant improvements in the cost and availability of seaweed, or else find only
niche use cases in the future.

* Long-term emerging market opportunities (after 2028)

Pharmaceuticals are thought to offer a long-term market opportunity, but with significant regulatory challenges

and a high cost of product developmBrie to many complex assumptions and lengthy approval times, projections

on the market value for pharmaceuticals are unreliable. Construction, such as for building materials, may present a
long-term emerging magketected to reach USD 1.4 billion by 26i80more likely as a niche application, or

through waste valorization in processing seaweed for other applications.

: F|nd|ng 4: To fully realize its potential, the industry will need to overcome several key issues, mcludmg the
avallablllty of seaweed, pricing challenges, and regulatory barriers. :

Beyond application forecasts, a major challenge across all markaislilithheof seawedokcause of current

limitations in volume, consistency, and the quality of the supply. Current main markets, including seaweed for human
consumption and hydrocolloids, are growing consistently and any new markets will have to compete with these
established supply chains. This emphasizes the need to significantly increase primary production of seaweed.

In addition, the more the application competes with commodity or commodity-derived products such as plastics or
construction materials, the highehtileenge of developing competitive price |efeelseaweed.

To overcome thlsiprefinerydevelopment presents opportunities to obtain an economically feasible process by
deriving several products from a single input of seaweed.ddompetiginn between marketisat are based

on the same compound is expected, and producers will likely switch to the higher-value markets once accessible,
reducing the size of previously established markets.

Regulationwill also play a significant role in the trajectory of the markets assessed and will have to be analyzed on
an individual basis.

: Flnd|ng 5: The climate and environment benefits of seaweed farming will help drive growth as mterest in
: “green” products continues to increase :

Overall, a major driver for most of these potential emerging markets is the “green” benefits of seaweed, and many
product developers have expressgidace on sustainability premiutogenerate profits.
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Credit schemes relatinge¢osystem servicesould potentially improve the business case for seaweed-based
products, but require robust monitoring, reporting and verification before they can be widely established.

The current focus for seaweed cultivapimvisioning servicesvhich relate to material benefits produced by

natural ecosystems that can be extracted directly from nature to meet basic human needs. However, macroalgae
provide a range of other ecosystem services that moderate, regulate, or support the natural world that have not been
fully commercialized or leveraged. Multiple organizations have submitted proposals for blue carbon credits using
seaweed. Based on this, it is possible that internationally recognized credit certifications for blue carbon seaweed
projects will be available by 2025.

The scale-up of land-based bioremediation operations that can remove or degrade contamination, pollution, and
toxins from soil and water to restore land, are expected over the next 12 months, and more attention is shifting toward
the bioremediation potential of ocean farming and macroalgae-based, integrated, multi-trophic aquaculture

(IMTA)

Several stakeholders suggestetitthversity enhancemeotuld become one of the more important ecosystem

service attributes of seaweed farming and restoration over the next decade. Nevertheless, there are some critical
challenges to address for these applications: including insufficient measuring, reporting, and verifying; slow
certification procedures; a lack of awareness; and a lack of alignment between members of the scientific community.

Conclusion

The seaweed sector has clear growth potential beyond its current markets and can help shape a world free of poverty
on a livable planet. Enhanced seaweed production and improved value chains can contribute to meeting at least nine
of the 17 U.N. Sustainable Development Goals (SDGs). For example, seaweed farming can sink carbon, sustain marin
biodiversity, and employ women. At a time when global resources are increasingly overstretched, it is particularly
important that the world makes the most of those resources — such as seaweed — that can both be swiftly regenerated
and potentially help to regenerate the ecosystems that support them. Seaweed farming in new markets and with new
applications can support development, climate, and nature work to generate value and uplift communities.
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INTRODUCTION

Although seaweed has been cultivated for decades in parts of Asia, there is growing support
producing a wider range of seaweed species in a broader range of geographical locations,
time, it is hoped, these can be used for a wider selection of seaweed-derived products in mult
industries. However, many of the uses currently being touted for seaweed products are still in t
infancy and require further research and investment before their real potential can be ascertai

One main reason seaweed farming is gaining popularity is that both cultivation and processing can bring a rang
socioeconomic benefits, particularly in coastal communities where many traditional jobs — such as fishing — are in de

From an environmental perspective, seaweed cultivation can fix carbon, improve water quality by absorbing ex
nutrients such as nitrogen, provide a habitat for a variety of beneficial organisms, help to prevent coastal erosion, e
provide a suite of other ecosystem services.

Meanwhile the use of farmed seaweed can have indirect benefits by mitigating or displacing more resource-inte
components — in particular fossil-fuel based ones — in a range of industries.

11 Theaurrentdate of seaveed production

The latest State of World Fisheries and Aquaculture (SOFIA) report from the Food and Agriculture Organization
United Nations reported total global algae production to be 36 million tons wet weight in 2020 (FAO 2022b).
includes both wild-harvested and farmed seaweed and microalgae, although the microalgae volumes are u
100,000 tons wet weight and therefore less relevant.

INTRODUCTIPH



FIGURE Global production of algae

Wild harvest
3%

Aquacultul
979

Source: FAO (2022b).
Note: The figures refer to the proportions of wild-harvested and aquaculture-based algae production of the 36 million tons harvested in 2020.

Although commercial seaweed aquaculture started in earnest only about half a century ago, the production volumes
have grown rapidly and tripled in the last 20 years. With wild seaweed resources reaching their limits for sustainable
harvesting volumes, the future growth of the industry will rely on farming.

Only a very small number of seaweed species are currently used for commercial purposes. Ninety-five percent of
current seaweed volumes comes fr@adblearin&ucheumatqi@racilaridPyropiandJndarisgspecies groups.
The dependence on these genera has gradually increased in the past 20 years.

FIGURE Xolume growth of seaweed production 2000—2020, in tons wet weight, by species group

35.0M

The 5 focus species groups
accounted for ~95% of global——
macroalgae production in 2020

Other macroalga
Undaria

Pyropia

Gracilaria
- Encheumatoids

Saccharina

2000 2010 2020

Chart: Hatch Innovation Services
Source: FAO Fisheries and Aquaculture
Created with Datawrapper

Geographically, global seaweed production currently depends on a small number of East and Southeast Asian nations,
where commercial farming began more than 50 years ago. Both in volume and value, Asian producers dominate the
market, with over 98 percent of market share. The two largest producers, China and Indonesia, supply 56 percent

2 | GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



and 27 percent of farmed seaweed by volume, respectively, followed by South Korea and the Philippines, which both
produce 4 percent each. Countries outside Asia combined produced less than 2 percent of the total volume of farmed
seaweed in 2020.

FIGURE ®lobal seaweed production volumes 1990-2020 in key countries, in tons wet weight

Slow growth
(since 2015)

30MH

25MH

Exponential growth

(2005-2015)
20M-

15M
Stagnation

(1993-2000)
10M

5MH

1990 1995 2000 2005 2010 2015 202(
H China M Indonesial! South Kore&® Philippinesll Other Asiall Rest of World

Created with Datawrapper
Source: FAO (2022a)

Between 2015 and 2020, the growth of global seaweed aquaculture slowed in most regions. A recent assessment
by Hatch Innovation Services of the state of seaweed farming in the main producing regions suggests much lower
production overall than previously — and stagnating or decreasing volumes in the coming years — in some of the

top seaweed-producing regions (Hatch Innovation Services 2023). This is primarily due to significant challenges the
conventional farming sector is facing.

Climate change is creating shorter growing seasons and warmer waters, leading to a decrease in commercial seaweed
yields. Seaweed farming in Asia is almost entirely reliant on human labor, yet in East Asia fewer people are available
to work in the sector, while in Southeast Asia, the levels of efficiency are static and primarily restrained by the lack of
good-quality seed supply.

Apart from these challenges, on-the-ground research reveals that, because of data reporting issues, the reported
official production volumes in some of the leading seaweed-producing countries are not realistic and that seaweed
production in Asia is in fact much lower than officially stated (Hatch Innovation Services 2023).

Another key discovery during this research is the lack of innovation in the established seaweed farming regions,
with very few novel cultivation or processing methods encountered (Hatch Innovation Services 2023). This situation
suggests that — despite the groundswell of support for seaweed production and processing in the West — the Asian
blueprint is not necessarily a recipe for success in other regions.

INTRODUCTIDS



12. Seawveed production: AWestern
perspective

More recently, there is a substantial focus on seaweed farming in North America and Europe, both within the public and
private sectors. For example, the European Union considers seaweed farming to be a key pillar of its blue bioeconomy
strategy (European Commission 2022). In 2022, there were approximately 200 startups in Europe, North America,
Australia and New Zealand working on seaweed (Hermans 2023).

However, production volumes of farmed seaweed in North America and Europe are just in the hundreds of tons, and
growing only slowly. Similarly, Africa and Latin America have high potential to use their long coastlines and Exclusive
Economic Zones for seaweed production, yet the volumes are only increasing very slowly in these regions too.

13. Qurrentseaveed markets

In Asia, seaweed has been part of the human diet and food culture for centuries. This has been the primary driver
to establish supply chains for temperate seaweed species in East Asia. Besides its nutritional value, seaweed has
grown even more popular in recent years in Asian cuisine because it adds unique textures and flavors to food (Rioux
et al 2017). These features, combined with the fact that most species have no intrinsic toxins, make seaweed a very
attractive product for the food industry (Cai 2021).

Although the majority of seaweed biomass is used for direct human consumption, seaweeds are also commonly fed
directly to abalone, sea urchin, and other low-trophic species in aquaculture.

The third major use of seaweeds today are as food additives. Seaweed-derived hydrocolloids are used for their
gelling, stabilizing, and thickening functionality. Seaweed contains a large proportion of carbohydrates as structural,
storage, and functional polysaccharides. These consist of bonded sugar molecules. Phycocolloids or hydrocolloids
are a heterogeneous group of long-chain polymers (polysaccharides and proteins) commonly found in seaweeds. The
most important ones commercially are alginates, agar, and carrageenan. They are primarily used in a variety of food
industry sectors, including the production of bakery, dairy, and meat products.

Alginate the most abundant polysaccharide in brown algae, makes up as much as 40 percent of t
brown seaweed (Rosenbebah2022). Currently, alginates are used as gelling agents in the food i

as a stabilizing and thickening substrate in the beverage, cosmetic, paper, pharmaceutical, pri
sectors (Aswathi Moleaml.2022), but research is under way to develop garment-ready textiles

alginate. The most commonly used species for the extraction of alginatesAasmfiioylithe Durvillag
Ecklonia, Laminaria, Lessonia, MacracytSiargassumgenera (McHugh 2003). Most of the volume
for alginate production are harvested from wild stocks. The forms of alginate used in the food ind
acid, sodium alginate, potassium alginate, ammonium alginate, calcium alginate and propylene
and they respectively carry the European additive codes E400 to E405 (Featherstone 2015).

Agaris a mixture of polysaccharides composed of agarose, the gelling component, and agrope
a low gelling capacity (Armisén and Gaiatas 2009). It has various applications in the pharmace
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cosmetic sectors as a hydrocolloid, with 90 percent of production used in the food industry. Ag
cell wall constituent of certain red seaweeds, especi@dlidianspp.Gelidiellapp. andsracilariapp.
(Kaliaperumal 2003). Most of agar's commercial production comes from cultivated seaweed (
is defined as a strong gelling hydrocolloid from marine algae, it is a food additive considere
Recognized as Safe (GRAS) by the US Food and Drug Administration (FDA). In Europe it is cl
additive (Armisén and Gaiatas 2009).

Carrageenars a hydrocolloid, similar to agar, that can be extracted from the cell walls of red seaw
represents between 30 and 80 percent of the cell wall constituents and acts as a structuring agg
Anil and Kim 2017). It has various applications in the pharmaceutical, food and cosmetics secto
carrageenans, differing in their chemical structures and properties, have different uses. The d
commercial interest are called iota, kappa and lambda. The main supply of carrageenan comes frd
aquaculture in tropical regions, predominantly Indonesia and the Philippines. For the food indus
is labeled as E407 in the European Food Additives Classification (FAO 2018).

Beyond industrial hydrocolloids, it has been demonstrated that seaweed polysaccharides — polysaccharides obtained
from the cell walls of seaweed — provide health benefits. Fucoidans, mannitol, laminarin and ulvan are four examples
that are used in specific applications for their unique bioactive properties (Kraan 2012).

Seaweeds can provide raw materials for a wide range of applications due to their diverse composition. Whether red,
green or brown, macroalgae have a multitude of compounds of different uses in varying proportions, depending on
the species. In general, seaweeds are rich in carbohydrates (which make up 35 to 74 percent of their dry weight) such
as polysaccharides; contain several minerals such as iodine, iron, zinc and calcium; lipids (0.2 to 3.8 percent) such as
polyunsaturated fatty acids (PUFAS); proteins (5 to 35 percent); essential amino acids; pigments; polyphenols; vitamins
and other nutrients.

Their chemical composition values vary significantly, according to many factors — including species, growth stage,
climatic conditions, water temperature, and the concentration of nutrients in the water. The general compositions of
seaweeds are presented in the following figure, based on approximations taken from literature reviews.

FIGURE @General composition of red, green and brown seaweeds

T 1
SEAWEEDEDGREEIRNDSROVIN

VITAMINS
0,
LIPIDS0,2 to 3,8%) ) Provitamins A, vitamins B, vitamins C,
PUFAs, Sterols, ... o
) vitamin®, ...
PIGMENTS \ Codium fragilg ASH10 to 50%)
Chlorophylls, Carotenoids, Macronutrients: sodium, calcium, magnes|um, ...
Phycobiliproteins, ... Micronutrients: iodine, iron, zinc, ...
L 0
PROTEINS to 35%) Laminaria spp CARBOHYDRATES 0 74%)
Ami ids. peptides. lectins ) < Pdysaccharides: Carrageenan, alginate, Agar,
mino acids, pep ’ T Hypnea muscifornyis Fucoidan, Ulvan, ...
3 3
WAER POLYPHENOLS
80 to 90% and after air drying Flavonoids, Bromophenols, Terpenoids,
10 to 20% MAAs, Phlorotannins, ...

Source: Based on Ito and Hori, 1989; Kim, 2011; Peng et al., 2015.
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14. New and energing gpplicationsaof seaveed

More recently, however, the applications for seaweeds have expanded significantly — from the traditional use for human
consumption to a much broader variety of applications. Beyond current applications, seaweed-based compounds are
being explored for their use in various new and emerging markets. Such new valorization opportunities could drive
further the cultivation of seaweed and its associated environmental and social benefits.

This report intends to deliver a realistic analysis of the value seaweed does provide — and could provide — to new and
emerging markets; highlight existing challenges ahead of a widespread adoption of seaweed-based solutions in those
markets; and give an estimate of the potential for seaweed in these markets.

The findings of the report are expected to help public and private sector decision makers, entrepreneurs, and investors
to make more informed decisions on how to drive the growth of the global seaweed industry.
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METHOD QO

The research that forms the basis of this report involved the identification of relevant indusg
sectors for seaweed market opportunities (Phase 1), followed by a detailed assessment of t
selected application areas (Phase 2) and a market forecasting exercise (Phase 3).

2.1 Fhase 1 — lehtification d relevant
iIndudry sectors

A combination of an initial literature review, conversations with industry experts, and learnings from a four mo
in-field study provided the list of industry sectors for further analysis (Phase 2) in this report. The aim was to ide
markets that display significant growth potential, high environmental and socioeconomic impact potential, and
levels of existing commercialization in order to discover new and emerging market opportunities.

During this first phase, over 120 existing and potential applications of seaweed were collated. A prioritization exe
was then applied to select the most promising new and emerging markets, looking at the following characteristic

1. Evidence of strong market size potential and growth forecasts. This metric looked at both seaweed-specific market figul 5.
(where available) and non-seaweed specific market figures. These included:

METHODOLOGY



» The latest figures on seaweed-specific market size and market growth, using Compound Annual Growth Rate (CAGR); the
number of seaweed-based products or applications in the market; and their respective values.
* Non-seaweed-specific market size from 2021 or 2022 — in Phases 2 and 3, which are referred to as the total addressable
market (TAM) and CAGR.
Since the market size or forecasting figures for many seaweed-specific applications were not available, because of the early
stage of their market development, non-specific market growth data was used as a signal for the potential growth of this
market.
2. Evidence of environmental impact. This includes direct environmental impact of supply and cultivation practices, as well as the
potential for displacing greenhouse gas-intense (GHG-intense) products and emissions reduction.
3. Evidence of feasibility. This metric took into account any available information on the level of technological readiness,
operational factors, and production costs of potential products and applications.

Based on expert opinions, the markets were then scored to establish a shortlist to be covered in this report. Given that
the focus of this report is on market opportunities, significant weighting was given to evidence of strong market size
and growth forecasts as indicators of market attractiveness.

FIGURE Process for selecting seaweed applications in this report

Based on:
» Market Growth Data
» Environmental impact
* Socio-economic impact
 Expert input
Wetook+120 applications Including:
of seameed - Animal Feed
e » Methan®elucing Feed Additive
Ran gorioritization screen * Alternative Proteins
to nd ourshortlist 0 » Biostimulants
... °Bioplastics
.......................... + Fabric
"""""""" « Construction
* Nutraceuticals
That we will use to develop * Pharmaceutical
theGlobal Seaweee: -« wwereesreisseennes . » Ecosystem Services

Report

Decided ofO sectorfor

further evaluation

Using:

« Market data

* Grey literature

« Scienti c literature

« Stakeholder interviews with:
Innovators
Corporations
Experts

It was not possible to be exhaustive in the choice of applications. Apart from the prioritization factors listed above, this
report gives priority to applications that are likely to see further development in the coming years. The ranking process
excluded existing markets — such as cosmetics and food applications — that use agar, alginate and carrageenan as
these already have industrialized supply chains.

Findings from an extensive study carried out by Hatch Innovation Services on the supply side of the seaweed industry
provided relevant information to understand what volumes are available and what markets can be excluded from this
report (Hatch Innovation Services 2023). In addition, the study included visits to Asian companies working on new
products and applications, providing relevant additions to the list of potential market applications. A compilation of the
data and analysis is available at www.seaweedinsights.com.
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2.2. Fhase 2 — [Bep dves nto slected
seaveed gpplication areas

During the second phase, the 10 selected industry sectors were assessed in detail with regard to their potential for
seaweed-based applications. Due to the lack of publicly available data on prices and volumes for these applications,
data-gathering focused on interviews with key stakeholders to understand the primary market drivers, dynamics,
competition, and outlook for these sectors.

During this phase 133 interviews were conducted with leading corporations, innovators and experts (Table 1). Where
available, market data points were gathered and informed the analysis. In total, more than 300 sources — including
scientific literature, grey literature and market reports — were analyzed.

TABLE Overview of interviews with stakeholders from each market sector

Industry sector No. of interviews

Ecosystem Services g 20
Animal Feed 16
Nutraceuticals 12
Construction 10

Methane Reducing Additives 10

Alternative Proteins 9

Pet Food 9
Bioplastics
Fabrics 9
Biostimulants 9
Alternative Proteins 9

Each analysis aims to provide an understanding of the current state of the market, synthesize market sentiment from
leading operators within that sector, and provide insights into the main challenges and opportunities present for each

emerging or new seaweed application. This in turn influences the market outlook, which presents a view on how long

it will take to have widely available, commercially competitive products. The analysis aims to outline the opportunities
to expand and develop existing and future supply chains.

A further section is provided on the current state of several ecosystem service applications, which are seen as
important drivers of the seaweed industry. This analysis takes on more of a case study format, with a particular
focus on blue carbon, bioremediation, methane reduction, and biodiversity enhancement — areas of heightened
interest within this space. Market outlooks were influenced by stakeholder sentiment, and by an analysis of the
available literature.

METHODOLOGY1



2.3. Fhase 3 — Mrket forecast exercise

This part of the analysis intends to forecast seaweed-specific market sizes for new and emerging applications. It looks
at the serviceable addressable market (SAM), which describes the share of the total addressable market (TAM) that
could be made up of seaweed-based products.

It aims to provide an indication of the growth potential, and consequently, the opportunity this market presents for a
business. This report used the year 2022 as a base and 2030 as a future horizon for its projections.

The foundation of this market forecasting model provides a number of non-seaweed-specific (A, B, C) and seaweed-
specific (D, E, F, G) data points (see Table 2). These inputs were either based on existing figures from secondary
sources as part of the data collection process or calculated from the authors’ assessments (see Table 2).

TABLE ZFoundation of this market forecasting model

Non-seaweed-speci ¢ inputs Seaweed-speci c inputs
. A =Total addressable market Size (TAM) B= Seaweed-specific market size — SAM in
Secondary : 2022 ($ billion) : 2022 ($ billion)
source .
C = Growth rate of TAM (percent CAG R)
D = TAM in 2030 ($ billion) E = Relative seaweed market share in 2030
(percent)

Calculated : i . ,
: F = seaweed-specific market size — SAM in

2030 ($ million)

Calculation d the ssaweed-specific narket 9z n 230 @

The seaweed-specific market size in 2030 (F) for seaweed-based products in the total addressable market (TAM) (D)
was derived by:

The seaweed-specific market size in 2030 (F) = total addressable market in 2030 (D) * relative seaweed
market share (E) / 1000

The relative seaweed market share (E) for seaweed-based products in the total addressable market in 2030 (TAM) (D)
was derived by:

Relative seaweed market share (E) = SAM Score (G) * maximum achievable market share (H)
The SAM score (G) consisted of the unweighted average in percent of a scoring of the following parameters:

* The value proposition of the seaweed-based products
* The competitive pressure from alternative products
» The presence of challenges and the likelihood that they will be overcome

Each seaweed application was scored along all three parameters, according to the scheme presented below. The
information gathered on each application provided the authors with the foundation to make scoring decisions.

12 | GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



TABLE 3Bcoring scheme

Seaweed’s value 1 = Seaweed has very little valuegin ab = Seaweed meets all demand/
proposition : specific market. : customer needs.

Competitive pressure fro:m.1 P e el solut|on:s L8 No solution other than seaweed
. in the market and/or expected to enter :
other products/solutions 5 exists.

; the market.
Presenge O.f challenge§ _ - 5 = Almost no existing challenges and a
and likelihood of  : 1 = Many challenges and low charl_C(-1‘(s),[o(§]c resources deploved to overcome
challenges being solving challenges. : ploy

them.
overcome

The maximum achievable market share in 2030 (H) was derived by:
Maximum achievable market share (H) = MAX (0.071 * In (total addressable market in 2030 (D) * 1000) + 0.8267,0.01)

An assumption was made that the attainable market share by seaweed-based products, independent of their
competitiveness, depends on the total market size. Under normal market conditions, the larger a market is, the harder
it would be for companies selling seaweed-based products to gain significant market share. Hence the larger the TAM,
the lower the maximum achievable market share is likely to be.

Probability of market edablishmant

Beyond the potential market share calculation, a probability of market establishment was Hié® issiimated.

relevant control exercise to make sure that the potential is accounted for in realistic terms, also taking into consideration
that some markets may be unlikely for seaweed. The presence of make-or-break challenges was therefore assessed
by the number and severity of such potential challenges, as well as the likelihood that they will be overcome. If any of
these deal-breaker challenges cannot be overcome, they would prevent the market development.

The probability of establishment for each market consisted of the unweighted average, in percent, of a scoring of the
following parameters:

» Presence of deal-breaker challenges (number and severity)
» Likelihood of challenges to be overcome

Each seaweed application was scored along both parameters, according to the scheme presented below. The
information gathered on each application provided the authors with the foundation to make scoring decisions.

TABLE 4coring scheme
Presence of deal-breaker : 1 = Many severe deal-breaker _ _
; - 5 =No deal-breaker challenges
challenges (number and sever!ty) challenges

Likelihood of challenges to bé 5 = Very low likelihood that 5 = Very high likelihood that
overcome : challenges will be overcome challenges will be overcome

METHODOLOGY3



Seaweead-spedfic maket 9ze in 2030 calculations

Figures on the market size and growth rates of seaweed-based biostimulants are already available, so directly applying
the CAGR to these figures led to the likely SAM for biostimulants in 2030. However, the pharmaceuticals market was
excluded from this exercise because the resulting high value of the SAM might have been misleading, while the
assessment would have had to be based on many assumptions at this point.

2.4, Lmitations

The following limitations affect the findings and conclusions of this study.

» Competition between market applications
The model does not consider that producers may switch to other markets if those markets become more promising opportunity
areas. More on this topic is included in the “Competition between market applications” section of Chapter 3, “Commonalities
of emerging market opportunities.”

» Data availability
Although the focus of this study is on the future demand for seaweed-based products, some of the markets covered are at an
early stage of development, and sources of public information on market and application data are few. Furthermore, because
of differences in the stage of maturity, levels of information varied significantly across the applications assessed in this report.
Publicly available reports were not always coherent, and sometimes were even contradictory. In cases where data were limited,
additional verified data were obtained through direct stakeholder interviews.

» Basis for market forecast
Due to limited data availability, the presented market forecast exercise should serve purely as a provisional model: the more
data that become available on each of these market applications, the more robust the model will become because fewer
decisions will be based on assumptions.

* Sensitivity of the market forecast
The nature of the market model implies a high sensitivity of the forecast market size to several factors. Since there is a large
variation of product types in each of the markets, it highly depends on which market segment is chosen for the TAM (and
similarly, which TAM is chosen will strongly influence the SAM).

» Dynamic of the market forecast
It is important to note that such a score is dynamic and strongly depends on the information available at the point in time the
assessment was made — in this case January 2023. Even a few months later, significant market developments in a sector could
already lower or raise the score for one of the parameters and, consequently, impact the overall score for this market.
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GO MVONALITIES O FEMERGE NG MARKET
OHRPORUNTIES

This chapter describes common findings across the 10 applications of seaweed assessed during the
report’s in-depth review. Each of the following chapters will explore one specific new or emerging
market and will focus on the market-specific findings, while referring to shared commonalities with
the other markets where applicable.

FIGURE @he seaweed applications investigated in this report

Pharmaceuticals Nutraceuticals Biostimulast -
Animal feed BN ) Bioplastics
feed supplements

Fabric Construction

COMMONALITIES OF EMERGING MARKET OPAGRTUNITIES



3.1 Ssanveed as athird-geneantion feedstock

In many markets, seaweed competes with products that contain terrestrial crops as their primary raw materials. The
raw materials in all these sectors are referred to as feedstocks, and can be categorized as first-, second-, and third-
generation.

First-generation feedstocks are primarily edible crops — corn, soya, wheat, and other agricultural commodities — that

are in demand for human and animal consumption. Second-generation feedstocks are non-edible or are by-products
of first-generation feedstocks — such as waste from agriculture, forestry and animal processing. Both first- and-second
generation feedstocks require cultivation on land intended for food production and so pose a challenge to planetary

resources.

The most unconventional feedstocks are the third-generation. These do not use arable land. They include macroalgae/
seaweed (Coppelaal 2021). As a blue biomass, seaweed does not depend on freshwater or land usage and does not
use material that could otherwise be used in the food system. Seaweed grows faster than first-generation feedstocks,
is more space-efficient, and does not require the addition of fertilizers. For example, it is possible to grow about
26 tons of seaweed (dry weight) per hectare near-shore, compared to 2.3 tons soya and 5.1 tons corn per hectare of
land (Bellona 2017). Due to these attributes, seaweed in many circumstances should be preferable to first- or second-
generation feedstocks.

3.2. ®mnon dallerges

i. Supply availability

The availability of seaweed is currently a major challenge, especially for new and emerging market applications, which
need the right volumes, consistent quality, and affordable price levels (see below). The challenge of low availability

was found across all new and emerging market applications and is strongest where market value can be derived only
from a specific species of seaweed, or one that is currently available only in small volumes. By contrast, some market
applications — such as pet food, biostimulants, and animal feed additives — can potentially be derived from a multitude

of different species and supply chains, and so have fewer challenges.

FIGURE Bupply availability requirements and limitations

Availability of raw material (seaweed) is a major challenge

a. Volumes > . Requiréarge-scale, low-coseaweed supply
b. Consistent qua"t>><:
c. Price-level =, Requirdigh-quality, consisteseaweed sup)
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Seaweed sourcing for novel uses presents a challenge, as much of the existing seaweed volume is already destined for
traditional markets such as food ingredients and fresh aquaculture feedstock. To add to the challenge, the production
volumes of some major farmed seaweed species are in decline. To cater to markets such as animal feed, pet foods,
alternative proteins, fabrics or bioplastics, companies need to order thousands of tons of seaweed.

Seaweed consists of approximately 80—-90 percent water, so large quantities are needed to produce significant
volumes of dry materials. Shipping seaweed in its fresh state is typically uneconomical because of the weight of the
water content. Consequently, most seaweed is pre-processed — typically dried — close to the farm site. This requires
further resources and adds to the production costs.

Considering that commercial-scale quantities of seaweed are currently produced only in the major Asian producing
countries, the availability of raw material can be a challenge to produce value-added seaweed products in other
regions. It is often more efficient for companies to complete the primary processing near the farming locations. There
are, of course, markets local to areas of production. However, production facilities will need to be widely distributed
to tap into high-value markets elsewhere. Localized processing will enable shorter supply chains, avoiding logistical
complexity and reducing costs.

Consistengy o uly

Another challenge is the inconsistent availability of large quantities of seaweed because of its seasonality. Farmed,
temperate seaweed species are generally harvested only in a few months of the year, and it is not possible to store them
in an untreated state for long because of their high water content. Further development of pre-processing is required to
stabilize seaweed for year-round processing facilities to then increase asset utilization and become economical.

Quality d supply

All seaweeds are challenging raw materials to work with because their compound profiles are influenced significantly
by the environment they grow in. Because the environmental conditions vary, the composition of the seaweeds may
change. Seasonal variations have a major effect on the bio-composition of the seaweed and thus on the quality and
availability of particular compounds required for the products and applications discussed in this report. Although
quality concerns present a challenge in all seaweed applications, their importance generally increases with the
value of the specific application. Active compounds can vary widely in quantity and quality, which is a challenge for
applications that rely on specific compounds.

External impurities also impact the quality of seaweed. These include other organisms attached to the seaweed, as
well as sand. The risk of external contamination is also high, especially in at-sea growing environments and those
post-harvest processes that take place outside.

il. (st of upply

The current cost of seaweed is a challenge for most users of seaweed-derived products in this report, except
pharmaceutical applications. The more the application competes in large volumes with commodity or commodity-
derived products (for example, plastics or construction materials) the higher the challenge associated with raw
material and production costs.

COMMONALITIES OF EMERGING MARKET OPAORTUNITIES



Inconsistent supply of seaweed also affects price and availability. At the time of writing this report there is high price
volatility in the Asian seaweed market and high costs in terms of production. Prices for farmed seaweed feedstock vary
significantly by species, origin, and condition (for example, wet, dry, or cut). Generally, in 2022, cultivated temperate
brown kelp species from China and South Korea sold for around $400-500 per ton fresh weight at the farm gate. In
Indonesia, farm-gate prices for cultivated tropical red seaweeds started at around $30@pacitinigmmdfor

$500 per ton dry weight for Spindsuathnéuma denticulajBeaweed Insights 2023).

The costs of all operational stages — cultivation, harvesting, processing, and transportation — need to be taken into

consideration. It is often suggested that economies of scale will bring down the cost per ton of harvested seaweed,

but with the cost of production mostly driven by human labor, farm processes will have to become significantly more

automated to allow cost-efficient, large-scale production. Also, the impact of large-scale farms on the surrounding

ecosystems and on marine nutrient levels have yet to be comprehensively analyzed, so their sustainability is not yet
certain.

Although the wild harvesting of natural seaweed (especially in forests of kelp species) can be cheaper than cultivation,
the available capacity from wild sources is not enough to meet the volumes required, even for current consumption.
In most regions, concessions to harvest wild seaweed beds are limited to ensure environmental sustainability.

BOX 1: A NOTE ON BIOREFINERIES

With current raw material prices too high to produce price-competitive goods for many of the new markets, much
emphasis has been put on processes that allow higher valorizing of the biomass. In thisreor@gxt, the

modelis important because of its potential to create various products from a single source of feedstock. Most
applications that were analyzed highlighted this method as a key opportunity to bring down raw material costs and
improve the business case, as several products can be derived from one processing facility.

In biore neries, the process of separating or extracting one (high-value) component is often done in stages (that
is, cascades) and can lead to additional products — such as biostimulants, bioplastic materials, or animal feeds.
The processes applied to the seaweed in such facilities involve extraction, fermentation, heating, and maceration.

The possible product range from seaweeds may surpass other feedstocks of comparable bulk and low-input
cultivation. However, because of the structural complexity and heterogeneous carbohydrate composition of
seaweed’s constituent polysaccharides, it is a challenging biore nery feedstock. Increasing levels of e ort are being
focused on developing biore nery processes for seaweed.

1. Gmpetition
The new and emerging seaweed-based market applications discussed in this report have to compete not only against
other solutions in their end markets, but also with other product categories in sourcing seaweed-based raw materials.

Conmpetitive advantage over dtematives inthe market

Seaweeds are often highlighted for their low environmental footprint compared to other feedstocks. This may make
them more attractive to consumers and could justify a green premium, which would support the growth of new markets.
However, without life cycle analyses (LCAs) of each application, it is not clear that the investment required in seaweed
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supply chains makes them superior to land-based alternatives. In addition, there is a significant risk associated with
developing business models that rely on sustainability premiums to be economically viable because consumers often
display purchasing behavior that is not in line — or no longer in line — with sustainability objectives they previously
stated were especially important to them.

Conpetition béween narket goplcations

Competition also exists between seaweed-based product categories. Different applications of seaweed are often

based on the same or comparable compounds and therefore more competition over the supply and usage can be
expected. Although feedstock prices vary — according to geography, species, and level of processing — where startups
are competing using the same feedstock costs, the incentive often is to create the highest-value product possible.

Iv. Regulations

The challenge presented by unclear regulations varies from application to application. It is often unclear under which
category seaweed-derived products fall, and therefore how they can be regulated, so products may very well miss
out on supportive frameworks and subsidies. Additionally, as with most new applications, many avenues for using
seaweed still have significant regulatory hurdles to overcome.

COMMONALITIES OF EMERGING MARKET OPRXARTUNITIES
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4.1 Bostimulats
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! Key Highlights

Biostimulants

Seaweed-based biostimulants market: $1 billion in 2022

: Global biostimulants market: $2.5-3.5 billion in 2022

Projected market growth: 10 percent CAGR between 2022 and 2030
: Projected seaweed-based biostimulants market: $1.8 billion in 2030

Primary drivers
« A growing focus on sustainable farming that supports soil health in a changing climate.

A significant increase in fertilizer prices.

Strong integration potential with the production of other seaweed-derived products and eX|st|r1g supply chains
due to compatible processing requirements.

Farmed seaweed offers an opportunity to grow supplies significantly, although currently most supply comes
from wild harvesting.
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: Main challenges

Low reputation of efficacy of biostimulants in general, resulting from a lack of clear evidence
Complexity in handling the product requires significant efforts in end-user education.

eccecccccccccooe
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. Outlook Seaweed-based biostimulants can expect to see significant growth over the next few years as additional

;s investment goes into product R&D for improving efficacy, and as more seaweed processors valotize separate parts
: of seaweed biomass to create multiple products. :

.
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I. Introduction

A growing global population is putting immense pressure on the agricultural sector to produce food in more efficient
and effective ways. At the same time, increasingly severe weather events are challenging the productivity of farms
around the world.

Biostimulants are agricultural inputs that mitigate abiotic stress and enhance plant productivity through increased
biological activity. They can be applied to maintain or increase crop yields and crop quality without increasing — or
even reducing — fertilizer use and are therefore increasingly recognized as innovative options for enhancing crop
production.

Conventional fertilizers aim to increase the amount of nutrition available in the substrate by direct addition. In recent
years, the impact of synthetic fertilizers on soil quality has gained growing attention in the agriculture sector and
resulted in a wider interest in natural alternatives. There are significant drivers increasing the use of biostimulants —
both as a replacement for, and in conjunction with, conventional fertilizers.

Abiotic stress, particularly heat and drought stress, is increasing in critical agricultural markets. Biostimulants offer
a low-cost solution to reduce this impact. Biostimulant products are often targeted at the organic agriculture sector
because many synthetic crop improvement and defense products do not meet organic standards. Beyond the
agriculture sector, biostimulants are also used in horticulture, ornamental plants, and other applications.

Ii. Seaweed's \value proposition

Seaweed has been used as fertilizers in agriculture since ancient times; fresh seaweed was — and still is — applied
directly to fields and gardens (Btadit2017). The use of seaweed-based bioproducts has been gaining momentum

in crop production systems in the past 30 years, owing to their unique bioactive components and effects. Seaweeds
can be applied as biological agricultural input products in different forms, such as biofertilizers, liming materials, soil
improvers, plant biostimulants, and fertilizing product blends.

Most, however, can be classified as biostimulants, since they do not naturally contain a high enough level of fertilizer
compounds to qualify as fertilizers but do contain a range of bioactive compounds that stimulate plant growth and
development. Nevertheless, there are product blends of seaweed extracts with sufficiently high nitrogen content to
classify as biofertilizers. In the US, seaweed-based products can be sold as “seaweed fertilizers” with the addition of
just 1 percent conventional fertilizer, which therefore makes it difficult to gauge the actual market size.

Seaweed extracts have been a core part of the biostimulants market, with a long tradition of use in some agricultural
economies because of their ability to increase crop resistance to adverse environmental factors such as drought,
salinity, and extreme temperatures, as well as resistance to oxidative stretsal (3g@ttowing to the

presence of plant growth hormones such as auxins and cytokinins. It has also been reported that seaweed extract
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can enhance plants’ disease-resistance properties (Mukherjee and Patel &02@ B&gHrurthermore,

the use of seaweed extracts has been linked to improved water-holding capacity and improved microbial soil
communities (Deepétaal 2022; Salekit al 2019). Consequently, the application of seaweed biostimulants,

and the accompanying potential benefits for soil and plants, can enhance production giedd2(R8&epika

Salehet al 2019).

Currently, seaweed used for biostimulants is mainly wild-harvested, and the main species used are a small number of
brown seaweeds, because of the type and concentration of key bioactive compounds — such as laminaria, fucoidan

and mannitol — that they contain. Many of the seaweed-based biostimulant-producing Asogudmyiisnuse
nodosunfior its impressive performance in reducing the effect of abiotic stress on crops.

Seasonality is an issue because the content of these beneficial compounds can vary between 0-15 percent, depending
on the time of year. For other seaweed groups, the bioactivity of the compounds is less well determined.

The main processing step includes liquid extraction and/or drying and grinding. The extraction phase remains the most
decisive step for the development of agronomically efficient biostimulant products, as it has a significant impact on
economic viability. Seaweed-based biostimulant developers use a range of seaweed compound extraction techniques,
including enzyme-assisted, acidic, and alkaline extraction. The seaweed extract makes up approximately 6 percent
of the wet biomass in a liquid extraction process. For biostimulants, alkaline extraction with potassium hydroxide
is the most common current method, accounting for around 80 percent of all biostimulants. However, companies
such as Algaia in France extract their biostimulants in water in an effort to reduce the use of heat in the process,
thereby preserving bioactivity levels. Biostimulant extraction can also be applied as part of carrageenan or alginate
processing, and as a secondary product to existing processes.

FIGURE &iostimulant processing flow
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Extraction
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Ground Extraction
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The intermediate or final product is then shipped to sales channels and/or is rebranded, by either the biostimulant
end-product producer, an end-product repackaging or rebranding entity, or an agri-inputs trader. The products are
then sold directly, via B2B channels, wholesalers, and/or retailers to end users including farmers, gardeners, and
household consumers.
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iv. Market overview

The global market size for biostimulants in 2022 is estimated at somewhere between $2.5 billion and $3.5 billion at
the manufacture level, and has a CAGR of around 10 percent.

There are four main segments in the biostimulant market: seaweed extracts, fulvic or humic acids, microbial
biostimulants, and amino acids. Of these, seaweed extracts are the largest, accounting for around 40 percent of
the total market, with a value of approximately $935 million in 2021. Humic and fulvic acids are the second-largest
segment, with a value of around $843 million (S&P Global 2022).

Fulvic and humic acids account for a similar market share and are cheap to produce but are not as effective as the
other product categories. Their mode of action is better understood, but their sustainability is in question since they
are mined minerals, rather than organic compounds or microorganisms. Microbial extracts, amino acids, and trace
elements together account for the final third of the biostimulant market.

TABLE 5fhe market share of biostimulant categories, according to interviews and adapted from S&P Global 2022

Category Market share Market value 2021
Seaweed extracts 40% $935 million
Fulvic/humic acids 36% $843 million

Microbial biostimulants 10% $233 million
Amino acids 10% $233 million
Trace minerals and others : 4% : $100 million

The major segment, by crop type, of the total global biostimulant market is represented by the biostimulants used
for row crops — such as cereals, potatoes, soybean, maize and rice — followed by fruits and vegetables. The two
categories together represent 80 percent of the total market. By geography, Europe appears to be the largest market
for biostimulants, followed by Asia-Pacific.

The strong growth predicted in the global biostimulant market has led to the entry of two new waves of companies.
The first wave are large companies entering the top end of the market, often by acquiring biostimulant technologies
or product lines. The second are small research companies. Meanwhile, the sector is still defined by the involvement
of many long-standing small- and medium-size enterprises (SMEs). This has been encouraged by the absence of
registration requirements in many countries and resulting low entry barriers. It typically takes only 2-5 years to bring
a new biostimulant product to market.

More than 500 companies are involved in the biostimulant and biological control agent market, many selling both
types of products. These include fertilizer companies, agribusinesses, and specialist biological companies. The market
is highly competitive, with relatively low barriers to entry compared with those for the conventional crop protection
market. Many biostimulant manufacturers are comparatively small companies that do not have the resources or
infrastructure to distribute products themselves. Two business models are especially common in the seaweed-based
biostimulant market: In the B2B business model, companies source seaweed biomass, extract biostimulants, and sell
to large, international agrochemical or fertilizer companies using a distribution or retail network that sells other crop
inputs, along with third-party labeling.

In the second model, B2B2C, companies develop their own branded products, based on specific formulations with
particular attributes, and sell through established market channels. Since the company takes on the market risk in this
model, it is less common than B2B channels, and relies on high-value customers, such as horticulturalists.
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In terms of quality, companies such as Acadian Seaplants, BioAtlantis and Maxicrop are among the leading
providers of seaweed-based biostimulants; in terms of volume, Chinese companies are leading. Most of the products
in this category are liquid, which implicitly means that they are mainly applied via foliar spray or irrigation water. It is
difficult to determine which seaweed species are specifically used per industry category. Most of the seaweed-based
biostimulants consist of a mix of seaweed and other active ingredients, and these mixes differ in each product.

Prices are typically set by the producers together with the distributors according to market demand; consequently,
they can vary significantly between countries and regions. In North America, most algae extracts sold as biostimulants
range between $8 and $20 per liter. In Europe, products based on wild-erdestedhnge between 5 to

16 EUR per liter, while the recommended retailfiderfabased products is around 20 EUR per liter.

v. Market dynamcs

Drivers

From an environmental perspective the main drivers of the biostimulant market are the growing pressure on conventional
horticultural and agriculture systems because of climate change, land scarcity, and decreasing biodiversity.

At the same time, increasing consumer demand for organic foods and the implementation of organic regulations
and other policies are driving the growth of biostimulants. More government subsidies, financial aid, and research
assistance from regulatory bodies and organizations are being devoted to producing a range of crops organically.
This has fueled growth in the biostimulant market in terms of value. However, compared with the global agricultural
industry, it is still a very small market.

Although biostimulant products have been around for many years, sales began to take off two decades ago. The
reasons for this include the growing population; the development of more effective products; the possibility of filing
patents to protect innovations; the entrance of new investors; better knowledge among growers; and the development
of legislation to boost grower confidence.

A new factor influencing biostimulant demand is the rise of global fertilizer prices because of the war in Ukraine and
an increase in energy prices. Industry experts suggest that this price increase — by 30 percent on average in 2022,
and by up to 80 percent in 2021 (Baffes 2022) — is pushing the market toward alternative products. Because of their
sustainable production process, seaweed-based biostimulants are, and will remain, of interest to the market. It is
also predicted that microorganism-based biostimulants will increase market share over the next decade, while other
biostimulant categories have lower growth forecasts.

Challerges

Factors impacting the market include the poor reputation of biostimulants and, for some products, the lack of
convincing evidence of their efficacy. The difficulty of extracting the bioactive compounds, and the complexity of their
mechanism of interaction with soils, have together created inconsistent performance and, over time, a reduced level
of trust in the effectiveness of these products.

As the sector is comparatively new, for many end-users, and even for some providers of biostimulants, it is not always
clear what the exact efficacy of biostimulants is. Furthermore, customers are not always properly informed about the
proper way to use them (dosage, application rate, when to apply, and so on). Biostimulants in general are complex
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products with many components, each with a specific effect. As a result, they often require more targeted applications
to retain optimum bioactivity. This may increase the complexity of handling biostimulant products and lead to variations
in performance, despite controlling other variables. The wide variability and variety of chemical compounds available
in a seaweed extract makes it more difficult to pin down which bioactive compound, or combination of compounds, is
creating the desired effect.

Examples of studies of mode of action of seaweed-based biostimulants and their effects are summarized by
Sujeetlet al (2022). What most studies show is that it is difficult to be exact about causation with complex
products working in complex environments. Each individual field can often have its own unique soil characteristics,
which can have an effect on the efficacy of the biostimulant on the crops. Biostimulant producers explained that,
in the near term, it is likely that the use of biostimulants will increase a farmer’s cost of fertilization per hectare.
It will therefore require proven efficacy and evidence of increased yields to justify the increased cost. Fluctuating
commodity prices mean that, when the prices of conventional fertilizers are low, growers may be less keen to
invest in biostimulants.

Aside from the challenges of understanding the mode of action, proving efficacy, and optimizing application, it is a
risk to adopt an expensive new product. Financial support would enable or accelerate the adoption of biostimulants.
There are a range of options — from government subsidies, to increasing end-product prices through organic labeling,
to connecting the increased ecosystem services derived from biostimulant use to a system of ecosystem service
payments for carbon sequestration, nitrogen runoff mitigation, or increases in biodiversity.

Biostimulant producers also argue that better insights are required into the market's demands. A lack of knowledge
of these demands can be interpreted in several ways: either the market is not easily accessible and transparent, or
biostimulant producers do not conduct enough in-depth market research themselves. Furthermore, there has been
significant uncertainty in the marketplace in recent times, with companies making contrasting claims regarding the
mode of action and the constituents of seaweed extractst(SILYE2P).

From a startup perspective, working with already established incumbents who control the distribution networks
creates a product development challenge. To integrate into fertilizer product portfolios requires a significant, proven,
competitive advantage over existing products. Where a product is unproven, working with a large agricultural
corporation on field trials is often the only option and creates a barrier to entry for biostimulant developers. Companies
producing biostimulants have often been too small to fund such research.

A further complication in understanding the mode of action is the variability in application. This is true for all biostimulants.
Whether a product should be applied as a foliar spray or in a powdered form, in conjunction with weather conditions,

depends on the increasing use of data analytics and crop monitoring devices. Interviewees highlighted that much

progress has been made in crop monitoring and agronomic sophistication, but the fastest way to proving efficacy

would be to start with standardization and homogenization of the seaweed-based biostimulants themselves — that

is, understanding what percentage content of key biostimulant chemicals (such as laminarin, fucoidan and mannitol)
exist in a given product.

Regulation

The rapid growth in the market for biostimulants has outpaced the development of legislation to regulate this sector.
Each country has its own legislation about biostimulants, covering the requirements with which a biostimulant product
must comply before it may enter the market. These requirements are based on the definition of the biostimulant,
which also determines in which legislative category (fertilizer or protection agent) the biostimulant can be registered,
and this differs in each country. On an international level, there is still a lack of standards, which makes it difficult
to bring new biostimulant products to the market. There is a need for uniform global legislation on biostimulants.
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The International Organization for Standardization (ISO) has started work to create a standard on biostimulant
terminology. In the meantime, the biostimulant standards from the EU and US are summarized below:

The new EU Fertilizing Products Regulation (EU) 2019/1009 came into force in July 2022. The regulation is a milestone
on the path toward the market adoption of biostimulants, by regulating a biostimulant product as opposed to a
fertilizer or a plant protection product. The regulation’s definition of a plant biostimulant is a product that stimulates
the nutritional processes of plants independently of the nutrients it contains, with the sole aim of improving one or
more of the following characteristics of plants or their rhizosphere:

The efficiency of nutrient use

Tolerance to abiotic stress

Qualitative characteristics

The availability of nutrients confined in the soil or rhizosphere

AR

The United States is the only other jurisdiction where biostimulants are defined and regulated. The 2018 Farm Bill
stipulated that a biostimulant is a substance or microorganism that, when applied to seeds, plants, or the rhizosphere,
stimulates natural processes to enhance or benefit one of the following:

Nutrient uptake

Nutrient efficiency
Tolerance to abiotic stress
Crop quality

Yield

o s PRE

Simultaneously, regulation, particularly in Europe and the US, but also in an increasing number of other countries, is
forcing farmers to seek alternatives to synthetic chemical inputs. The EU’s Farm to Fork strategy sets concrete targets
to transform the region’s food system — including reducing the use of pesticides by 50 percent, and for 25 percent of
its agricultural land to be farmed organically.

However, despite efforts from regulators to increase the ease and speed of regulatory approval of biostimulants
through clearer legislation, even in the most pioneering regulatory frameworks there is some concern that biostimulant
regulation may increase the farmers’ ability to use conventional fertilizers through poorly regulated blended
biostimulant and fertilizer products.

vi. Market outook

There clearly is momentum pushing agricultural systems to adopt alternatives to synthetic fertilizers, with biostimulants
being a leading solution. The global biostimulant market is projected to grow at a compound annual growth rate
(CAGR) of approximately 10 percent per year. A significant proportion of market growth is expected to be driven by
regulatory pressure to find alternatives to synthetic fertilizers.

The global seaweed-based biostimulants industry is already valued at $1 billion and, it is projected, will reach
$1.8 billion by 2030, maintaining, if not increasing its 30 percent market share of the biostimulants market.

The outlook for seaweed’s market share is positive. Biostimulants are an attractive market for developers of seaweed-
based products and there is interest in investing further, for the following reasons:

e They are relatively simple to produce — most products are mechanically extracted liquid fertilizers.
¢ The solid co-product from this process can be sold as animal feed or pet food, while the biostimulant can be a co-product to
hydrocolloid processing.
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« The market has low regulatory requirements.
« The route-to-market is relatively fast and simple. There are established supply chains in place for agricultural inputs, and large
global operators are looking for new products for their portfolios and sales channels.

The challenges for this market will center on proving efficacy, scaling supply, and integrating seaweed-based
biostimulants into existing supply chains.

Increased understanding of seaweed-based biostimulants’ modes of action should also increase regulators’ abilities to
create standards and clearer regulatory definitions. One interviewee expects it will take five years until a higher level
of standardization is achieved. In Europe, the Bio4Safe.eu initiative has recently released an open-source database in
which customers can search available biostimulant products, based on the desired effect and crop group. This points
to a key knowledge gap in this industry.

Based on the interviews, an increasing trend toward blending biostimulants with conventional macronutrient fertilizers
is expected. Secondly, interviewees expect further research into the mode of action of specific bioactive biostimulant
compounds in field trials, in order to discover the most effective compounds, the most effective way to apply them to
various crops, and at what point of the growth cycle. It will also have to be determined whether bioactive compounds
can be applied in a more targeted manner, as this will be essential in developing a strategy for how the seaweed-
based biostimulant sector could be developed.

Although Europe currently accounts for the largest market share, strong growth in the Asia-Pacific region is expected.
Increased food demand, particularly in China and India, coupled with a growing focus on sustainable farming and

enhanced productivity, will fuel the consumption of biostimulants in the region. This creates a unique opportunity to

produce more biostimulants from the seaweed cultivated in these Asian regions. With the current estimated growth of
the biostimulant sector, it will be essential to work toward an increased level of resilience in the local supply chains of
seaweed that can be used for the development of seaweed-based biostimulants. A resilient supply chain could include
a combination of both wild-harvested and cultivated seaweeds.

A diversification of seaweed species used for biostimulants could strengthen the supply chain in case of the emergence
of pests, diseases, or other crises. Equally, breeding technologies could help improve the composition of those
seaweeds that are grown specifically for the biostimulant market.

4.2. Mimalfeed additives

® 000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Key highlights

o

Animal feed additives

Seaweed is already used in the animal feed industry as a feed additive and feed ingredient, but no data on market

size are available.

Global feed additive market: $38.86 billion in 2022.

Projected market growth: 3.9 percent CAGR between 2022 and 2030.
Projected seaweed-based animal feed additive market: $1.122 billion in 2030.
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: Key drivers

Increasing public concerns about the quality and safety of meat, and outbreaks of livestock digeases.

Productivity gains and the potential to improve feed conversion ratios are economic incentiveg for farmers.

Unique functional benefits of seaweed-based products that can help reduce the application of animal antibiotics.

Costs of seaweed-based products are already competitive with other feed additives.

Main challenges
« Availability of sufficient volumes of seaweed.
« Customer onboarding and demonstrating results through large-scale trials.

L Y Y YN
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: Outlook Seaweed-derived feed additives are expected to outpace other applications over the next five years.
. There are powerful drivers at work as customers turn to natural alternatives to synthetic products Improvements in
feed conversion ratios are especially promising.
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Introduction

Global population growth, projected to reach 9 billion by 2050, has raised concerns about the ability to produce
enough food to meet demand. One key challenge is the continued and increasing demand for animal-based protein,
which depends on a reliable, cost-effective supply of animal feed.

Currently, the two main feedstocks used as the primary sources of nutritional energy and protein for animal feed are
soybeans and maize. But these products are also used in human food. Consequently, animal feeds that compete less
with human food pathways have been growing in popularity. Finding ways to sustainably and efficiently produce these
feeds will be crucial in ensuring the long-term sustainability and viability of food production systems.

BOX 2: ANIMAL FEED MARKET DEFINITIONS

Feed materialsThese have been de ned by the EU as feed components that are principally purposed to meet
animals’ nutritional needs

in their natural state, fresh or preserved and products derived from the industrial processing thereof and
organic or inorganic substances, whether or not containing feed additives, which are intended for use in oral
animal-feeding either directly as such or after processing or in the preparation of compound feed or as carrier
of premixtures. (FEFAC 2018)

Feed additiveshe EU de nes additives for use in animal nutrition as

substances, microorganisms or preparations, other than feed material and premixtures, which are
intentionally added to feed or water in order to perform, in particular, one or more of the following functions:
(1) favourably a ect the characteristics of feed, (2) favourably a ect the characteristics of animal products,
(3) favourably a ect the colour of ornamental sh and birds, (4) satisfy the nutritional needs of animals,
(5) favourably a ect the environmental consequences of animal production, (6) favourably a ect animal
production, performance or welfare, particularly by a ecting the gastrointestinal ora or digestibility of
foodstu s or (7) have a coccidiostatic or histomonostatic e ect. (EUR-Lex 2018)

(Box Continued)
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BOX2:Continued

Alternatively, the organization FEFANA classi es feed addéniatyateed ingredients (FEFANA 20283

means they provide micronutrition, technological, sensory, or zootechnical functions. Feeds that incorporate these
specialty ingredients can be cdliedtfonal feedsas they promote the growth and immune systems of animals

beyond traditional feeds (Alemastedd 2018).

Feed supplementsan be de ned as a combination of nutrients added to feed to improve the nutrient balance

or performance of the total ration. They are intended to be (1) diluted with other feeds when fed to livestock, (2)
o ered free choice with other parts of the ration if separately available, and (3) further diluted and mixed to produce
a complete feed.

Ii. Seaweed’s \alue proposition

One solution to this problem is seaweed, which has been eaten by domesticated animals for edrdlries (Balasse
2019). Its suitability as an alternative feed component stems from its balanced amino acid profile, rich mineral and
vitamin content, and special combination of bioactive compounds. These can improve nutrient absorption and provide
a range of performance benefits for multiple species of animals. For example, polysaccharides contained in some
species of seaweed have a prebiotic effect in the microbiome of animals.

Table 6 shows an assortment of animal tests peénfaingedsing different seaweed species, showcasing the
positive effects of using macroalgae in animal feeds. It also highlights a selection of commercial products currently
available on the market from farmed and wild-harvested seaweed.

TABLE &ample of seaweed studies and products highlighting effects on animals.

Sample of seaweed studies

Animal

. Noted e ect in animals
species

Type of seaweed

“Led to an increase in iodine content in milk

Chaves Loperal 2016 Brown - Ascophyllu:m Cattle a.nd toa m9d|f|cat|on of cow mlc.rob|ota,
: nodosum : : with a positive effect on milk hygiene and
: : : transformation.”
: : “Improved animals’ mineral status, particularly
Rey-Crespmi al 2014  Green - Ulva rigida Catile iodine and selenium, that were low on the
: : : farm.”

: “Methane production by cows decreased
Red - Asparagopsis significantly. Total feed intake was reduced.
: Cattle . . .
armata : : Bromoform concentrations in milk were not
: significantly different between treatments.”

: “Results indicated that adding laminarin and
Swine : fucoidan extracts in pig diets for 3 weeks
: enhanced pork quality.”

Roquest al 2019

Brown - Laminaria

Moronegt al 2015 digitata

(Table Continued)
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TABLE &ontinued

Sample of seaweed studies

Animal

Noted e ect in animals

Type of seaweed

species

Green - Ulva

. Swine
armoricana

Bussyet al 2019

Brown - Sargassum

Carrilleet al 2012 ..
sinicola

Liet al 2019 Green - Ulva

Marinhet al.2013 Green - Ulva

Brown — Laminarié
digitata

O’Mahonest al.2014

Commercial Animal
producer/ product

Ocean Harvest

Type of seaweed

Mixture of green, :

Technology/OceanFeied brown and red Cattle
Bovine seaweeds
Ocean Harvest : Mixture of green,
Technology/OceanFeed brown and red Swine

Swine seaweeds

Ascophyllum nodosijm

Tasco/Acadian .
(B) ;
Cattle
Celtic Sea Minerals! Lithothamnium : .
: : Swine

CeltiCal calcareum®

POUItEfy eggshell strength, leads to a yolk colour with

Finfish

Horses

“Supports the use of natural algae extract (MSP)

as an immunomodulating solution in swine
production.”

© *Had some beneficial effects on n-3 fatty acid
Poultry :

content found in eggs.”

“Can significantly improve egg production,
increase egg weight, and decrease feed
conversion ratio. Also helped to improve the

red tendency, and can significantly decrease
cholesterol levels of yolk.”

: “Incorporation of IMTA-produced Ulva meal into

Nile tilapia diets is possible up to 10% without
compromising growth performance, protein
utilization, or protein retention of juveniles.
The high capacity of Nile tilapia to digest all

experimental diets suggests that Ulva meal is

a practical partial replacement for fish meal in

Nile tilapia diets.”
“This study highlights the potential for a

Abalone | mixed species seaweed meal as a fish meal
¢ replacement in formulated feeds for abalone.”

Sample of commercial products

Intended e ect on animals

species

Improved nutrition and milk yields

Improved feed conversion, digestive balance,
piglet viability, reduced diarrhoea

Prebiotic, supports immune health, enhanced
resistance to environmental stress (e.g.
transport, heat), promotion of a healthy skin

and shiny coat

. Coping with heat stress, support immune
: system, milk production, reproduction functions

Healthy gut and digestive function,
improvement of feed conversion ratio, higher
piglet birth weights, better survival rate for

large litter size
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Because of its historical use in this context, seaweed is already incorporated into animal feed regulations worldwide.
In the EU, it falls under both the “feed materials” and “feed additives” categories.

The principal purpose of a feed material is to meet the animal’s nutritional needs (Bremmers 2016). Seaweed feed
materials include “algae-live or processed, regardless of their presentation, including fresh, chilled or frozen,”
“dried algae-product” that “may have been washed to reduce the iodine content,” “algae meal — product of algae
oil manufacture, obtained by extraction of algae,” “algal oil — product of the oil manufacture from algae obtained
by extraction,” “algae extract — watery or alcoholic extract of algae that principally contains carbohydrates,” and
“seaweed meal — product obtained by drying and crushing macroalgae, in particular brown seaweed” that “may have
been washed to reduce the iodine content” (Michalak and Mahrose 2020).

Meanwhile, seaweed feed additives perform one or more specific micronutritional, technological, sensory, or
zootechnical functions and typically undergo additional purification and standardization steps for the claimed active
substance (Bremmers 2016). These are also incorporated in animal feeds at low inclusion ratios (typically less than
1 percent). In the EU feed legislation, “extracts” of seaweeds are recognized as “feed additives” (Michalak and Mahrose
2020). In the EU these additives are subject to much more stringent regulations than are feed materials and undergo
more tests. Examples of registered seaweed feed additives already on the market can be found in the EU Register of
Feed Additives (European Union 2022).

Temestrial aninal feed

Based on the available literature and the interviews conducted for this report, seaweed — either extracts or meals —
is mostly sold as supplements for terrestrial animals and are generally incorporated at low inclusion rates — usually
lower than 80g/kg feed (Kim 2011; Cruzefah&809). This partly stems from research showing that the use of
macroalgae at high inclusion levels proved either inconclusive or harmful to terrestrial animals.

Generally, macroalgae are used as sources of bioactive substances and minerals in livestock feeds, and to a lesser
extent, as sources of protein. In terms of composition, the protein and essential amino acid content of macroalgae
can vary greatly, and the digestibility of the protein may be affected by certain compounds in the seaweed. This
makes it difficult to generalize about the use of whole macroalgae as a protein source, and many species have too
little digestible protein to be a viable alternative protein source in animal feed. To overcome this issue, researchers
are improving extraction methods to increase the protein content of macroalgae, and biorefinery technologies can
establish cost-effective and environmentally friendly methods for extracting bioactive chemicals — such as laminarin,
fucoidan, and phlorotannins — which can provide certain health benefits.

The most prevalent algae feed ingredients are derived from brown macroalgae extacisdssiativas

ruminants, at up to 2 percent total feed dry weighanandrisgp-derived polysaccharides (fucoidan and

laminarin) for pigs, at up to 0.04 percent feed inclusion rate. Meanwhile, the principal algal feed components for
poultry are green seaweeds, suthvaspp., with a suggested level of up to 10 percent feed inclusion. All of

these seaweeds can enhance cattle growth performance and meat quality because of the high nutritional value
of algae and the immunomodulatory, prebiotic, and antioxidant characteristics of algal bioactive polysaccharides
(Costeat al 2021).

In addition, there are particularly promising results for seaweed-derived swine feed supplements. The benefits of
using these supplements include reduced piglet mortality and improved feed conversion ratios, animal health, and
sow productivity. There have been positive results from adding fermented seaweed to pig feeds. The company Ocean
Rainforest reported in 2021 that up to 80 percent of its annual 250-ton seaweed output would be fermented and sold
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as pig feed. Results from their trials indicate that fermented seaweed, which makes up 2-5 percent of the pigs’ diets,
can “reduce the feed consumption of the sows, their antibodies go up by 30-40 percent and it has a direct impact
on piglet health, reducing mortalities by 3—4 percent. It means they need less feed and fewer antibiotics, that they
produce more piglets and the farmers’ profits increase”(Fletcher 2021a).

Aquafeed

Fishmeal has traditionally been the primary protein source in aquatic feed. However, because of overfishing and the
increasing demand for natural ingredients, in many feeds alternative plant-based proteins such as soy are being used
as a partial replacement. Unfortunately, these plant-based alternatives sometimes lack certain essential amino acids,
including lysine and methionine. Although it is possible to substitute individual amino acids in the formation of feed,
these amino acids are naturally found in macroalgae. Consequently, seaweeds have been explored in this context
for aquatic feed products as a source of proteins, often in formulations tailored to the specific type of fish and its
environment.

These seaweed formulations also aim to improve final product texture and flavor, increase yields and reduce the use
of synthetic and chemical additives. Macroalgae can provide fish with a number of beneficial organic compounds,
like the valuable fatty acids docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), and a range of bioactive
polysaccharides that are essential for fish health. Multiple studies have shown the effectiveness of using macroalgae
in finfish feeds to enhance their growth rate and immune systeath Z0I&). For example, seaweeds such as

Ulva lactuca, GracilaeandUIva rigiddave been highlighted as suitable additives to enhance the development

of European seabass (Wass¢P013).

In addition, around 20-30 percent of farmed brown k&8pscdadare used as fresh feed for the aquaculture

industry in China and South Korea — mainly for abalone, but also for sea cucumber and sea urchins. These seaweeds
can be minimally processed. Seaweed can also be fed to shrimp. It forms part of the natural diet of shrimp, which can
digest the fiber in seaweed better than the fiber in terrestrial plants. Companies such as Gold Coin have also seen
some improvements in palatability performance using seaweed, and there are studies showcasing the potential health
benefits seaweed can have when as a feed component for shrimp (Fletcher 262ab2820)eder

lil. Focessing

Both intact and processed seaweeds can be used as a component of animal feeds. Processing can be as simple as
drying and milling the seaweed, or may require more steps for enhancing or retaining certain components, improving
digestibility, or removing hazardous compounds and antinutritional factors.

Fermentation of seaweed involves using microorganisms, like lactic acid bacteria for example, to make it more
digestible, enhance the bioactive profile and help make the product storage-stable. It is commonly used by seaweed
animal feed producers and the fermented feed product can be supplied as fermented liquid feed or as a dried product
(Stévant and Rebours 2021).

The conversion ratio between wet seaweed and final feed product depends on the level of processing, the seaweed
species, and the season. Hebridean Seaweed Company explains that harvesting 4@googhgfufresh

nodosunper day equates to around 10 tons of processed seaweed — ratio of about four to one (McCullough 2019).
Processing in this case involves drying wet seaweed and milling. One interviewee stated that with the processing of
seaweed, which is done to amplify specific extracts, one can expect 2—7.5 percent conversion from wet seaweed to
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FIGURE ®otential routes to feed production, as suggested bgt\Ala2018
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final seaweed extract. Another set of interviewees suggested a 6.66 percent conversion from wet seaweed to final
fermented seaweed additive. To account for this variation in conversion ratios, we assume 1 ton of fresh seaweed
yields about 7.5kg of seaweed animal feed additive.

iv. Market overview

According to the 2022 Alltech global feed study, annual worldwide animal feed output increased by 2.3 percent in
2021, with 1.236 billion tons produced (Alltech 2021). Globally, this amounted to a commercial feed manufacturing
annual turnover of over $400 billion (IFIF 2021) Asia remained the world’s largest producer, with 458 million tons,
followed by Europe (267 million tons) and North America (253 million tons).
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The market for animal feed additives, by contrast, was valued at $37.4 billion in 2021, and $38.86 billion in 2022, and
is expected to continue growing at a CAGR of 3.9 percent from 2022 to 2030, reaching a projected size of $52.77
billion by 2030 (Straits Research 2021a). The animal feed additives market (Y Id z 2021) can be segmented broadly into

Technological additiveBreservatives and emulsifiers that allow feeds to be stored for a long time without spoiling
by improving or stabilizing the physical structure of the feed during production. They usually have no direct biological
effect on animal production.

Nutritional additivesSupplements that increase the nutritional value of the feed and, accordingly, the health or
athletic performance of animals. They include vitamins, pro-vitamins, and chemically well-defined substances that
have a similar effect as vitamins; compounds of trace elements; amino acids, their salts and analogues; urea and its
derivatives.

Zootechnical additiveAdditives that can improve the performance, physiological functions and wellbeing of
animals in good health, or have a positive influence on the environment. They include natural growth-enhancing feed
additives, which are generally used instead of antibiotics.

Coccidiostats and histomonost&@sibstances used to protect chickens from coccidiosis — bloody diarrhea caused
byEimerigype protozoa that settle in their intestines — by killing the protozoa (bacteria/microorganisms) or preventing
their reproduction. They were banned by the EU in 2009 and replaced with probiotic alternatives but are still used in
some countries.

Prebiotic additives such as seaweed can fall in the zootechnical additives category. One report indicated that the global
zootechnical feed additive market was worth $9.7 billion in 2022. In terms of ingredient type, probiotics lead, with a
52.6 percent market share in 2022. Europe is the largest market, worth $2.8 billion (Fact. MR 2022). Prominent zootechnical
feed additive manufacturers include Alltech, Cargill, Delcon, DSM, DuPont, Kemin Industries, and Novus International.

TABLE Prices of ingredients (bulk ingredients and additives) used in animal feeds

Ingredient Use Price Source

Fish meali Bulk ingredienit $1.495 per kg (average price 2018§—2022) www.indexmundi.com/
S?’:{;an ] Bulk ingredient $0.436 per kg (average price 2018—?022) www.indexmundi.com/

$1.20-2.80 per kg (between Mar 202? www.allaboutfeed.net

and Feb 2023)

$1.28-3.48 per kg (between Mar 2022
and Feb 2023) :

$24.5-76 per kg (between Mar 2022%
and Feb 2023) :

$7.9-16.9 per kg (between Mar 202é
and Feb 2023) i

Lysine Nutritional additi\f/e

Theorine Nutritional additié/e www.allaboutfeed.net

Vitamin A Nutritional additiive www.allaboutfeed.net

Vitamin D3 Nutritional additive www.allaboutfeed.net
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v. Maltket dynamics

Drivers

There are several drivers of the animal feed and animal feed additive markets. For example, rising disposable income
and a growing global desire for meat has been increasing the demand for animal protein.

Second, the public’'s growing knowledge about meat quality and safety, outbreaks of livestock illnesses, and the
potential in improving feed conversion ratios are driving an interest in seaweed as a functional feed additive (Allied
Market Research 2021). Several studies and products outlined in Table 6 show the beneficial effects that seaweed
feed additives can have on animal health. For example, adding seaweed to piglet feed has been shown to be a cost-
effective way to reduce mortality rates caused by disruptions in the digestive system after weaning.

Third, regulatory pressure on animal feed in several regions is another driver. For example, in June 2022, Europe
banned the direct use of medical zinc oxide —previously used as a prophylactic — in feed. Seaweed feed additives
present an attractive alternativee{ldLi2021). In addition, they can help reduce the application of animal antibiotics.

This could help countries like Vietnam, where extensive and unregulated use of antibiotics has caused antibiotic
resistance. Several countries have now prohibited the use of antibiotics as growth promoters in animals and, in
2023, the EU introduced a ban on the routine use of antibiotics in livestock farming (World Animal Protection 2022).
According to the interviewees consulted for this report, this is driving the implementation of natural alternatives such
as seaweed supplements.

Additionally, livestock owners are attracted to the environmental benefits of using seaweed in animal feed,
including the opportunity to participate in voluntary carbon certification schemes, as offered by The Seaweed
Company and Ocean Harvest Technology, who cultivate seaweed for animal feed products. There is also a
general impetus to find alternatives to common feed components such as maize and soy, and using seaweed
could alleviate increasing competition between the food and feed chaird @D@dtp Over the last few

decades, several large companies — including Alltech, Ocean Harvest Technology and Acadian Seaplants — have
been building on these drivers and producing seaweed-based commercial feed products for farm and aquatic
animals (Adarme-Vegal 2012).

In the case of aquafeed, a significant portion of the costs of fish and shrimp aquaculture are associated with
commercially prepared feed, and growing demand combined with the stagnation in the production of fishmeal
and fish oil has led to a rise in feed prices. Feed often accounts for more than 50 percent of farm production
costs (BIM 2020). As a result, research organizations and feed producers are seeking new, environmentally friendly
and economically viable sources of feed ingredients to replace fishmeal and fish oil. As global wild fish stocks and
arable land come under increasing pressure, seaweeds may offer a viable and sustainable alternative to traditional
aquafeed ingredients. The bioactive compounds in them have been shown to benefit farmed finfish in past studies.
These functional compounds could be of interest to feed manufacturers and fish farmers looking for additional
benefits beyond basic nutrition é\air?018).
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Livestock

Companies in the seaweed-based animal feed industry have been growing consistently in recent years. For
sustained growth in this sector, access to a large volume of biomass is crucial. Leading companies in this industry
are able to achieve this by processing and manufacturing products in high-volume producing nations, such
as Vietnam and Indonesia, where seaweed can be found at a farm-gate price of $500-$1,200/ton dry weight
(Rimmeet al.2021). Ultimately, this is a high-volume, low-margin business, with dried seaweed supplements
selling mostly between $350 and $10,000/ton depending on the functional benefits of the feed, the species,
and whether the seaweed was cultivated or wild-harvested (Nieuwenhuizen, C, 2019). To create an economically
feasible product in the short term, companies may need to vertically integrate to ensure that the price of biomass
is low. Importantly, seaweed supplements with proven health benefits can fetch premium prices and capture a
portion of the feed additive market.

According to the interviewees, larger buyers and product developers in this category are known to require upward
of 2,000 tons of cultivated seaweed (for ex8agukarina latissireAlaria esculentaet weight per year for

animal supplement products. In Norway, the values of Sultitiatadia 2018 andl. esculentia 2016/17 were

$488 and $3,367-$4,127 per wet ton, respectively (BIM 2020). In 2022 less than 550 tEntatiksirtizased

harvested in Norway (Forbord 2022). The hope is that, with economies of scale, these prices will decrease significantly
to ensure commercial viability.

Alternatively, companies use wild-harvested seaweed. In Norway, seaweed meal, used as an animal feed additive,
has been manufactured since the 1960s. It is manufactured from wild-harvested, dried, and milled brown seaweed. As
early as 2003, a yearly harvest of around 50,000 tons of wet seaweed yielded 10,000 tons of seaweed meal and sold

for $5 million, or $500/ton (FAO 2003). The industry in Norway is largely based on the supply of material for alginate

extraction. Around 150,000 wet tobanaiharia hyperboraee harvested each year, largely from the wild. The

average price is $25/ton wet weight, and about 5,000 tons of alginate are produced.

Around 10,000-20,000 wet ton&. gfodosurare also wild-harvested per year, mostly for use in seaweed meal,
agricultural, nutraceutical and cosmetic products. Wild-harvesteduntypically sells for approximately
$54/wet ton (BIM 2020).

Selling seaweed as a bulk protein feed for livestock is not currently economically viable, as it would need to compete with
soy-derived products (soybean meal, concentrate and isolate) which are priced below $1,000 per ton. Consequently,
teams are implementing seaweed as a supplement with significant impacts on the immune system, not as a protein

substitute. Interviewees highlighted how small volumes of seaweed can result in significant improvements in immune

function, leading to more favorable feed conversion ratios (FCRs) and reduced energy expenditure. According to The
Seaweed Company, their animal feed blends have been shown to improve FCRs by 3-10 percent, which reduces
farmers’ overall carbon footprint. For example, a 10 percent improvement in FCR for 100,000 pigs can lead to a

reduction of 18,000 tons ae@@r year (Y letzal 2021).
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Aquafeed

Stagnation in the production of fishmeal and fish oil has led to an overall increase in fish feed prices, as can be
seen in Figure 10. In response, feed producers are searching for economically viable sources of ingredients. These
alternatives must maintain the growth, health, survival, and fillet quality of farmed fish. Soybean meal and soybean
extracts are alternative protein sources, and price points are certainly more favorable (about $0.3-$2/kg, depending
on processing level and protein concentration). Seaweed protein extract has also been explored in fish feed but is
currently not cost-competitive with soybean meal or soybean concentrate. Despite this, some recent studies have
highlighted how creating functional aquafeeds that incorporate highly valuable laminarin and mannitol extracts from
seaweed increases the chance of commercial profitability (EetaéaG2@)y

FIGURE 1Brice comparison of soybean meal and fishmeal
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Conmpetition

From a protein perspective, seaweed is unlikely to reach competitive price points. Over the past few decades,
several new seaweed-based feed proteins have been developed but few have gained significant market
penetration. To replace current feed proteins, like soy and maize, new proteins must have equivalent or
superior nutritional values as well as financial and/or functional benefits. They must also have a more favorable
environmental impact than soy and fishmeal, as well as other methods used to treat unused raw materials that
may be used as inputs or feedstocks.

According to the stakeholder interviews undertaken for this report, based on the relatively low protein content found

in seaweeds (see Table 11), alternative protein sources such as yeast, bacteria, insects, and even microalgae are
preferred for the production of alternative animal feed proteins. For example, many wild animals, including freshwater
fish and birds, consume insects as part of their diet. Insects can contain 56—82 percent protein after de-fatting, making
them a potentially intriguing source of protein for animal feetda{@ORH. However, high production costs also

limit the scaleup of insect proteins for animal feeds.
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TABLE @rices [$/kg] of several alternative proteins

Type of protein Price [$/kg] — 100% prof

Soy protein g 2.0
Pea protein 5.0
Insect protein 41.0
Mycoprotein 13.0
Cultured meat 300.0
Whey protein : 75

Source: McKinsey Report (2019)

TABLE 9ypical composition of commercially available feed ingredients and algae species (dry matter)

% Crude % Crude % Crude
Protein Lipid Carbohydrate*

Fish meal : 63.0 : 110 : - 158 201
Poultry meal : 58.0 : 113 - 189 191
Com-gluten : 620: 50 18.5 48 21.3

Soybean 44.0 : 22 39.0 K 18.2
Wheat meal : 12.2: 29 : 69.0 © 16 16.8

Spirulina  : 580 : 116 108 134 201

Chlorella @ 520 : 75 24.3 P82 19.3
Tetraselmis :  27.2° 140 : 454 115 18.0
Gracilaria $p: 34.0 : 15 371 : 269 : 13.4
Gracilaria3p: 100 09 50.1 © 340 : 11.2
Ulva lactuéa : 374 28 42.2 C 174 15.7
Uvalactuga: 125 © 10 57.0 . 245 11.2

Schizochytridm 125 402 38.9 © 84 25.6

* Carbohydrates calculated as the difference % DM - (% protein + % lipid + % ash)
Cultured in effluent of fish tanks

2Collected from natural habitat

3Commercial product, Martek Biosciences

Source: Shields and Lupatsch (2012)

From a functional feed perspective, macroalgae stand out because of their unique blend of properties and antioxidants.
They may face competition from more easily engineered organisms like microalgae, which have also been used as
feed supplements and offer many ecological benefits. However, the main challenge for microalgae is scalability. Large
facilities are required for microalgae production, which are more technically demanding and expensive than those
used for macroalgae.

MARKET SECTP&S



vi. Chdlerges
1.Availability of seaweed supply

The production and development of seaweed as a feed additive faces several challenges. First, there are difficulties
in creating scalable cultivation methods for different types of seaweed (brown, green and red), as well as challenges
in seeding substrates, harvesting at larger volumes, and processing high volumes efficiently. Each variety of seaweed
requires substantial technical development to extract and analyze the components of interest. For example, feed makers
may require a specific proportion of carbohydrates in their products, which may be limited in farmed seaweed species,
according to seasonality. In addition, the relatively indigestible carbohydrate content of some seaweeds, such as kelp,
is a potential drawback. To manage this, more testing of cultivated seaweeds, especially fermented raw materials,
would be beneficial (Stévant and Rebours 2021).

There are also issues in establishing a secure and traceable supply chain. Wild seaweed is harvested either through
beachcombing, cutting, or dredging. Dredging techniques, in particular, can be harmful to the environment because
the seaweed is pulled from the seabed. The combination of environmental concerns, control over supply, and the
fact that less than 3 percent of total seaweed production is from wild harvesting, is driving downstream product
developers to explore vertical integration to ensure a stable supply of biomass which can meet demand for products.

In addition, major animal feed customers often require high biomass volumes and have expressed doubts that
sufficiently large volumes of product will be continuously available. These aspects can increase the startup costs for
new entrants into the market and create significant entry barriers.

2.Nutritional quality of seaweed

The production and processing of macroalgae for use as animal feed may be hampered by the possible bioaccumulation
of seawater inorganic elements and heavy metals — such as arsenic, mercury, lead, cadmium and aluminum — in the
macroalgae. In addition, the nutritional quality of processed macroalgae may be impaired because of nutrient loss,
and the production of macroalgae on a large scale requires significant energy to harvest and dry it. LCAs demonstrate
that, if left untreated, these concerns may have substantial environmental implications, such as elevated carbon
emissions (Costiaal 2021).

3.Customer onboarding

It can be difficult and time-consuming to assess some of the beneficial effects of seaweed, and it may require testing
them on thousands of animals on commercial farms. Providers of blended seaweed ingredients for the animal feed
market need to have the research data to demonstrate the mode of action and efficacy of their products, sometimes in
multiple animal species. They need to gain credibility with nutritionists and other key decision makers in the sector to
encourage the adoption of these ingredients. For some customers, these natural ingredients are a very new concept,
especially if they have been using synthetic products for decades. As a result, customers often need time to conduct
their own trials and are not likely to make a quick decision to switch.

vil. Regulations
Although regulations vary across geographies, most regions have established guidelines for algae meal and algae
extract feeds. For example, EU guidelines specify maximum levels of arsenic, lead, cadmium and mercury in algae
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feed materials. The maximum level of arsenic in macroalgae feed materials, for instance, is 10 mg/kg for complete and
complementary feed for pets, and 40 mg/kg for macroalgae meal and macroalgae-derived feed materials for livestock
(Lahteenméaki-Uutetaal 2021). In the United States, the FDA is responsible for regulating animal feed and pet food.

To be approved for use as a feed additive, products must be shown to be safe not only for farm animals to consume
but also for humans to eat animals that consumed the feed.

viii. Market outlook

Milestones ard projections

Wild-caught and cultivated seaweed are both already competitive in the global feed additive market, which was
valued at $38.86 billion in 2022 and is predicted to grow at a CAGR of 3.9 percent until 2030. Based on our
analysis of key drivers and dynamics, the projected seaweed-based animal feed additive market will be worth
$1.122 billion in 2030.

Interviewees suggested that the market is expected to continue growing steadily over the next 10 years and remains
promising for seaweed in the short-term. Based on this, several regions have forecast large future markets in this area,
with the European seaweed animal feed supplement market potentially reaching a total market value of $2.414 billion
by 2030 (Vincent, Stanley, and Ring 2020).

Due to the functional and economic benefits of seaweed, the level of understanding and interest in the ingredient has
increased significantly over the past 18 months, with customers expressing more curiosity and wanting to see data
on its effectiveness. According to the SeaMark project, FermentationExperts, currently the largest users of seaweed
in animal feed in Europe, expect to be able to increase their usage of seaweed by ten times over the next five years
(Feed Navigator 2022). In addition, the promising results for seaweed-derived swine feed supplements mentioned
in the value proposition section are encouraging more farmers to consider using them. However, there is currently a
challenge in meeting the demand because of inadequate seaweed supply.

According to the interviewees, the drive to reduce antibiotic resistance is promoting the implementation of natural
alternatives to antibiotics — such as seaweed supplements — and the industry is moving away from synthetic
additives. In addition, according to primary interviews, despite pushback from global pharmaceutical players,
changing legislation relating to sustainable farming practices in regions like the EU will likely incentivize adoption
regardless. Numerous sustainability advantages are associated with the use of seaweeds, the majority of which
are consistent with government objectives such as the EU Green Deal, which targets more sustainable agriculture
(Y Id 2t al 2021).

To reduce the risk of pollutants in seaweed, there is an ongoing effort from global stakeholders to create standard
guidelines around the space and international limits for the identification and quantification of contaminants in
seaweed-based animal feed, as well as the standardization of labels for seaweed-containing products. Interviewees
highlighted how this would be beneficial for ensuring the continued growth of this sector.

Many farmers base their decisions on whether to adopt a product on the purchasing behavior of other farmers.

Therefore, the adoption of more seaweed products in the feed industry will be influenced by veterinarians and farmers
acting as trusted sources of information. In general, the adoption of new agricultural inputs typically relies on these
networks, through which farmers expect to see practical evidence of use and efficacy. Without other stimuli, market
growth may be limited by this process.
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Techndogical deelopments

Although much of the technology is already in place for incorporating seaweed into livestock feed, the industry
must evaluate the intra-species variability of seaweed composition, based on factors such as seasonality,
environmental conditions, and geographical location. This will help determine the optimal inclusion level of
seaweed in feed so that it is both effective for improving animal health and productivity and also palatable to the
animals (WWF 2020).

It is also important to explore drying and processing techniques that can retain the desired compounds in
seaweed, while still being economically viable. Dried and milled macroalgae are used as seaweed meal in animal
feed. However, using fossil fuels to dry the biomass in an oven is energy-intensive and expensive, and alternative
methods such as screw-press dehydration, and enzyme-assisted or microwave-assisted extraction, are being
implemented.

In the context of using seaweed as a bulk source of protein, protein extraction from macroalgae can be challenging due
to the complex polysaccharide cell wall and extracellular matrix, which varies significantly among species (dverland
et al.2019). To overcome this, increased efforts around strain selection will be important for increasing protein content

and post-processing yield. The development of more sophisticated, large-scale, innovative biorefinery processes have
also been highlighted as an important milestone to be achieved in this sector.

Target geographies and inestmert requrenerts

To stimulate the animal feed and additive markets, the seaweed industry should prioritize production and processing,
as there is currently a shortage of available seaweed. This includes investing in innovative drying solutions and finding
suitable locations for decentralized farms.

Furthermore, it is important to use more seaweed species in order to spread risk and secure a consistent supply. This
is necessary to fully understand and navigate the complexities of the industry. Consequently, investment should focus
on several different species of brown, red and green macroalgae.

The investment required to establish a seaweed supply chain varies by location. For example, in Southeast Asia,
the industry is said to be highly fragmented, with an underdeveloped processing infrastructure. However, multiple

animal feed teams have made investments to provide critical equipment and address logistical challenges in the

region. These investments help local communities with the initial costs of setting up sustainable harvesting and supply
processes, and increase the seaweed supply.

To make seaweed-based feed products commercially viable and ensure the success and sustainability of their products
in the market, organizations and governments need to focus on three key investment areas in particular:

1. Research and developmeBtmpanies in this sector perform regular animal field trials to demonstrate how their products
work. This can be a lengthy and expensive process but is necessary to fully understand the value and effectiveness of their
products. Once these new feeds have been tested at scale, ammpangetkely to have the incentive to persuade
veterinarians and farmers to implement the product. Greater recognition and acceptance by customers of feed efficacy and
production, based on large-scale trials, is important. In addition, investing in LCA research would be beneficial for communicating
the environmental benefits of this alternative supplement to stakeholders, and creating a positive public perception of the
product. This may help attract more customers and increase market demand.
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2. Customer onboardin@nboarding new customers can take up to 12 months and often involves testing the feeds on a sample
population of farm animals. This process depends on building good relationships with farmers, veterinarians, and consultants.
Developing understandings and relationships with these consultants is critical, and that is where a strong sales team can make
a difference.

3. Supply chainBuilding up the supply chains is also important. Companies such as Ocean Harvest Technology, The Seaweed
Company, and several other major players in this area have fully committed to vertical integration, which allows them to increase
their margins and reduce risk by solidifying the supply of fresh biomass. Building processing facilities close to locations where
seaweed can be produced at scale is important.

4.3. Ret food
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Key highlights

Pet food

Seaweed is already used in the pet food ibdtistoydata on market size are available.
Global pet food market: $115.5 billion in 2022.

Projected market growth: 5.11 percent CAGR between 2022 and 2030.

Projected seaweed-based pet food market: $1.078 billion in 2030.

Key drivers
« The growing demand for vegan products with an emphasis on clean labeling, transparency, and sustainability.

* The growing preference for functional pet foods with augmented health benefits.

Main challenges
« Unavailability of sufficiently large volumes of seaweed.
¢ Highly consolidated market.
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¢ Insufficient research to support health claims, excessively high mineral levels, contaminatiort from pollutants,
low palatability.

©0000000000000000000000000000000000000000000000000000000000000000000
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+ Outlook According to our stakeholder interviews, this is a potentially more attractive market for seawveed producers

: than animal feed, particularly in areas where the cost of farming seaweed is high. Pet food prodeicts are generally
: more expensive than animal feeds, driven by the greater integration of domestic animals into the I§uman family, and
: demand for healthy alternatives. :

.
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l. Introduction

Pet food is a subcategory of animal feed intended to be fed to domesticated companion animals such as dogs and
cats. Pet food can be a complex composition of up to 60 ingredients (Thompson 2008).
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BOX 3: PET FOOD MARKET DEFINITIONS

Prebioticsare non-digestible compounds found in high- ber foods — oats, barley, wheat bran, beans, bananas,
garlic, onions, almonds and seaweed, among others — that act as food for the good bacteria in the large intestines
(gut), increasing their number and activity. They dipgoliotits which are live microorganisms — typically

derived from fermented foods such as yogurt — similar to the bene cial micro ora found in the gastrointestinal tract,
which has a microbiome made up of more than 1,000 types of healthy bacteria. In short, prebiotics act as food for
probiotics. Probiotic foods help to replenish the good bacteria in the gut.

Functional ingredients or additiviespet foods are marketed as having special nutritional bene ts in terms of
general wellness or address speci ¢ health concerns — including digestion, joint and cartilage function, immune
system strength, and dental health.

Pet food topperare supplements, products, and ingredients that are mixed into an animal's meals. They are
designed to boost the nutritional content or taste of canned and dry commercial foods.

ii. Seaweed’s \alue proposition

Beneficial seaweed species for use in pet foods can be found in all three color categories — red, brown and green — of
farmed and wild macroalgae. For example, carrageenans derived from cultivatedkappalglagclisave

been used in pet foods for decades as inexpensive thickeners, and a variety of seaweed species have been explored
as protein sources (Wageral.2019). However, over the last few decades, one of the more interesting market
applications has been the use of seaweed as functional feed ingredients or additives (see definitions in animal feed
chapter) that offer specific gut health or digestive benefits for pets. This will be the focus of this chapter.

In the pet food industry, there is a focus on creating products that support digestive health. This can be challenging
because digestion is influenced by various factors, including the balance of beneficial and harmful bacteria
in the stomach (Nieuwenhuizen, C, 2019).) One solution companies have turned to is seaweed, which contains a
range of bioactive polysaccharides, proteins and antioxidants which can influence pet health. Seaweed-derived
polysaccharides — like alginate, fucoidan, laminarin and ulvan — are particularly attractive components in this regard
and can act as prebiotics (Sands 2022).

Seaweed prebiotics have several potential applications in pet health, including improving gut health and suppressing
the growth of harmful microorganisms. For example, studies have shown that consuming seaweed-derived pet

supplements can improve the digestive or skin health of 88 percent of dogs (Sands 2022). Specifically, sulfated
polysaccharides found in seaweeds. lik@dosurhave been found to improve oral, fur, and skin health in dogs.

The high content of soluble fibers in seaweeds can also provide a good substrate for hindgut bacteria. Consequently,
companies around the world have been incorporating seaweed meal or extracts into pet food, pet treats, and pet

nutritional supplements or toppers.

iii. Frocessing

Seaweed-based pet food ingredients and additives can be processed like conventional animal feeds (see Figure 9).
Both intact and processed seaweeds can be used. Processing can involve drying and milling the seaweed, fermenting
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it, or may require more steps for enhancing or retaining certain components, improving digestibility, or removing
hazardous compounds and antinutritional factors.

As outlined in the animal feed section, the fermentation of seaweed involves using microorganisms to enhance its
properties and help make it more stable for storage. For example, the company Seadling germinates, raises, and
cultivateKappaphycusp. with partner farmers. After harvest, the seaweed undergoes fermentation to increase its
nutritional value, leading to higher levels of phytochemicals and amino acids. It is then dried, processed, tested, and
shipped to buyers, where it can be applied as a supplement or feed additive (Seadling n.d.).

The conversion ratio between wet seaweed and final feed product depends on the level of processing, seaweed
species, and season. As highlighted in the animal feed section (chapter 4.2), this can range anywhere from 2 to
25 percent. To account for this variation in conversion ratios, we assume 1 ton of fresh seaweed yields about 100 kg
of seaweed pet food (10 percent).

iv. Market overview

The total volume of pet food produced in 2021 was around 34 million tons (see Table 10 below). Europe and North
America are the largest markets, accounting for 34 percent and 31 percent of global production, respectively. Dogs and
cats make up the biggest segments of the market.

TABLE 1@lobal pet food production volumes in 2021 and 2020

Sum of 2020 Feed Sum of 2021 Feed Var. 2020 to

[
Tonnage: Pet (MMT) Tonnage: Pet (MMT) 2021 (MMT) Sremily ()

Africa 0.444 0454 i 0009 i 21%
Asia-Pacific 3.256 3.813 0.557 17.1%
Europe 11.280 11.587 0.307 2.7%
Latin Americag 6.671 7.184 0.513 7.7%
Middle East 0.075 0.075 - 0.0%
North Americai 9.409 10.600 1191 12.7%
Oceania 0.452 0.452 - 0.0%
Grand Total 31.587 34.165 2.578% 8.2%

Source: Alltech Agri-food Outlook (2022)

The global pet food market was valued at $115.5 billion in 2022 (Fortune Business Insights 2022a). As a segment of
that market, the functional pet food market was valued at $1.95 billion in 2020, and by 2030, it is forecast to reach
$4.68 billion, growing at 8.8 percent CAGR (Allied Market Research 2021). Globally, the market is highly consolidated
and dominated by multinational companies, such as Mars Petcare, which generated over $19 billion in revenue in
2021, and Nestlé Purina PetCare, which generated around $16.4 billion in revenue in 2021 (Bedford 2022).
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TABLE 1Ret food retail value sales in the selected countries (US$ millions, year-over-year exchange rates historical
and forecast

* 0 * 0,
CAGR* % 2021 2025 CAGR* %

Market 2020 5016-2020 2021-2025

Total  : 12,384.3 136775 2.5; 14,204.3 17,203.4 4.9
Japan  :  3,8045: 4,065.2 17 41675 : 46259: 2.6
Canada : 2,555.0: 31001: 50 i 32810 :  41104: 5.8
Australia :  2,471.0: 2,626.3: 15: 2,677.6 31883 4.5
Mexico :  1,876.0: 2,012.3: 18: 21315 2,9121 81
Chile @ 7585 : 8225 20 : 8458 :  1,0127: 4.6
New Zealand: 426.1: 4243 : 01 : 4333 : 468.2 2.0
Peru L2194 2747 58 : 292.4 3977 80
Malaysia : 165.1 : 204.5 : 55 : 216.9 280:4 6.6
Singapore : 780 : 917 41 : 960 1119 3.9
Vietnam 295 545 : 166 : 60.9: 94.2: 11.5
Brunei 1.2 1.4 39 14 16 3.4

Source: Euromonitor (2021); https://agriculture.canada.ca
Note: CAGR: Compound annual growth rate

Key markets for pet food include affluent Western countries and several developing regions with high pet ownership
and populations. For example, the American Pet Products Association’s National Pet Owners Survey found that
dog-owning households in the US are increasingly focused on purchasing nutritious food (Mordor Intelligence
2021a). Meanwhile, Asian and South American regions show increasing interest in premium pet treats, particularly
for small dogs.

Prices of dog food products vary, according to composition and premium status. In the US, prices per pound (Ib.) of dog
foods sold directly to consumers are highlighted in Figure 11.

Typically, there are three different price ranges — cheap dog food for $1.50 per Ib. or less ($3.3 per kg or less), mid-
range dog food for $1.51 to $2.00 per Ib. ($3.31 to $4.44 per kg), and expensive dog food for over $2.00 per Ib. (over
$4.45 per kg). However, pet foods that incorporate functional ingredients with augmented health benefits can cost
more than $20.5/Ib dry weight.

Meanwhile, prices for pet treats and prebiotic supplements or nutraceuticals can be much higher. Common
prebiotics are:

Fructo-oligosaccharides (FOS) — derived from fructose molecules in fruit and root vegetables.
Mannan oligosaccharides (MOS) — from ti$agelastomyces cerevisiae
Galactooligosaccharides (GOS) — found in dairy, beans, and root vegetables.

Inulin — indigestible starch found in many fruits and vegetables.

AR
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Supplements for these prebiotics can come in powders, treats, chewable pills, or capsules, and can be sold at prices
far exceeding $50 per 100g (petcubes 2023).

FIGURE Mariation in pricing of dog food brands (1lb is 0.453592kg)

Each circle represents a dog food formula from the brand
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v. Maltket dynamics

Drivers

Growth in the market is driven by a number of factors, including a shift toward treating pets as family members
and a desire to provide them with high-quality products. The consumer trend of “humanizing” pets has led to the
development of more sophisticated snacks and treats (Williams 2019). There is an increasing preference for functional
treats, which offer additional health benefits, and large corporations have been developing new functional treats to
meet demand (Mordor Intelligence 2021a, 2021b).

The pet food market continues to be influenced by trends in the broader food industry. The strong emotional bond

between humans and their pets has contributed to an emphasis on clean labeling, transparency, accountability and
sustainability. These trends present opportunities for companies to develop new, vegan products that appeal to pet

owners. The growing demand for locally produced and ethically sourced products has motivated many of these larger
corporations to develop more production plants closer to major markets (Coriolis 2014). Incumbent players, such as
Nestlé, are responding to consumer demand by introducing new offerings that incorporate sustainable ingredients

like microalgae.

An incumbent in this space is Acadian Seaplants, which produces the pet food product Tasco. Tasco incorporates
wild-harvesteA. nodosumand has over two decades of scientific research supporting its use as a pet-friendly
seaweed (Pet Food Industry 2019). It can be incorporated as a pet food ingredient or suppleeteait (Kandasamy
2011). Additional organizations in the space include The Seaweed Company and Ocean Harvest Technology, who are
producing pet foods alongside animal feeds using cultivated seaweeds.

New innovators in the field, such as Seadling and Blue Pet Co., have also recognized the opportunity in this sector.
Seadling is focused on fermented, cultivated seaweed supplements, while Blue Pet Co is introducing a line of

zero-carbon supplements made with hand-harvested seaweed using a bioprocessing technique that extracts and

concentrates unique molecules such as fucoidan.

Several corporations recognize that macroalgae may be a more sustainable source of ingredients compared to land-
based materials like soy or livestock meat. Across pet foods, there is a general need to improve sustainability by
reducing cropland and water usage. In the United States, 1 ton of pet food uses approximately 851 ha of cropland and
686,821 KL of water (Aatudf 2021). In addition, a recent study explains that annual global dry pet food production

is associated with 56-151 million tong-ef@@lent emissions per year (1.1 2.9 percent of global agricultural
emissions) (Alexangteal 2020). This is equivalent to the total annual emissions from Mozambique.

Seaweed could be used to reduce the carbon and water footprint of the sector, and several companies have been
investigating this potential. However, there are concerns about the potential for contaminants, such as heavy metals,
in seaweed products sourced from polluted areas. This presents an opportunity for companies that can provide a
clean, sustainable source of seaweed for the pet food industry.

Prices and volunes

Table 12 shows the prices of several high-value seaweed products. Seaweed products sold directly to consumers
can cost upward of $100/kg when sold as a treat or supplement. An alternative business model is B2B — in these
instances, some of the stakeholders interviewed mentioned that fermented seaweed can sell for about $10/kg to pet
food manufacturers.
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TABLE 12 selection of pet treat and supplement products

Total product
price retail Main functional components
($/kg)

B2C Product Pet food Seaweed

type product inclusion %

:1. PhyCoidan complex (seaweed meal)
: is derived froffucus vesiculosus
: : : . and enriched with fucoidan, natural
Petfood : GoShine — Blué : :  antioxidant marine polyphenols,

ingredientin§ Pet Co (https://; 507 106 : vitamins and minerals.

treats : bluepetco.com) : : 2. PhytoMara (seaweed meal) extracted
: : : ¢ fromA. nodosuseaweed, enriched
in the laminarin, fucoidan, alginate and

polyphenols.
Petfood : GoSmile —Blué : :  PhytoDent (seaweed meal) is a blend
ingredient in:  Pet Co (https:/f 3.85 53 ¢ ofA. nodosumndFucus vesiculosus
treats : bluepetco.com) ! ¢ Enriched with fucoidan.
Prebiotic
: fermented :
Petfood : supplement- : : :
topper : Neptune’s Yard 100 71.964 : Fermentelappaphycus alvarezii.
supplement: (https:// : : :
: neptunesyard.:
co0.uk)

Table 12 illustrates how the inclusion of high-value carbohydrates extracted from seaweed, such as fucoidan and
alginates, can add value to pet food products. In the case of Blue Pet Co, adding just 50 grams of seaweed meal per
kilogram of pet food (consisting otherwise of ingredients such as whole peas, dehydrated chicken, oats, coconut oil

and molasses) can help pet foods sell for significantly higher prices.

Unfortunately, production at scale is not common in most areas outside of Asia. This is a challenge for leading pet food
producers, who seek high volumes of seaweed for use as thickeners and functional ingredients. Our interviewees
suggested that larger organizations, including M&M Mars, have sought out seaweed in developing markets with
potentially less polluted waters. However, these companies often require a reliable, sustainable source of around
2,000 tons of wet seaweed per order.

vi. Gnpetition
The global pet food market is highly consolidated. According to our interviews, there has been significant interest
in incorporating more seaweed into the supply chains of major pet food companies. Whether this will be in the form

of functional food, or as a means of enhancing the sustainability of operations through the use of products such as
seaweed biostimulants, remains to be seen.

There are several sustainable alternatives to using seaweed in pet products. Insects and microalgae, for instance, have
both been explored as sources of protein and functional ingredients. Nestlé recently partnered with Corbion to use
microalgae in various products (Nestlé 2019). Corbion has been an advocate for using long-chain, omega-3s derived
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from microalgae, which can enhance neurological, immune, fertility, and vascular health in animals (Corbion 2022).
Another alternative to seaweed pet food is rendered meat and bone scraps, obtained from animal agriculture and grocery
store leftovers and used to make high-quality protein for pet food. However, rendering is not without its sustainability
concerns, as it involves the use of animal parts that originate from high carbon-footprint industries (Industry 2019).
Meanwhile, the Biomega Group, based in Norway, has created a technology that uses salmon waste to provide pets
with protein, omega-3 fatty acids, and other essential nutrients (Pet Food Industry 2019). Bond Pet Foods, in Colorado,
has also been employing biotechnology to create animal-free pet food using a novel, dried-yeast protein (Berry 2021).

These products can outcompete seaweed from a protein perspective, but the acceptability of these alternatives as
pet food ingredients may vary in different cultures and locationsef\d.@0%K&r In addition, from a functional
treat perspective, seaweeds have unique benefits, including the presence of bioactive compounds such as fucoidan.

Challerges

Seaweed-derived pet foods face challenges similar to those of animal feed products (Séer chapteriel.2).

not all species of seaweed are suitable sources of biomass. Factors such as efficacy, palatability, nutritional limits, and
compliance with regulations are potential obstacles for new entrants into the market. Many seaweed species have
insufficient research to support health claims, and others have undesirable characteristics — such as high mineral levels,
contamination from pollutants, or low palatability (Petfoodindustry.com 2019). The nutritional quality of plants and
macroalgae can also vary based on factors such as season, location, and environmentalested 20 (McCusker

In addition, there are challenges relating to inadequate supply, as mentioned in the common section of this report. Our
interviewees mentioned that large pet food manufacturers often demand shipment volumes that emerging seaweed

regions, where production volumes equate to under 1,000 tons, cannot yet meet. Meanwhile, in the established markets,
products like carrageenan already absorb the entire current supply of macroalgae. To address this supply challenge,
companies must establish strong supply relationships and consider investing in, or vertically integrating, their supply chain.

Regulation

In terms of regulation, there are certain controls for pet food products. For example, the EU has established guidelines
for acceptable feed materials in pet food, including algae products. For instance, the maximum level of arsenic in
macroalgae feed materials is 10 mg/kg for complete and complementary feed for pets (Lahteahmaki-Uutela
2021). This is an important consideration and potential barrier to entry when choosing seaweed species and markets
to target. Nevertheless, according to our interviewees, these regulations are generally not considered major hurdles.

vii. Market outlook

The global pet food market is projected to grow at a CAGR of 5.11 percent to 2030. Seaweed is already used in the pet
food industry, and based on our analysis of key drivers and dynamics, the seaweed-based pet food market is projected
to reach $1.078 billion by 2030.

In the pet food industry, data and targeted marketing can drive the adoption of seaweed products in the coming years. In
addition, a blend of species can offer greater benefits and mitigate negative effects, like varying levels of heavy metals.
Consequently, to maximize the benefits and minimize risks, teams could aim to make blended seaweed products more
mainstream. Our interviewees suggested this would accelerate an improvement in attitude toward these products.

According to our stakeholder interviews, scaling seaweed farming in emerging regions is important for seaweed to
compete more in the pet food category. As seaweed farming operations gain public acceptance and secure necessary
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permits, the cost of production is expected to decrease, leading to wider market adoption. This will allow farms to
provide pet food companies with a sufficient volume of seaweed for reliable product development.

Currently, seaweed blends supplied by larger corporations are minimally processed and can be certified organic. These
gualities make seaweed blends an ideal fit for clean label, natural and sustainable pet food diets. However, to advance
the pet food industry, technological developments should focus on more sophisticated fermenters, biorefineries and
scaling supply (Pet Food Industry 2019).

In addition, major purchasers of seaweed for pet food are demanding improved traceability and assessment of
environmental benefits. The industry-wide push for more life cycle analyses (LCAs) will allow for an evaluation of the
environmental impacts of pet food production systemisglAfl). This will bolster claims that seaweed is an
environmentally sustainable pet food ingredient, which is a significant driver for buyers.

According to our interviewees, stakeholders are largely interested in seeing an asymmetric distribution of investment
funds. A significant proportion should go toward strain selection and establishing seaweed farms. Another large proportion
should go toward the development of new policies, regulations and incentives. Marketing efforts should receive a smaller
investment, as the focus should be on achieving cost-effective processing and integration into the supply chain.

4.4. Methanereducing feed supplements

® 000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Key highlights

Methane-reducing feed supplements

: There have been limited commercial sales of methane-reducing seaweed additives.
: Global methane-reducing additive market: $47 million in 2022.

Projected market growth: 57 percent CAGR between 2022 and 2030

Projected seaweed-based market potential: $306 million in 2030.

Primary drivers
« Demand from consumers for more sustainable meat and dairy products, coupled with net-zéro policies from

corporations.

Economic incentives: potential productivity gains and route to monetization using carbon crediting pathways.

Main challenges

ecccccccceombocccoreccccccccccccccccccccccsscsssscssne

Availability of sufficient seaweed volumes.

For many companies, there is single species risk, as cukbi@yopsis neither widely practicedgnor
deeply understood. .

Speed of regulatory approval in many geographies may be slow, unless more time is speht on increasing

awareness.

Potential deal-breaker challenges

Competition from synthetics
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ooooooooooo.oooooooooocoooooooooooocoo.ooooooooocoo.oooooooooccoooooooooooccoo.oooooooocooo.oooooooococoooo

: Outlook Stakeholders predict that time to commercial scaleup is only a couple of years away. There is clear market

: demand for this product and the sector is attracting significant investment to overcome these .challenges This
: : momentum may allow the challenges to be overcome faster than for other markets, as long as unsubstantiated
: : claims are avoided. :

oooo.oooooooooocoooooooooooocoo.ooooooooocoo.oooooooooccoooooooooooccoo.oooooooocooo.oooooooococooooooooooo

Introduction

In ruminant animals, volatile fatty acids (VFASs) produced through the fermentation of simple and complex carbohydrates
by rumen bacteria can provide over 70 percent of the host animal’s energy needs. Unfortunately, the enteric production
of some VFAs also generates hydrogen (H ), which is then used by methanogenic archaea to produce methane (CH
Methane has a global warming potential (GWP) 28 times greater than that of carbobydimitd€&¢Ctis

reason, it is the main direct source of GHG emissions in beef and dairy production. In the US alone, it is estimated that
enteric fermentation accounts for approximately 2.7 percent of anthropogenic (that is, human-caused) GHG emissions
(26.7 percent of Gmissions) (Vghal 2020). In recent years there has been a concerted focus on developing
methane mitigation strategies for ruminants. A promising strategy might be diet modification through feed additives
that can reduce methane emissions in ruminants (Palangi and Lackner 2022).

BOX 4: METHANE REDUCING FEED SUPPLEMENTS: MARKET DEFINITIONS

BromoformA naturally-occurring bioactive compound produced by seaweed, it has been found to dramatically
decrease the production of methane when added to the feed of livestock.

Anthropogenic emissiorismissions of GHGSs, the precursors of GHGs, and aerosols through human activities, such
as fossil fuel combustion, deforestation, and cattle farming.

MethanogenesisA form of anaerobic respiration performed by microbes called methanogenic archaea that uses
carbon as an electron acceptor, resulting in the production of methane. Anti-methanogenic supplements can inhibit
methanogenesis in ruminant animals (cattle, bu alo, sheep, goats and camels).

Enteric fermentatiofrermentation that takes place in the digestive systems of animals. Ruminant animals have a
large “fore-stomach,” or rumen, within which microbial fermentation breaks down food into soluble products.

Feedlots:Yarded areas where cattle are held in groups in close con nement while receiving feed. Feedlots are
used in beef production to ensure that cattle reach a speci c weight before slaughter and to provide consistent
meat quality and quantity to meet consumer demand. Bgreamgsia method of animal husbandry in which

domestic livestock are allowed to roam around outdoors and consume wil@wegethtarmmysometimes

referred to as zero grazing, is a feeding system where fresh grass is cut daily and fed to housed cows throughout
the grazing season.

Dairy cowsCattle bred to produce milk. Most dairy cows are kept indoors for part, or all, of the year.

ii. Seaweed’s \alue proposition

Seaweeds such Asparagopsis taxiformis, Asparagopsis armata, Alaria esculenta, Aami@bsodrus
crispugan reduce Ceimissions in ruminants when applied as feed supplements, as shown in Figure 12.
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FIGURE 1mhibition of CH4 emission by ruminants through applica@@adophora patentiramegreen seaweed),
Dictyota(brown seaweed), aAdparagopsiged seaweed) additives

100+ 93.1

80

60 - 56.3
50.9 50.9 484 459

CH reduction rate, %

Green seaweed Brown seaweed Red seaweed

Note:Cladophora patentirambétyotaandAsparagopsisere shown to inhibit methane production in vitro by 69.7 percent, 93.1 percent and
99.0 percent, respectively é¥al.2021).

Asparagopsisas shown particularly high GHG reduction potential (see Figure 16). This is largely attributed to
the chemical bromoform, which is produced naturally dukspardgopsibfe cycle. Bromoform inhibits
methanogenesis by blocking the activity of enzymes involved in the Wolfe cycle, which governs the conversion of
CQinto CH However, bromoform is not responsible for the methane-reducing capacity of all seaweeds. Patra and
Saxena (2010) have reviewed how saponins, tannins, flavonoids and organosulfur compounds all demonstrate the
potential to reduce hissions. Tannins and phlorotannins, in particular, have been highlighted as promising anti-
methanogenic components found in brown seaweeds(\&a2822). However, research on these compounds

is in its early stages and many alternative compounds have not yetiheariéstesbet al.2022).

Asparagopsappears to be the best candidate because of its effectiveness even at low inclusioetrates (Wasson
2022). Adding small amounts (0.2 percent inclusioArase)fofmito the diets of beef steers can redyce CH
emissions by up to 98 percent (I€ing\2020)In vivasupplementationAftaxiformi€.5 to 3 percent organic

matter (OM) basis) in sheep also redyesaisitons by up to 80 percent over 72 dagsZ0i8). Consequently,

most commercialization efforts using seaweed have ceAspra@Qopsis

This high level of emission reduction effectiveness can help to make beef, dairy, leather and wool production more
sustainable. As little as 20 percent market penetfsdjmaragopsecross the major Organization for European

Economic Co-operation (OEEC) nations in beef and dairy feed could remove up to 15 percent of total global enteric CH
emissions (Kinletyal.2020).

In addition, intercepting methanogenesis diverts energy to the growth of the animal because methanogenesis is
responsible for energy losses of up to 12 percent of the total feed energy in ruminant livetsab@023)asson

Reducing this process results in improved output for less feed, which can reduce the total operating costs for feedlot
and dairy farming.
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l1l. Frocessing

Several companies are trying to commercialize this property of seaweed by creating anti-methanogenic seaweed-
based supplements. A common pathway for présgssagppsiavolves applying a saltwater rinse, spin drying,

freezing at -80°C, and then freeze-drying. Freeze-drying is effective at retaining the content of antioxidants, phenols,

vitamins and other bioactives in natural products. This resulting product has a high bromof@tralcontent (Tan
2022). To date, freeze-drgingxiformigelds a higher concentration of bromoform than other processing methods.

Jiaet al 2022 state that whAsparagopsis prepared in this way, there is a 15:1 fresh weight to dry weight
conversion. Effective, @diuction in ruminants requires a daily feed dry matter intake (DMI) of about 0.4 percent
freeze-dried and milkedtaxiformighis amounts to daily feed additions of 38g dry welysp&EAydpsizer

head of feedlot cattle, and 944 &paAragopsfger head of dairy cattle€i.2022).

Oil immersion has been highlighted as a suitable alternative wayAparagegsigccording to experiments

by Magnussaat al.(2020), the most effective method to create a stable bromoform product in this way involves
homogenizingsparagopsig the oil, as opposed to immersing the biomass intact. Homogenizing 120g of
Asparagopsis 100ml of oil (ratio of 1.2:1) was deemedMptimadsat al 2020). The oils can then be sprayed

on the grain fed to cows daily (Macdonald 2023). The company SeaForest has previously described how it employs this
technique — delivering seaweed immersed in canola oil to its customers — instead of freeze-drying.

iv. Market overview

Stakeholders indicated that global sales of methane-reducing feed amounted to just $30 million in 2021. It is predicted,
however, that the global market for these products will reach $1.18 billion-$2.37 billion by 2030 (Nickel 2020). Using this
growth rate and using 2021 as a base, we estimate that market value in 2022 was approximately $47 million in 2022.

Ruminant methane-reducing product segments include natural supplements (seaweed and essential oils), synthetic
compound supplements, vaccines, and cow wearables. As shown in Figure 13, a number of innovators are developing
a range of anti-methanogenic feed supplements.

FIGURE 1A:selection of innovative companies developing anti-methanogenic solutions for ruminants

/ Feed additives \
/ Natural \ f Compounds\

\ )
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Vaccines Cow wearables
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Source: Purdom and Zou (2022)
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Bovaer is the commercial name for the synthetic compound 3-nitrooxypropanol (3-NOP), manufactured by the DSM.
There is robust evidence that it has a high (>25 percent) efficacy in reducing enteric methane production in cattle
(Hegartet al 2021a). Bovaer is now widely authorized and available for sale in over 40 countries, including the EU/
EEA, Argentina, Brazil, Pakistan and Australia (DSM 2022). Data for overall sales was not available. However, for dairy
the costs for the farmer have been reported as $85-$95 per cow, per year — until Bovaer can be scaled through
DSM’s new production plant in Scotland, which could help bring the price down to between $53 — $58 per cow, per
year (Bodde 2022; Government of Ireland 2022) . Other estimates by DSM state that Bovaer will cost between $0.27
and $0.34 per head per day for feedlot cattle, depending on volume (Barker 2022). According to our stakeholder
interviews, this is above the upper limit of what most farmers are prepared to pay for an additive. In the livestock
industry, $0.14 per day, per animal, is said to be the maximum farmgBorelil 2633).

TABLE 1%eaweed alternative key anti-methanogenic products available on the market

Product Available price
Product type A
name indicators

: About $0.14 per cow per
day (Byrne 2022). Other
(Calcium) Nltrate estimates suggest calcium
nitrate costs $730/t0n
(Hegartgt al 2021a) :

: Essential oil blends : Itis estimated that in 2021, it was fed to 1.5 million
. of plant extracts that  Between $0.04 to : dairy cows worldwide. Major milk buyers Nestlé
Agolin : include wild carrot $0.06 per cow per day and Barry Callebaut have partnered with the
. and coriander seed (Schmitz 2021) : company and dairy cooperatives to encourage its
oil : : adoption (Schmitz 2021).

: Mootral sells their product directly to farmers.
They have a handful of initial flagship farm
clients, like Brades Farm.
Mootral has a carbon credits program for
enteric methane reduction from cattle, called
CowCredit; 1 CowCredit = ke tr&fdiction,
Mootral : : Essential oil blends : which can co-finance the cost of Mootral
: $0.17 to $0.21 per cow,: per for ruminants through selling the credits
(oy : —allicin (from garlic)
Mootral):  and citrus extract day (van Osdol 2022) on voluntary carbon markets (Hegarty
: : al.2021a). Mootral’'s carbon offsets trade
at a premium compared to other products
on the market (up to about $75 in 2023),
but selling the carbon credits would help
to underwrite its costs so that Mootral can
. supply the supplement to farmers for free (van
: Osdol 2022).

Availability and notes

Already available and used in commercial
demonstrations in Brazil and Europe.

SilvAir
(by Cargill)

Monensin (active
ingredient) is i
approximately $28/kg

An antibiotic used widely and globally but
prohibited in the EU.

_© Antibiotic rumen :
Monensin - H
! modifiers
A synthetic
i product derived :
Rumin8:  from bioactives :
inAsparagopsis :
seaweed

Rum|n8 is still in its testing phase. In late 2022,
the company set out to trial the product for
130 days in BrgBliyukk | ¢ 2022).

$0.18 per cow per day
(target) :

MARKET SECTPE3



Intensive-feed industries that are exploring feed additive products include feedlots, cut and carry, and dairy (Hegarty
et al.2021).

Grazing systems will likely be the last to adopt many of these products and are not a high-priority market for methane
mitigation products. Much of this results from a lack of suitable delivery processes and a lack of control of feed intake
(Hegartet al 2021a).

Most companies developing seaweed feeds in this sector are Asfivaiiopsis either the tropical

A. taxiformisr the temperat® armataCultivation is currently being performed both in marine environments

and land-based systems, where growth conditions can be more carefully cokdpalediopbife cycle

consists of three stages: gametophyte, carposporophytes, and tetrasporophytes. All three phases can be sustained
in aquaculture, but there have previously been challenges in closing the life cycle, largely because of the difficulties

of triggering spore release in aquaculture facilities. Several startups including SeaForest and CH4 Global have since
made announcements that they have achieved this milestone using a combination of land-based and ocean-based
farming practices. Meanwhile, the company Greener Grazing has been demonstrating how to close the life cycle of
A. taxiformigsing ocean-based grow-out.

The company FutureFeed owns the rights to the patdatafofmisd the company has licensed its technology
to several companies around the world including:

Greener Grazing — Viethnam

Sea Forest, SeaStock, Immersion Group and CH4 Australia — Australia
Blue Ocean Barns, Symbrosia, CH4 Global — US

Volta Greentech — Europe

HpwbdPE

Meanwhile, innovative startups and early stage companies — such as The Seaweed Company, Cascadia Seaweed
and Alga Biosciences — have been investigating alternative seaweeds lik&aocaariatisSimiijfar

their anti-methanogenic properties. This approach would avoid the introduction éfsparagapess

species to new environmeAgpdéragopsis taxiforriassupposedly native to Australia and New Zealand).
According to our interviewees, these trials have shown some methane reduction and feed conversion
improvements. However, they also highlightéddphaahgopsisupplements remain the most effective at

methane reduction.

As highlighted by the table above, there are a number of larger organizations closely monitoring, building and investing
in the anti-methanogenic market. This stems from their desire to reduce lifecycle emissions for their products and
supply chains. Examples of these organizations include:

1. Large feed production companies:
a. DSM and Cargill have both developed methane-reducing products (Bovaer and SilvAir).

2. Large-scale feedlot and dairy farmers
a. In 2020, Fonterra entered into a partnership with Sea Fofegiamatggpssolutions on dairy cows.

3. Corporate groups
a. Supermarketdvorrisons UK have been closely investigating anti-methanogenics derived from seaweed native to the UK.
b. RestaurantBurger King recently stated that they were adding lemongrass to cow feed as an anti-methanogenic.
c. Food and drinkompaniesBen & Jerry’s recently signed a partnership deal with Blue Ocean Barns for seaweed-derived
anti-methanogenics. Starbucks has also invested in Blue Ocean Barns, via Valor Siren Ventures, while Danone recently
invested in Symbrosia.
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v. Maltket dynamics

Drivers

Primary drivers behind the anti-methanogenic supplement market include:

1. Demand from consumers for more sustainable predastsecially meat and dairy. Big retailers and fast-moving consumer
goods (FMCG) brands — such as Woolworths and Ben & Jerry's — have responded by setting net-zero policies (Schroder and
Amadeo 2022). Farmers are incentivized to partner or collaborate with these large organizations in achieving these goals.

2. Economic incentivegotentigbroductivity gainthrough improved feed conversion ratios with seaweed are a key motivator
for farmers. Large-scale trials are currently being performed to validate the feed conversion improGartemis in cattle.
creditingis also a viable route to monetization. Companies in the methane-reduction supplement category have already
submitted proposals or registered with carbon credit certification schemes. This will incentivize farmers to adopt these
additives. However, who will claim the offset remains contentious (Purdom and Zou 2022).

3. Compatibility and short time-to-impabe effects of feed additives can be seen quickly and can be implemented with fewer
disruptions than other potential solutions to reducing methane production by cattle.

4. Regulatory pressufeom governmentgor example, New Zealand’s government recently proposed taxing the greenhouse
gases that farm animals release.

5. In addition, farmers in several regions — including Australia metiteindustry have set goals of becoming carbon
neutral by 2030, and the uskspairagopsés a feed supplement is one way that this goal can be achieved.

Seaweed prices and olumes

It is difficult to accurately predict the commercial performance asfd\ppanagopsisroducts, as some

companies are hesitant to provide specific estimates, because of the sensitive nature of this information.
However, as organizations begin commercial production in the next few years, more concrete price points will
become available.

In the past, price estimates Asparagopsisased feed additives have varied, with some early stage
startups highlighting pre-scaling price points ranging from $0.80 to $1.50 per animal per day. The target for some
startups in 2019 was selling directly to livestock feed suppliers for $3.5/kg dry weight (Winn 2019). Meanwhile,
stakeholders working with later stage startups like Sea Forest have said that the product currently costs around
$0.62 per cow, per day (Macdonald 2023).

According tour more recent interviews, some early-stage startups are curredtbpaejogsieed

additives for $30/kg. As they scale up, a price around $20/kg dry weight was suggested. At scale, several
stakeholders stated that the product will likely cost around $10/kg dry weight. Our interviewees suggested that
this price reduction would help bring the product price down from $1 per beef cow per day, down to around
$0.30 per cow per day.

As noted previously, this price will generate resistance from average farmers, who are hoping to pay no more than
$0.15 extra per head per day. However, if government subsidies and carbon credit schemes are developed to support
farmers, that will likely change. In addition, larger scale animal feed conversion ratio studieset alich as Kinley

recent demonstration that inclusién taiiformiat a 0.5 percent rate can increase total feed efficiency in beef

cattle — could help sway buyers (Rtle2021). Depending on the seaweed dose, the study suggests that a
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producer finishing 1,000 head of beef cattle could potentially save between $40,320 (low) and $87,320 (high) per year.
There is a call for further research in a larger feedlot context to reduce animal variability.

In terms of volumes required to service the sector, cAltieadifogmisan be a challenge, as the species is not

yet fully understood. This also makes it difficult to predict future yields for large-scale production. However, current
estimates in Australia suggest yields of 2—2.5 tons dry weight per hectare (combined ocean and terrestrial production),
while more optimistic targets of 10 tons dry weight per hectare have also been grapasea ;(Bajillor 2021;

Zhu 2021). Based on these estimatesaBallggest that between 2,656 ha and 10,626 ha would be necessary to
produce 26,565 tons of seaweed per annum — enough to meet the supplement needs of the 2.9 million feedlot cattle
in Australia that are slaughtered each yeztrdB20122).

According to one study, approximately 3—3.4 million tons of dried seaweed would be required annually to feed all
93 million cattle in the US at a 1 percent inclusion EhalZVE0). Scaled down, this equates to a yearly demand

for 36,559 tons of dry seaweed per million cattle. Another study estimated that servicing 1.1 million cattle in Australia
would require approximately 26,500 tons of dry seawetdl @E4P).

Conpetition

As outlined in the market overview, competition in the anti-methanogenic market comes from a range of natural
products and synthetic compounds.

Only two of the additives — Bovaekspatagopsis have routinely delivered over 20 percent mitigation of enteric
methane by the consuming ruminants (Figure 14). DSM’s synthetic Bovaer 3-NOP, has been shown to achieve a
30 percent reduction in methane emissions.

Althougt\sparagopsis taxiforims shown the most promise in overall reduction of methane emissions, Bovaer is
further down the regulatory trackAkparagopsitaving been approved in more than 40 countries, including the
EU. It took almost a decade from first patent to first approval (Macdonald 2023).

In additiorhoth ocean and land-based farmixgpatagopsimve growth challenges. Companies like Rumin8

are trying to circumvent these challenges by synthetically reproducing the anti-methanogenic compounds,
instead of mass producing the seaweed itself. This has attracted attention from investors, but several of our
interviewees noted that there were additional challenges involved in bringing synthetic products to market

compared to natural ones.

An alternative route to address cultivation challenges for the seaweed sector might invaspacagobsigg
with low-cost algae like kelp, which also has bromoform content and could reduce costs while maintaining effectiveness
(Khoury 2021).

Anti-methanogenic vaccines are still in the early stages of development, but have the potential to be highly valuable,
as they can be administered infrequently and do not require any changes to farming practices.

In general, many stakeholders advocate for multiple solutions, as they recognize that the challenges facing each
product type are different.
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FIGURE 1Hist of competitors for methane reducing feed additives

Source: Hegaryal (2021a)
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Challerges

1. It is important to consider the potential for invasive species to be introduced to new regions through farming of anti-
methanogenic seaweeds. As mentionedAatiax&prmis not native to all geographies. It will be crucial to pursue regional
solutions that consider local environmental information and the potential impact of introducing non-native species.

2. There is a need to monitor the long-term effects of using seaweed on animal health, and the potential for negative impacts
on human health if the animals are consumed by humans. Some scientists have reported elevated levels of bromoform in milk
after application Aparagopssupplements, however most of our interviewees stated that this was inconclusive (Wasson
et al.2022). According to reports by Fonterra, this has not emerged as a significant problem, but a standard might need to be
developed for safe bromoform levels in milk (Macdonald 2023).

3. Measuring, reporting, and verifying (MRV) methane reduction is another complicated task. Specialized animal tests are required
for measuring methane reduction, but many of these cannot be used for commercial verification, as they are inefficient. This
has hindered developments in regulations and made it difficult for innovators to secure funding and sign commercial contracts.
Certifications and standards would greatly advance the industry.

4. Supplying all 1.4 billion global cattle with seaweed is unfeasible because of supply chain challenges, and widespread adoption
of methane mitigants in smallholder or subsistence agricultural systems is unlikely due to cost and other constraints (Vijn
et al 2020). Additionally, a proportion of cattle graze rather than being fed in feedlots, making it challenging to effectively
incorporate this product into their diets.

5. Additionally, the seaweed industry must navigate intellectual property challenges and cultural barriers to acceptance (Purdom
and Zou 2022). For example, FutureFeed currently holds thedppteagfipssipplements, which poses a challenge
for profitability, according to potential investors.

6. Several larger organizations have already invested in competitive products. This creates a barrier to adoption among some
larger buyers, who have already invested in relationship-building and the promotion of competitive products.

7. Opposition to meat and dairy may be a challenge in the future, as people recognize the damaging environmental impact of
livestock farming. However, it is unrealistic to expect an immediate end to industrial-scale animal production. Veganism is not
culturally accepted in many countries. In addition, most current enteric emissions come from China, India, Brazil and other
countries that are experiencing economic growth and where meat and milk consumption is expected to increase. Unfortunately,
most technology companies are not yet located in these regions (Purdom and Zou 2022).

8. Price is highly important. According to our interviewees, the cost of the additive is the most important constraint. End-
users are mostly expecting the inclusion of a methane additive in processed feeds or supplements to increase the price of
that feed by no more than 5 percent (HegalB021a). It's important that seaweed products are competitive in terms
of price per day.

9. High bromoform vyield is desirable in the final seaweed biomass, but bromoform production in seaweed is heavily influenced
by environmental growth conditions, such as temperature and geographic location, as well as sex and life cycle stage, which
can be a challenge for producers.

10. The inherent difficulty with a halogenated compound such as bromoform, is that it can be lost to the environment through
volatilization. Therefore, there is a need to develop innovative methods, with fewer steps, for the processing of intact, fresh
biomass, which maximize the concentration and longer-term retention of bromoform.

11.In addition, discharged volatile halogenated chemicals can decrease atmospheric ozone, which may make it harder to approve
seaweed feed additives. The FAO'’s new standards for the influence of feed on emissions take into account the impact of
halogenated chemicals on the ozone layer.

Requlations

Regulations for anti-methanogenic supplements vary between countries. For instance, in the United States, government
regulations pose barriers to the use of seaweed as a feed supplement. The FDA is currently revising policies for
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substances classified as drugs, and according to some stakeholders, there is ongoing debate over whether natural
seaweed should be considered a drug. Although there has been more progress in Australia and New Zealand when it
comes to anti-methanogenic seaweed supplements, regulations could still pose a significant challenge in Australasia,
as New Zealand hasn't yet designed rules for methane inhibitors (Macdonald 2023). Interviewees emphasized that
progress in Australasia will play a crucial role in convincing regulators in other regions, such as North America and
Europe, to scale up the industry.

Market outlook

In 2021, stakeholders indicated that the global sales of methane-reducing feed amounted to just $30 million, and
the market could reach $2 billion by 2030, growing at a CAGR of 57.4 percent (Nickel 2020). Seaweed startups have
recently started to sell methane-reducing supplements commercially. And, based on our analysis of key drivers and
dynamics, the projected seaweed-based market potential will reach $306 million by 2030. There are, however, some
key potential deal-breaking challenges in this category in the long-term. These include competition from synthetic
products, and availability of supply.

The high CAGR stems in part from the significant global interest, the scaling up of startups and demand for partnerships
in this category. Over the past 24 months, FutureFeed has grown significantly and licensed its technology to multiple
businesses globally (ASSA 2022). Another company, Sea Forest has spent the past two years scaling up production
at its 1,800-hectare marine lease in Triabunna, Tasmania, where it has invested over $20 million in infrastructure. Sea
Forest has tested its products with local dairy farmers, Adpagigepsis armaapplements to their cows

and sell the resulting milk to Fonterra, a dairy company from New Zealand. Meanwhile, in June 2021, CH4 Global
made its first commercial salsparagopstattle feed supplements in Australia, and in August 2021, the company
announced a partnership with Clean Seas Seafoods, a producer of kingfish, to set up a seaweed nursery and
production trials on land, using wastewater from the fish hatchery. The company has a five-year target of reaching
150 million cattle, 10 percent of the world total, on all six habitable continents (CH4 Global).

Overall, there is a lot of interest in this space from investors. A recent studetbgl KE0@#)nshowcased

how the seaweed-based methane reduction industry ranked second in terms of overall investment into the seaweed
space in 2022, trailing only behind biorefineries. This highlights the strong business case for these products, and the
additional capital improves the odds that major challenges will be overcome.

Research, development and certification

One of the key questions facing the adoption of these products is their effect on productivity. To resolve this,
FutureFeed has focused on conducting large-scale trials to demonstrate thehareefdpsEipplements

on cattle productivity (Community acceptance of low-methane meat 2022). Productivity gains and improved feed
conversion ratios are major drivers of purchasing decisions by farmers, as they can reduce costs. This will be an
important development for the market.

According to our interviewees, seaweed cultivators are quickly advancing their technology to achieve large-scale
production. For instance, producing significant quaAtifaesagiopsisas been a challenge in the past, because

of difficulties in inducing spore release in aquaculture facilities. However, companies have now discovered ways to
initiate this, allowing spores to be seeded and attached to aquaculture lines. These developments, coupled with
advancements in breeding and selection techniques, are leading to higher quality seaweed that requires less biomass
to achieve the same methane reduction.
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As of January 2023, a program is being developed by FutureFeed to certify the produétspasygi@sisor

This will be a third-party verification program for claims and carbon accounting. It will ensure traceability of
Asparagopsi@oducts in the market and assist producers in accurately calculating methane reduction. This program
aims to establish a repeatable and high-quality production Sggt@ragopsisnabling confidence in methane

reduction calculations. It also seeks to provide consumers with confidence in the methane emission reduction claims
made on red meat, dairy and wool products. This will aid in improving attitudes toward the products, and convincing
purchasers over the next 24 months.

Another important aspect is the development of carbon credit verification processes, which can be used to incentivize
farmers to use seaweed as a feed supplement. Carbon credit markets are still being developed for anti-methanogenic
products, but stakeholders reiterated that this market will move quickly in the next 18 months to help valorize
the environmental benefits provided by these products. Mootral already has a credit scheme certified by VERRA.
Companies that manufacture methane-reducing feed additives have filed proposals to earn carbon credits for their
products’ use. In Australia, these companies have applied to the Emissions Reduction Fund To access Australian
Carbon Credit Units (ACCUSs). Our stakeholder interviews indicated that this space should be developing rapidly over
the next 24 months, aided potentially by regulatory pressure from governments and tax-payer-funded subsidies for
farmers buying the product.

Adlitioral techndogy in deelopment/ requirements

1. When it comes to land-based farming, several companies are showing rapid scaleup. CH4 Global is now building an EcoPark
production facility in New Zealand that will allow for the large-scale commercialAspdragiopsé he new facility
will help guarantee controlled and consistent production of the seaweed as it expands its commercial supply to the Australian
and New Zealand markets. Meanwhile, Symbrosia has plans to develop a facility that will increase production by a factor of
1,000 in Hawaii.

2. Researchers are hoping to produce seaweeds with higher yields of bromoform, which will mean feeding smaller amounts
of supplement to cattle. This is important, as stakeholders indicate that production required to service the world with anti-
methanogenic seaweed supplemenfssfikeagopsimay be unfeasible. Stakeholders have highlighted the importance of
developing effective methods for screening more diverse species that may mitigate enteric methane emissions. Collaboration
is necessary to build approaches in this regatda(\220).

Target geographies and intial markets

There is potential for methane-reducing supplements to be produced all over the globe, particularly as inland facilities
currently provide higher breeding and cultivation success rates. However, when considering growing in the ocean, to
comply with local regulations, it is important to identify and select seaweeds that naturally grow in the area or pose
minimal risk to the environment.

When it comes to investing in the emerging anti-methanogenic seaweed industry, some of the most promising short-
term markets include Australia and New Zealand, where the sector is currently most developed. When choosing
locations for production facilities, it is important to consider the availability of feedlot cattle as a potential market for
the seaweed, and if the product can be easily shipped dry and imported.
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4.5. Nutaceuticals
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Key highlights

Nutraceuticals

Some niche applications of seaweed-based nutraceuticals already exist, but no data on market sjze are available.
Global nutraceutical market: $450 billion in 2022.

Projected market growth: 7.5 percent CAGR between 2022 and 2030.
Projected seaweed nutraceutical market potential: $3.9 billion by 2030.

Primary drivers

« Rising levels of several communicable diseases, rising healthcare costs, aging population
consumer awareness.

, and increased

Main challenges
* Quality and certification of nutrition claims require expensive and lengthy clinical trials.

« Quality and consistency of seaweed supply, combined with the complexity and expense in derivi
compounds to create targeted and measurable nutraceutical products.

ing the necessary
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Outlook One of the most promising high-value opportunities for seaweed-based ingredients!However key

: challenges make the exact timeline for wide commercial adoption unclear. It is reported that ithere are many
: clinical trials under way, but interviewees report that there is a need for much more clinical Work( to provide safe
products that deliver the claimed health and nutrition benefits. As clinical trials require at least two years and often
Ionger this could reduce the speed of commercialization. :
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Introduction

Nutraceuticals are dietary supplements that may provide nutritional support but are considered food-based. Although
nutraceuticals may contain necessary, and even therapeutic, ingredients — such as vitamins and essential trace
elements — they are not drugs and fall into a different regulatory category. There is no unified accepted definition
for the term “nutraceuticals,” which was originally coined in 1989 by Stephen De Felice (Santini and Novellino 2017).
Nutraceuticals are often aimed at one particular aspect of health, such as cardiovascular health, brain health, or
immune support.

. -
Seawead's value pioposition
Within these nutraceutical subcategories, seaweeds are becoming a particularly sought-after ingredient, thanks to

their rich mineral and bioactive compound content @ah2849). Seaweeds may provide a vegetable source of
B12 (Watanadieal 2014). Trace element contents in edible seaweeds makes them attractive for inclusion in the diet
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(Lozano Mufioz and Diaz 2022). Studies have shown that incorporating seaweed into one’s diet can lead to reduced
inflammation, improved overall well-being, and various other health benefits (Lozano Mufioz and Diaz 2022; Olsthoorn
et al 2021; Shannon and Abu-Ghannam 2019).

Brown seaweeds used inckutis vesiculosus, A. nodosum, Selatiaminariapp, Undaria pinnatifidend
Cladosiphosp. Additional farmed resources — nbtabtgcystisp. Andlaminaria digitataare being developed
(Purcell-Meyeriekal 2021).

The green seawddlyaspp. Can be cultivated and has an excellent nutrient and mineral profile, making it well suited

for inclusion in functional foods. Red seaweeds, such Ralrdyisep@imataalso have excellent nutritional

profiles. Although they have little presence in the dietary supplement market, perhaps because of their use as food
products, their inclusion in functional foods is increasingetRA@622).

In Asia, seaweeds are commonly included both in the diet and in therapeutics. In traditional Chinese medicine,
171 species of medicinal algae are liste€lvindse Marine Materia Me@daMM) (et al.2016). The use

of seaweeds in traditional medicine is outside the scope of nutraceuticals but illustrates their remarkable potential
(Yang 2016).

Beyond these sectors, nutraceuticals derived from seaweed and seaweed extracts can provide a wide range of benefits.
For example, antiviral (Geetha Bai and Tuvikene 2021) and anticancer activities have also been highlighted by researcher:
(Zayeet al 2022). In Japan, many consumers of fucoidan nutraceuticals are cancer patients, and this is an accepted
practice. A considerable body of preclinical research exists into these effects. In the last decade, a small number of
clinical trials have been carried out to determine the safety and efficacy of supplements for cancer patients. However,
to date, the effects of fucoidan on clinical outcomes in metastatic or recurrent cancer patients have been inconsistent
(Weet al 2022), and more studies are needed. In general, there is a need for more clinical studies with dietary seaweed
and seaweed extract nutraceuticals to improve consumer and clinical decisions. Since dietary supplements are not
drugs, it is very important that no claims are attached to any functional activity unless they are approved claims.

An overview of seaweed-based compounds relevant to the nutraceutical market is presented in Table 14.

TABLE 1Zypical ingredients used in nutraceuticals from different types of seaweed

Brown (Phaeophyta) Red (Rhodophyta) Green (Chloroph
Polysaccharides Fucoidan : Carrageenan: Ulvan pure
: Laminarin Porphyran  : Ulvan glycoprotein
: Fiber Agar
Carotenoids Fucoxanthin Zeaxanthin : Siphonaxanthin
Polyphenols  : Polyphloroglucinois
Proteins Protein/amino acids Protein/amino acids Protein/amino acids

Alginates are most commonly used in food and pharmaceuticals and less relevant in their application in nutraceuticals.
However, oligo alginates, created by enzymatic and chemical hydrolysis, are emerging as potential immune support
nutraceuticals @ial 2022).

Fucoidan already has established itself in the nutraceutical market. It is a class of sulfated compounds containing
a large amount of polymeric fucose, with each brown seaweed yielding a slightly different type. It is important to
recognize these structural and functional differences. Fucoidans have a range of bioactivity — including inflammation
blocking, antiviral effects, and anticancer effects (Fitton 2019; Zayed and Ulber 2019).

66 | GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



Laminarin is a beta-glucan-branched glucose storage polysaccharide found in brown seawesadmayigically in
species. Laminarin has favorable microbiome-modulating propertiest 2020n and a similar range of
bioactivities to ulvan and fucoidan. It is an emerging market that may grow in size as biorefineries start production.

Fucoxanthin is a carotenoid found in brown seaweeds. It has been found to have effects on fat metabolism by increasing
the expression of uncoupling protein, and has been assessed cliniegdlyZ@bdJox small market has developed

for the sale of this product in the dietary supplement sector aimed at weight loss. The yield of fucoxanthin from seaweeds
is very low (<<0.5 percent wet weight) and requires specialty extraction techniques that add to the production costs.
Recent studies have identified that only two out of ten supplements actually contained the stated amount of fucoxanthin
(Hossain MF 2019). New developments in production may assist in more reliable supplies (Iha and Fuijii 2021).

Ulvans, like fucoidans, vary in composition according to their source. In general, they contain sulfated polymeric
xylose, rhamnose, galactose and uronic acid, with branched structures. When derived from a controlled culture source,
a reproducible product can be obtained (Véinbke2§14). Recent clinical studies indicate that dietary ulvan has
anti-inflammatory effects (Reaeth.2022). The market for ulvans is emerging, and has considerable potential in
nutraceutical sectors @tial 2022).

Amino acid profiles of seaweed proteins are unusually complete, and may contain the rare amino acid taurine, which
has bioactivity suited to nutraceutical use (Duszka 2022). Complementary essential amino acid profiles in different
seaweeds could be mixed to form protein blends that are nutritionally on par with animal products such as milk
and whey (Reynolsaal 2022). Although seaweed-derived peptides and proteins are not currently on the market,
upcoming biorefinery approaches may begin to provide adequate supplies (erna 2011).

Praessing

Seaweed nutraceutical products can be made from whole, dried, and milled kelp, or from seaweed extracts. Each
type of seaweed or seaweed extract has unique processing requirements. Whole seaweed may require milling to
specification. The high salt content and tough fibers require durable milling equipment.

When preparing extracts, generally speaking, water soluble components in any type of seaweed can be extracted
using traditional batch processing by controlling temperature and pH. Salts can be removed by filtration methods, and
further processing concentrates the extract prior to drying or inclusion in the final product. More recent processing
innovations include the use of ultrasound, enzymes, and microwaves (Fitton 2019).

The water-soluble polysaccharides — fucoidans (from brown seaweed) and ulvans (from green seaweed) — are unique
to their source material. They may co-extract with other components, which may be acceptable for some nutraceutical
purposes (Fitton 2019). They vary in size, presenting a range of molecular weight compounds with similar composition.
Careful control of source materials and processes is required for product consistency.

Some fucoidan manufacturers use an ethanol precipitation method to create a high-quality fucoidan product. In some
cases, the use of ethanol may be connected to other aspects of the business — such as fermentation to ethanol from
biomass, which can make this a cost-effective approach.

More recently, biorefinery approaches by emerging manufacturers mean that multiple products can be created from
a single seaweed biomass. In the case of large kelps, this can include alginates, fucoidan, laminarin and celluloses. A
recent paper describes a typical approach for generating multiple product AtreamgentandsS. latissima

(Birgerssoet al 2022).

Recently, new innovations to increase the yield and extraction of fucoxanthin (brown seaweed) and siphonaxanthin
(green seaweed) have also been described (lha and Fuijii 2021).
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FIGURE 1Brocess flow diagram for the development of nutraceutical products

Growers, harvesters.

Whole seaweed Seaweed is dried and
milled to speci cation.

Ingredients Manufacturer

Extracts Extracts are prepared under
GMP often as dry powders

Ingredients are formulatec
Nutraceuticals packaged for sale, meeting
regulatory requirements.

The nutraceutical value chain usually consists of several entities. The sector is generally divided into three:

A) Producers of seaweed.

B) Ingredient manufacturers of seaweed extracts.

C) Nutraceutical manufacturers who create capsules, gels, and drinks that include either whole seaweeds or “bioactive” seaweed
extracts.

The final products are then sold by brick-and-mortar retailers or online (GM Insights 2022). An additional category
is the multilevel marketing of nutraceuticals. There are several of these businesses that include seaweed extracts
in either drink, gel, or capsule formats. Two additional retail categories are in “practitioner-only” brands and pet
nutraceuticals (see chapter 4.3).

Ingredient manufacturers source their raw materials from the global seaweed market. Continuity and integrity of supply
are critical, and therefore some businesses have strong links to tBeltingvirrgsedients into the nutraceutical

market is a business-to-business (B2B) operation and requires a unique focus on the nutraceutical companies as
the key customers. Adequate shelf life, purity, consistency, and appropriate certifications may all be required by the
nutraceutical customer. Some ingredient manufacturers use distributors, which introduces an additional step into the
value chain.

Although less common, some businesses are fully vertically integrated: they grow their own seaweed, produce
extracts, brand nutraceuticals, and sell to the end customer. Although full vertical integration is effective on a smaller
scale, as a business grows it may also start selling in the B2B space. This may occur when the business begins to
manufacture larger volumes of seaweed or seaweed extract.

The volumes required for batch processing are different for each manufacturer. One seaweed-based nutraceutical
manufacturer uses one ton per batch, where a yield of the target extract would typically be 5-10 percent wet weight.

Market overview

The nutraceuticals market covers a wide range of products, including functional foods such as fortified cereals, dairy,
snacks and beverages such as energy and sports drinks, in addition to the dietary supplement category. Dietary
supplements are most commonly packaged as capsules — although liquids, powders, gels, and gummies are also
common — and may contain vitamins, botanicals (including seaweed), minerals, oils from botanical and fish sources,
enzymes, and probiotics. Additional blurred boundary market sectors include cosmeceuticals and nutricosmetics,
although these may be counted as nutraceuticalet{8ha0aB).
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TABLE 1Examples of current nutraceutical market sectors

Sector Size of whole sector Seaweed hioactivity exam

$2.16 billion in 2021 (Polaris Ma:rkaietary correlation (einal 2015; Jeong

Bone and joint healthf

Research 2022) : et al 2019)
Gut health $44.4 billion in 2022 (Grandviey?vMicrobiome support, reduces inflammation
Research 2022) : (Qlsthooret al.2021)
$18.22 billion in 2020 (Fortuné Supports immune function (Zetyald
Immune support Business Insights 2022¢) 2022)

Sports, energy and weiﬁg
management

89,30 billion in 2021 (GM Insights 2055 We'gg;gf gfgggm L

In 2019, the Asia-Pacific region accounted for 31 percent of the market. Japan alone accounted for about a fifth
of the Asia-Pacific market. In 2012, China ranked fourth in global sales of dietary supplements, behind the United
States, Japan and Europe, with sales amounting to $15.8 billion (Yang 2016). China provides 65 percent of herbal
raw materials for the manufacture of traditional Chinese medicine, a category that overlaps with nutraceuticals (Yang
2016). The Indian market for all nutraceuticals was predicted to reach $8.5 billion by 2022 (Business Standard 2017).

In Europe, Germany accounts for the largest market share, followed by the UK and France. Central and Latin America
show increasing demand for nutraceuticals, with the Brazilian market worth $13.25 billion in 2021. In the next decade,
above-average growth is expected in China, India, and Braatilsg|2tg#p

In 2021 the global market size was estimated at approximately $450 billion, with an estimated CAGR of at least
7.5 percent. In 2020 the global dietary supplements segment (considered a subsegment of nutraceuticals) in the
US, Canada, Japan, China, and Europe had a combined market size of $41.4 billion (Globe Newswire 2022).

Other estimates are somewhat higher, with forecasts that the value of dietary supplements will grow from $71.81 billion
in 2021 to $128.64 billion in 2028, at a CAGR of 8.68 percent ( Fortune Business Insights, 2022b). Despite variations in
market size and CAGR estimates, the overall consensus is that the market is large andegah2023)Santini

In 2021 the approximate market share of the different nutraceutical sectors was functional beverages 32 percent,
functional foods 40 percent, and dietary supplements 28 percent (GM Insights 2022).

Notably, E-commerce is a growing category within the retailing of nutraceuticals. In 2021, it was estimated to be worth
$116 billion, out of a total nutraceutical retail market of $396 billion (GM Insights 2022).

Each of the trends highlighted in Table 15 may grow at different rates. For example, it was recently estimated that the
global “brain health” supplement category will grow to nearly $5.8 billion by 2023 (Roe and Venkataraman 2021).

The higher-value seaweed market segments are for fucoidan — an extract of brown macroalgae. The global B2B
fucoidan market size was estimated at $36.04 million in 2021 and is projected to reach $45.57 million by 2028, at
a CAGR of 3.41 percent (MarketWatch 2022). As a comparison, this is smaller than the global medicinal mushroom
market, which was projected to increase by $13.88 billion between 2018 and 2022, but larger than that of mushroom-
derived lentinan, at $10 million in 2020 @Ne?D21).

Manufacturers of seaweed ingredients, and nutraceutical manufacturers are maintaining production and increasing
capacity and sales. The Japanese market is saturated with seaweed as a food, but has space for the development of
the seaweed extract market. The fucoidan market in Japan is almost entirely cancer patients. The size of the retail
(consumer products) fucoidan market in Japan was over 15 billion yen ($116 million) in 2018 (Nagasue 2018; Koe 201¢
By contrast, markets outside of Asia require considerable investment in consumer awareness.
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Both established manufacturers and key opinion leaders feel that increased consumer awareness and increased
investment in clinical trials are necessary to grow the market effectively. The cost of clinical trials can be prohibitive,
meaning that some ingredient manufacturers are reluctant to invest in clinical R&D.

New innovators are developing extracts, including bioactive sulfated polysaccharides (fucoidan, laminarin and ulvans),
as well as carotenoid products such as fucoxanthin. There is often a biorefinery approach to developing these extracts,
currently mainly at the lab scale.

Market space for these compounds is not yet fully developed, but there is considerable consumer demand in the
target sectors for the anti-inflammatory, immune support, cardiovascular health, joint health, and gut health of these
products.

Innovators are also investing in clinical trials after initial scientific studies. These trials help to build confidence in the
efficacy of the product and meet the needs of the dynamic nutraceutical meirké(23)tini

A key opinion leader in complementary medicines noted that more clinical work was needed in the nutraceutical
industry, along with clinician and consumer education.

Market dyramcs

Drivas

COVID-19 had a stimulating effect on the global nutraceutical markets, with consumers seeking additional protection
from viral infections by using products that purport to have immune-boosting effects (Lordan 2021). In the US, during
the first wave of the pandemic in the six weeks preceding 5 April 2020, there was a 44 percent increase in sales of

these products compared to the same period in the previous year. In March 2020, vitamin sales increased by 63

percent in the UK and by 40 to 60 percent in France versus the same period in the previous year (Lordan 2021).
Seaweed extracts are especially attractive because of their bioactivity profile (Shannon and Abu-Ghannam 2019).
The consumption of seaweed extracts as functional foods or dietary supplements is expected to markedly rise in the
future, partly as a result of the increase in the total nutraceuticals market, and partly because of their greater market

presence.

Markets for nutraceuticals extracted from green macroalgae (phylum Chlorophyta), brown macroalgae (phylum
Phaeophyta), and red macroalgae (phylum Rhodophyta) are emerging. Although seaweed proteins and peptides have
not yet emerged in the nutraceutical market, they are likely to do so when biorefinery-type production increases.
Biorefinery systems optimize the extraction of all components and may be able to capture previously wasted protein
and peptide biomass.

The nutraceutical market displays several health target trends, some of which are listed below. Seaweed extracts have
the potential to increase market share in most of these sectors. The trends likely to drive market growth include the
rise in the prevalence of several communicable diseases, rising healthcare costs, aging populations, and increased
consumer awareness (Chepah2022), as well as the COVID-19 pandemic. The market sectors include immune-
support, anti-inflammation, anti-aging, beauty from within, bone and joint health, gut and digestive health, sports,
energy and weight management.

The market saturation for products is highly variable: at one extreme is Japan, which is a naturally educated and
partially saturated market, and at the other is the US, where a nascent market requires consumer education and
exposure.
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Conpetition

Nutraceuticals containing seaweeds and seaweed extracts are unlikely to replace other bioactive products but will
add to the set of consumer-controlled dietary solutions. They will also become available for inclusion in formulated
products in which ingredients have complementary activity. Entirely new areas of consumer products can be created
by intelligent formulation, meeting trends in this dynamic market space.

Nutraceutical ingredients are numerous and have a wide range of pricing. Some common nutraceutical ingredients
with well-established mature markets include omega-3 lipids and medicinal mushetcgth2Z2oNiago

et al 2021). The global market for omega-3 products was $730 million in 2022 (Market Reports World 2023). One

new and upcoming nutraceutical ingredient is cannabidiol (CBD), with a market value of $9.67 million in 2021 and a
remarkable CAGR of 40 percent (Research and Markets 2020), although this ingredient may still have to overcome
regulatory barriers in some countries.

In high-quality clinical trials, some seaweeds and seaweed extracts have demonstrated benefits to chronic health conditions.
For this reason, seaweed extracts may be able to assist in the control of mild inflammation and reduce reliance on, for
example, drug products for conditions affecting joints, the digestive tract, and skin. Since nutraceuticals are not designed
to replace drugs, this is a consumer-controlled dietary approach to health management and is attractive to formulators.

One interviewee, a clinical opinion leader, explained that evidence from high-quality, double-blind, randomized,
placebo-controlled, clinical trials was valid, regardless of whether it was for a drug or for a natural product.

The value chain from ingredient manufacturer to nutraceutical manufacturer creates persistent challenges. It
is sometimes believed that the US consumer will pay approximately $1 per day for a nutraceutical. This creates a
perceived price ceiling for ingredients, which further need to be formulated, packaged, and marketed. Because of this,
the ingredient supplier may not invest in clinical trials at appropriate dosages, or an end product might not contain an
effective dose of one or more core ingredients. A major opinion leader felt that the reluctance of manufacturers to go
above a perceived price ceiling of a proposed product was a barrier to success. “A much better model is to develop
effective agents and then make the market. If a supplement makes a significant difference to someone’s health, they
will pay for it, and the market will develop,” they argued.

Seaweed extracts vary greatly in price. Fucoidan pricing in the B2B space may range from $300 to more than $1000
per kg, depending on source, purity, certifications, and intended use.

Challerges
1.Availability of consistent supply

For ingredient manufacturers, a main barrier to entry is a reliable and safe source of seaweed or seaweed extract.
Variations in available harvest volumes due to environmental conditions need to be factored into any business plan.
Batch consistency and reliable suppliers are also critical for the nutraceutical manufacturer and retailer. Mitigating the
risk of inconsistent supply requires alternative suppliers and storage of enough stock.

2.Drying cost

An inhibitor to the use of whole seaweed biomass includes the costs of drying, which is influenced by the level of salt
content in the biomass. This varies according to the type of seaweed and the geographical location. Since fresh seaweed
usually contains 90 percent water by weight, the logistics and costs of drying can be considerable. Dried, whole seaweed
is generally very stable, with a high salt content that assists in preservation. If manufacturing processes are in place locally,
wet seaweed can be used for extraction directly after harvest, eliminating this step and lowering production costs.
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3.Yield of target extract

The yields of the brown seaweed extracts fucoidan and laminarin are usually far less than 10 percent wet weight.
Newer biorefinery processing techniques mean that manufacturers will be able to create multiple product streams
from one biomass, making production more economically viable.

4.Safety hazards

Additionally, there may be chemical or biological food safety hazards present in seaweeds (FAO and WHO 2022).
Chemical hazards include heavy metals (lead, arsenic, mercury and cadmium) and high or unknown iodine levels.
(See “A note on iodine and dietary supplements.”) Pollutants such as radionuclides, pesticide residues, and persistent
organic pollutants are also potential hazards. Heavy metals and other chemical contaminants must be absent for

seaweed to be used in nutraceuticals (FAO and WHO 2022), or for input into manufacturing. Although many countries
have guidelines for upper tolerable limits, an international standard is vitally needed.

Biological hazards include bacterial and viral contamination. A very small number of seaweeds naturally contain
compounds that cannot be included in nutraceuticals, such as kainietatidq@@kimiund Digenea simplex
and bromoformAsparagopsspp.(National Library of Medicine 2022).

5.Compliance costs

Ingredient manufacturers need to meet regulatory standards. The Hazard Analysis and Critical Control Points (HACCP
system is a step-by-step approach to the identification, evaluation, and prevention of biological, chemical, and physical
hazards from entering the food production process based a set of management principles, guidelines, and tools that
cover all stages of food production, from harvest to consumption. Backed by the FDA and (since 1994) the International
HACCP Alliance, it is a prevention-focused system aimed at keeping problems from occurring in the first place, rather
than detecting and correcting them after the fact. Businesses in all segments of the food industry can use the HACCP
system to achieve reliable safety throughout all production pitee&g8@soffers an excellent resource to assist

those in developing nations (FAO 2022a).

In many countries, whole seaweeds are regularly consumed and have achieved regulatory approval as foods — for
example, as “not novel” foods in Europe. Nutraceutical manufacturers may require a seaweed extract to be generally
recognized as safe (GRAS) in the US, or classified in the EU list of novel foods in accordance with Regulation (EU
2015/2283. Regulatory consultants are available to help manufacturers determine how to proceed, according to
where the nutraceutical is to be marketed.

6.Capital requirements

Vertically-integrated operations may require significant capital to assist in scaling production and also need to account
for variations in production. For startups either in the manufacturing space or in the nutraceutical space, capital is a
key entry barrier. Government grants to establish processing and investment capital are often used by startups.

Value-adding by the primary producer — by drying, milling, or crude extraction — is of great value to the ingredient
manufacturer because some of the steps in their processing can then be removed.

7.Consumer awareness and adoption

Another barrier is the lack of consumer awareness of the benefits of seaweed extracts, and a need for clinical trials.
As a major opinion leader noted, “Asian markets have a longer and richer history with seaweed products. Barriers to
usage are lower than Europe and Americas as the education is further ahead.”
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8.Regulatory barriers

Supplements may be regulated very differently from country to coenhaly2B&gaslt is sometimes difficult to
determine how a supplement should or could be classified, for example, as a food or a drug (Visioli 2022), and it is
important to seek guidance in each jurisdiction.

In the US, the Dietary Supplement Health and Education Act (DSHEA) has created a regulatory framework for dietary
supplements (Burdock 2000). DSHEA mandates safety and labeling of products prior to marketing. Although the
manufacturer does not have to provide evidence to the FDA, they must establish good manufacturing practices. In
the US, claims may be made about a dietary supplement, within guidelines. For example, no statements can be made
that imply the supplement has an effect on a disease. However, a “structure-function” claim can be made, such as
“promotes joint health” or “supports the immune system.”

In Europe, food supplements are defined as concentrated sources of nutrients (that is, minerals and vitamins) or
other substances with a nutritional or physiological effect that are marketed in “dose” form. They can include
vitamins, minerals, amino acids, essential fatty acids, fiber, and various plant and herbal extracts. Food supplements
are intended to correct nutritional deficiencies, maintain an adequate intake of certain nutrients, or support specific
physiological functions. They are not medicinal products and so cannot exert a pharmacological, immunological, or
metabolic action. Therefore their use is not intended to treat or prevent diseases in humans or to modify physiological
functions (European Food Safety Authority n.d.).

Worldwide, there is considerable discussion around the regulation of nutraceuticals (Visioli 2022) and the regulatory
landscape varies internationally.

TABLE 1®egulatory bodies for nutraceuticals

Country Regulatory body Details

: . Federal Food, Drug and Cosmetic (FD&C) Act, as amended
us : Food and Drug Adm|n|str§t|on by DSHEA and FDA regulations.
: NELITE Eire Non—pr.escr|p§|on Natural health products require a product license. Sites that
Canada ‘@ Health Products Directorate . N
: (NNHPD) - manufacture, package, label, and import must have a site license.

European Food Safety: Food supplements are intended to correct nutritional deficiencies,

EU : maintain aadequate intakef certain nutrients, or support
Authority o . . .
specific physiological functions.
: Medicinal products containing herbs, vitamins, minerals, and/
Australia Therapeutic Goods : or nutritional supplements are referred to as “complementary
: Administration (TGA) : medicines” and are regulated as medicines under the Therapeutic
: Goods Act 1989.
: : Food supplements are regulated by the Federal Service for
Russia : Rospotrebnadzor : Surveillance on Consumer Rights and are implemented by
: : Rospotrebnadzor.
China National Medical ProducétsCompIex process of regulation. Traditional Chinese medicine also
Administration : includes seaweeds.
: Food Safety and Standards (Health Supplements, Nutraceuticals,
India FSSAI : Food for Special Dietary Use, Food for Special Medical Purpose,

Functional Food and Novel Food) Regulations 2016.
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BOX 5: ANOTE ON IODINE AND DIETARY SUPPLEMENTS

lodine is an essential micronutrient required for normal brain and musculoskeletal development. Su cient iodine
intake is particularly important for pregnant women and for children. The tolerable upper intake level (UL) is 600 pg/
day for adults and 200 pg/day for children (National Institutes of Health 2022).

Low levels of iodine in the soil may lead to diets that are low in iodine. lodine-containing supplements may contribute
substantially to intake in Western diets (Netnah@2019). Recent e orts have been made to create databases
containing the iodine content of major dietary contributors, including supplemetras Z8t8how

lodine is a component of all seaweeds, with the highest levels in large brovet &eR@)eas

A recent study on seaweed for food purposes available in Europe identi ed iodine levels exceeding the upper
threshold in a variety of seaweed food productet(AbR€21). However, as seaweeds are rarely eaten daily in

Europe, this may not represent a public health issue. It is perhaps more pertinent to carefully consider iodine levels
in seaweed supplements, as these are designed for daily intake. Claims can be made for iodine as a component in
nutraceuticals. For example in the EU, one claim that can be made is that “iodine contributes to normal cognitive
function” (EFSA Panel on Dietetic Products and Allergies 2010).

Ingredient manufacturers can take several years to reach the market, as they need to build processing plants, comply
with local regulatory conditions for manufacturing, establish supply lines, and develop customer relationships.
Manufacturers need to implement Good Manufacturing Practice (GhdBitidA&lCertifications — such as

organic, halal, kosher, and GMO-free — may also be desirable in certain markets.

Ingredient manufacturers are often the entities that carry out their own product R&D. The market value of the raw
material rises with validated ingredient content and evidence of its proposed activity when incorporated into a
nutraceutical. Preclinical and clinical trials may take two or more years from conception to publication. Preclinical
work may involve assessing the effects of an extract in cell culture or an enzyme assay, for example. Clinical trials
are not necessarily required for commercialization but greatly assist in increasing a nutraceutical ingredient’s value
in the market. A recent publication noted that “advances in nutraceutical-based preventive and proactive approaches
require reliable clinical data substantiating their efficacyét(&la2023).

Some clinicians may be concerned that patients who are already taking pharmaceuticals may experience adverse
effects from self-administered nutraceuticals. Interaction studies are uncommon but, in particular market sectors, they
can be useful to ensure safety and establish confidence.

TABLE 1Examples of different types of studies of seaweed

Seaweed-based

; . Reference
ingredient

Type of study

Effect of seaweed-enriched bread on

carbohydrate digestion. (Wilcowt al 2021)

Pilot study Seaweed in bréad

Study on the pharmacokinetics of Ietroz

and tamoxifen. ?lFocacmt al.2018)

Interaction study Fucoidan 3

(Table Continued)

74 | GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



TABLE 1TZontinued

Type of study Sei?]vgvreee doilék?:sed Notes Reference

Randomized, : Improved plasma lipids, anti-inflammator

: Sulfated : P P P arory

placebo-controlled ol saccharidesg activity, and microbiome shifts in overweigRbaclket al 2022)
trial (RCT) Poly : participants. :

Prevalence of osteoporosis in Korefan
postmenopausal women according:to  (Limet al 2015)
nutrient and food group intake. :

Gut health benefit€ofradiatand its : (Charoensiddétial
polysaccharidé@svivo. : 2017)

Epidemiological Total diet, including
study : seaweed :

Invivestudy : Eklonia radiata :

In summary, clinical trials can be carried out by research-based universities or contract research organizations. To
yield meaningful results, the trial protocol, endpoints, participants, and compliance must all be carefully considered
(Martinez-Lopetzal 2022; Staudachetral 2022). Trials must first be assessed by ethics committees and registered

with the appropriate authorities. Pilot trials are sometimes required to guide design. Double-blind, randomized,
placebo-controlled trials (RCTs) are statistically-powered studies that produce the highest-quality data. After the
trial has been conducted, the data needs to be analyzed before the results are published. Although trial design can
vary greatly, it can be helpful to consider three broadly applicable phases that are used in pharmaceutical research.

FIGURE 1%he three phases of a typical pharmaceutical trial

Phase 1

Phase 2

Phase 3

Key measured outcomes are referred to as primary endpoints. These can be either biological, such as a serum and
urine biomarkers; physical markers, such as assessing the range of motion of a joint; and/or a participant assessment
taken on a validated questionnaire on factors such as quality of life. Although nutraceuticals are not drugs, it is still
wise to include safety assessments within trial designs.

Other types of trial design include longitudinal studies (carried out over many years), interaction studies (to

examine interactions with drugs), or post-market studies. Depending on its size and complexity, a full statistically-
powered trial may take more than two years from conception to completion, and cost well in excess of $1 million
(Cobain 2018).
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Market outlook

There is a clear momentum toward the development of innovative nutraceuticals that improve consumer health.
The global nutraceutical market is projected to grow at a CAGR of approximately 7.5 percent per year. Seaweed-
derived nutraceuticals could capture a $3.9 billion market by 2030. However, significant challenges make the exact
timeline for wide commercial adoption unclear. Many clinical trials are reported to be under way, but interviewees
stated that there is a need for much more clinical work to provide safe products that deliver their claimed health
and nutrition benefits.

Nutraceutical manufacturers with existing distribution and sales networks may take up new supplies of seaweed
extracts and place them on the market within a year or two, subject to regulatory requirements and normal product
development processes, such as formulation-stability testing and packaging. All of these activities take time and
resources but are important to customer safety.

Whole, dried seaweed needs to be available at a low cost to make extraction of the relevant compounds viable.
Interviewed manufacturers of extracts in Japan, Korea, Scotland, and Australia maintained that the price point for their
input materials was already viable.

Several interviewees in the ingredient production sector were expecting to increase their business. An established
company with an annual turnover of just? Under $20 million expects to double its output by 2028. Several new entrants
into the market with turnover of under $1 million were expecting to increase output several fold.

4.6. Aternative proteins

® 000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Key highlights

Alternative proteins

eecccccccce
eececcccccce

There are examples of seaweed-based meat and seafood alternatives, but no data on market size are available.
Global alternative protein market: $10.2 billion in 2022.

Projected market growth: 36 percent CAGR between 2022 and 2030.

Projected seaweed-based, alternative-protein, market potential: $448 million in 2030.

Primary drivers

eeccccccccccccccccccne

« Increasing interest in non-animal-derived food protein products.

e Increasing awareness from consumers and product developers about multi-functional properties of seaweeds,
balanced profile of essential amino acids and potential food supply chain sustainability improvements.

Main challenges

« Competition from other, cheaper biomass which has higher protein concentrations.
« Technical challenges with protein extraction.

« Availability of sufficient seaweed volumes with consistent protein contents.
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Potential “deal-breaker” challenge
¢ Cost of production of high-protein concentrates.

eeccccccccoe

eeccccccccccccce

Outlook The development of seaweed-derived proteins as white-labeled ingredients to compiate with other

alternative proteins, such as pea or soy, is being explored by a number of companies. It was also reported that
proteln extracts from seaweed would only be part of a wider biorefinery approach, and may onIy gain competitive
: advantage if some other function — such as binding or gelling — can be provided in a single- sourcze ingredient.

S eeececsscsscsscsscsscecceccscssecscssessesscsscsscsecsccsccsesscssessessessesscsecsscssceccscsssssessesne o

Introduction

Per capita meat consumption around the world is at the highest level it has ever been. According to some estimates,
humans consume approximately 350 million tons of meat every year, and global meat production is projected to
double by 2050 (Good Food Institute 2022; Hooper and Dace 2021). This has raised questions about the ability to
supply that ravenous demand. Without improvements to food supply chains, there may not be enough land to produce
enough animal protein for the growing global population.

Scaling up animal protein production could also have major environmental impacts because livestock production
methods are significant drivers of GHG emissions, deforestation, and the loss of biodiversity. Compared to
animal-derived meat, making meat from plants, insects, algae, or cultivated cells can reduce land and water
consumption, GHG emissions, and pollution. There are also fears that the intensive methods used today in
animal farming are leading to a rise in antibiotic resistance and an increase in the likelihood of pandemics
(Hooper and Dace 2021).

Alternative proteins are proteins for human consumption that are not sourced from animals (for example, plant-based
or food technology-based alternatives). They are widely seen as potential solutions to the problems associated with
livestock production. They can be sourced from plants (for example, grains, legumes and nuts), fungi, algae, or insects,
or cultured — that is, lab-grown (University of Melbourne n.d.). These sources can all be delivered in various forms, from
whole biomass to milled flours and more processed extracts such as isolates and concentrates — each with a different
level of protein concentration.

For example, soybeans are a common source of alternative-protein products. They can be turned into soybean
meal by extracting the oil from soybean flakes. Soy flour is made by grinding soybean flakes into a fine powder.
From there, the flour can be de-fatted to create soy protein concentrate, which is about 70 percent soy protein.
Further removal of non-protein components — for example, fibers — from soy protein concentrate creates a highly
refined, purified form of soy protein called soy protein isolate, which has a minimum protein content of 90 percent,
on a moisture-free basis.

Seawead's value pioposition

Seaweeds are seen as potential alternative-protein sources. Macroalgae have been eaten for thousands of years and
contain up to 47 percent protein by dry weight, although this varies greatly among species. Brown seaweeds typically
have a lower protein content, compared to the moderate/high protein content found in green and red seaweeds
(Fleurencet al.2018) (see Table 18).
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TABLE 18rotein content of several seaweed species alternative proteins

Protein content

Seaweed genus and species dry weight Sources
Phaeophyta
Undaria pinnatifida 11-24 (Rupérez and Saura-Calixto 2001)
Laminaria digitata 8-16 (Marshaghal 2007)
Laminaria saccharina ~: 6-11 (Morrissetyal.2001)
Fucus vesiculosus 5-10 (Rupérez and Saura-Calixto 2001)
Fucus serratus 17 (Marshaghal 2007; Munda 1977)
A. nodosum 3-15 (Fleurence 1999; Morrits#\2001)
Alaria esculenta 9-10 (Morrisseyal 2001)
Himanthalia elongata 6-11 (Morrissetyal 2001)
Rhodophyta
Porphyrap. 24-47 (Sanchez-Machetcal.2004)
Chondrus crispus 11-20 (Rupérez and Saura-Calixto 2001)
Palmaria palmata 12-21 (Marsham 2007; Margail 980)
Chlorophyta
Ulva species 15-30 (Fleurence 2004)
Enteromorpha intestinalis 10-18 : (Morrissatyal.2001)

Source: Adapted from Good Food Institute India (2021)

Seaweeds can also provide the essential amino acids needed for human nutriéioal @02¢€hddeurence

et al 2018). EAAs of the red sed®arthria palmagacount for almost 46 percent of the total amino acid fraction,

a proportion similar to that of egg white (ovalbumin) ([liealr@0d®). In addition, many species already contain

all nine EAAs - histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan and valine. The
protein extracts of different species can be combined as blends to offer more nutritionally suitable (or bioavailable)
proportions of essential amino acids (Reyrad|d822).

Seaweed-inclusive, alternative-protein products can benefit from a number of texturizing and stabilization functions that
seaweeds themselves provide. For example, seaweed hydrocolloids are great agents for stabilizing, gelling, and binding
together food ingredients. This can help with creating a wider range of food products in terms of texture and shape.

Seaweeds also provide environmental benefits because they can be cultivated without the use of freshwater, land, or
fertilizers. There are many examples of seaweed’s potential environmental impact compared to conventional protein
production. For example, seaweed grown in Norway has been shown to have a significantly lower environmental
impact and global warming potential than soy grown in Braziét(lib@8iig. It is suggested that one acre of

seaweed can yield as much protein as five acres of soybeans.

Praessing
Raw seaweed has poor protein digestibility for humans because of its complex polysaccharide cell walls. Processing

is therefore needed to ensure cell disruption. Currently, the focus is on developing or improving methods of protein
extraction to improve its bioavailability.
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Extraction methods include physical processes — techniques such as sonication, microwaves, pulsed electric fields and
biomechanics, and chemical processes — such as using acids, alkalines, and enzymes. High temperatures and harsh
chemicals are best avoided because they risk denaturing the desirable proteins and amino acids.

Examples include cell disruption using enzymes like cellulase and Rdinasa palmat@oubert and
Fleurence 2008); and the use of homogenization and osmotic stress to obtairRupieyma &camthosphora
Sargassum vulgaaredUIva fasciatéBarbarino and Lourenco 2005). Chemical extraction using sodium hydroxide
and hydrochloric acid has been demonstratedasiosurfHarnedy and FitzGerald 2013; Jordan and Vilter 1991;
Kadanet al 2017). Table 19 summarizes extraction techniques, species used, and the resulting yields.

TABLE 1Summary of extraction techniques, yields and co-products

Seaweed species  Extraction method Yield Co-products Referg
: _Enzymatic hydrolysis 2.4-fold enrichment in :
and fermentation :  residual biomass :

5 Ulva fasciata Thermo—alkallneg 11% dry weight Sap, lipids, ulvan (Gajariet al

1. Laminaria digitdta Ethanol (Haat al 2015)

treatment and cellulose : 2017)
High shear : o : . (Postmat al
3. Ulva lactuca ! homogenisation : 39.0 £ 6.2% dry welqht Carbohydr:ateg 2018)
4. Porphyra : Aqueous-alkaline : . ¢ Carrageenan,: (Wahlstroet al
umbilicalis : extraction 2450 gt . pectin, cellulose 2017)
5 Ulva ohnoi Mlcrowave.asssteczi 09 (relaftlve to . Salts, ulvan | (Magnussast al
extraction : original biomass) : : 2019)
: High-voltage pulseé 1.26 £ 0.29% (15% yfield H
: : o : . o : (Prabhet al
6. Ulva ohnoi . electric field, followed relative to original :  Starch, salts :
: . L ) : : 2019)
by alkaline extraction biomass) :
: : 0 i ini it
7. Sargassum . Alkaline treatment. 253+ (_).ZA) dry we|g!h8ap, alginic aC|:d, (Baghett al
vulgare : biomass : salts : 2020)
8. Eucheuma : exggggg?qeéisdsng?i%eSQA +1.41* extractifon Carra eenan§ (Nasert al.
denticulatum : efficiency : 9 i 2020)

extraction : i :
Ethanol and : (Polikovskst al.

Superecritical Waterg :
hydrochar : 2020)

9. Ulvasp. extraction

5.8% dry weight :

Source: Gajaria and Mantri (2022)

The wide range of extraction methods and consequent yields, as well as co-products formed, goes some way to
explaining the complexity of creating useful protein fractions from seaweed.

An assessment of the most common forms of alternative protein extraction is highlighted below.
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TABLE 2@ommon protein extraction methods and their attributes. T = temperature, P = pressure

High pressure .. Chemical Enzymatic Bead PU|Se.d
>>°.~ Ultrasonication . ) ) : e Electric
homogenisation disruption disruption milling Field
Scalability : High Low © Medium: Low : High : Medium
Operating cost High Medium : Low : High : High : Medium
Efficiency High Low © Medium :  Medium High: Low
Energy High Medium Low Low High Medium

requirement : :
: : Chemical% Enzymatic

Residue : Particulates : Particulates: : : . ! Particulates None
: : 3 residue 3 residue 3 :
Harsh o : : : : —
conditions : High T Local high T anéd P ngr? T
Selectivity : Low : Low : High : High © Low High

*temperature can be lowered upon modification of traditional equipment with an inbuilt cooling system
Source: Good Food Institute India (2021)

It is clear from both the variation in extraction efficiency, and the lack of a clear leader in economic efficiencies, that
research into an efficient, low-cost, scalable, protein fractionation process is still in development. However, there are
startups in the space who have been going ahead with protein extraction methods that they claim produce a 65-80
percent protein concentrate ffaimaria palmaeiermans 2021).

Using a high protein seaweed species and a biorefinery concept, stakeholders interviewed for this report indicated
that it is possible to collect 2—6 percent protein from wet seaweed.

Market overview

According to EY’s alternative protein report, the global alternative protein market was valued at 10.2 billion in 2022.
As shown in the figure below, the market is expected to grow at a CAGR of 36 percent between now and 2030
(Dongoski 2021).

The two best-established protein sources on the market are both plant-based — soy and pea protein. The soy market
is very well developed and receives significant investment. Pea protein is the second-largest market, with a CAGR of
30 percent from 2004 to 2019 (Baah2019). Price points for these plant-based proteins are considerably cheaper

than their alternatives, as shown in the Table 21 below.

In terms of financing, in 2021 alternative-protein companies secured $5 billion in disclosed investments. Some of
the largest companies in this category include Impossible Foods and Beyond Meat. As shown in the figure below,
the fermented, alternative-protein sector also received a large share of investment in 2021. The rising investment
in fermentation and precision fermentation is expected to increase further over the next decade. Additionally, as

prices of fermentation and cultivation technology fall, the fermented alternative proteins are expected to become very
competitive with conventional proteins (Dongoski 2021). In the short term, however, cell-based meat products are not
expected to achieve scale because the technology is still in its infancy.
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FIGURE 1@Giobal alternative protein market size and market penetration to 2030
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TABLE 2Prices [$/kg] of several alternative proteins

Type of protein Price [$/kg] — 100% protei
Soy protein 2.0
Pea protein 5.0
Insect protein 410
Mycoprotein 13.0
Cultured meat 300.0
Whey protein 7.5

Source: Bagttial.(2019)

There are a number of startups around the world developing alternative proteins from seaweed. For example, Brooklyn,
New York-based AKtip$://akua.gooriginators of the world’s first ocean-farmed kelp burger, and the Dutch Weed
Burger, are both creating plant-based patties using seaweed. Meanwhile, Umaro is developing a high-protein bacon
substitute derived from dubsgnfaria palmataAdditionally, many developers are targeting seafood replacement
products. From a marketing perspective, using ocean-sourced ingredients in seafood replacements is appealing. From
a formulation perspective, there is less need to add ingredients to mask the taste and odor of seaweed.

There are typically two business models being used by startups to bring such products to market. First, there is a B2B
sales channel model. This typically involves using a biorefinery process to isolate high protein content from seaweed,
potentially with some functionality in the formulation. Developers in this category are either aiming to sell seaweed
protein extract directly to other businesses, or are working on a royalty or licensing model with large formulation
companies who in turn work with mass manufacturers of food products. This reduces the market risk and allows the
developer to focus on the challenge of making an appealing, functional, protein replacement rather than on the final
formulation, branding, distribution, and sales.
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FIGURE 12021 alternative protein invested capital by region. As shown in Buxton (2022), based on GFI report.
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Second, there is a B2C model in which a company uses the inclusion of seaweed to market the sustainability of
the product or to support health and nutritional claims. There are vertically integrated companies processing and
developing seaweed-based alternative proteins, but the majority of startups in this category source seaweed directly
from a network of farmers or processing companies.

Many of the entrepreneurs interviewed for this chapter are focusing on developing an alternative protein product
alongside other potential applications — for example, polysaccharides. In these instances, the protein-based
opportunity is almost seen as a lucrative valorization of waste stream opportunities.

Market dynamnics
Drivars

1.Increasing awareness among product developers about the multi-
functional benefits seaweed offers in alternative-protein food products.

Particularly when the ingredient contains hydrocolloids, there are stabilization, gelling and binding functions that
seaweed can provide. These are valuable functionalities that are not offered by other protein sources, such as soy or
pea protein. As one interviewee phrased it, “Why have a plant-based protein and sodium alginate on your ingredients
list when they are both sourced from the same feedstock?”
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2.Changing attitudes toward seaweed food products.

Although western consumers are less familiar with eating seaweed than Asians, there is a growing interest in this
novel food category, and an improved understanding of the potential environmental advantages of seaweed products
(Emblingt al.2022). Consumer acceptance of seaweed-based alternative protein products varies, depending on the
level of inclusion, but in general the market outlook is positive. A UK-based study of consumers found that consumer
perception of seaweed-based products (for example, bacon or burgers made from seaweed) was more positive than
their perception of edible seaweed eaten without much processireg &£ 2022y

3.Increasing interest in non-animal-derived food products, and more
environmentally-friendly sources of alternative proteins.

Although plant-based proteins such as soy and pea protein are low cost and widely available, there is increasing
pressure on supply chains and growing consumer awareness of their environmental drawbacks. There are concerns
about the sustainable sourcing of soy protein, and it is also clear that protein yields from soy harvests are not consistent.
Soil degradation and other environmental stress factors have recently led to some soy protein producers selling at
about 35 percent protein content, down from about 45 percent in recent harvests.

Conpetition
Relatively speaking, using seaweed as a source of protein is still at an early stage of development compared to other
alternatives. Seaweed typically does not have a very high protein content as a percentage of dry weight. However,

as mentioned in the processing section, there are some species and startups that are showing promising extraction
yields. Protein levels in various common sources of alternative protein are shown in the table below.

TABLE 22rotein content of several alternative proteins

Type of protein Protein content [%0] Reference

: Soybean : ~35-40 : @inal.(2020)
Plant-based : : :
: Pea ; 20-25 ; Lu & al.(2020)
Telegryllus emn{exicket) ~55 : Gosthal (2017)
Insect-based: ; ;
Tenebrio molit@arvae) ~53 : Gasthal (2017)

Saccaromyces cerevisiae:

(sugarbeet bagasse) 45-49 : Razza al (2020)

Single-cell :

Source: Adapted from Siddiqui (2022)

Within the algae species, it is perhaps more common to find microalgae developers targeting the protein space, with
Spirulin@ndChlorelldeing used as nutritional supplements because they contain as much as 70 percent protein by
dry weight. In the macroalgae world, the highest natural protein content, foundPr vy rgéaiisswell short

of SpirulinandChlorellaPorphyraan contain as much as 47 percent protein by dry weightt(RaZar.

However, the competitive advantage of using macroalgae-based protein is that they tend to have a much higher
micronutrient content, and the cost of production at scale may be far lower than microalgae, which require extensive
on-land infrastructure and energy inputs to cultivate on an industrial scale.
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However, seaweed’s provisioning of all essential amino acids makes it a higher-value protein, competitive with whey
and not just soy or pea. It may also provide a more competitive amino acid profile over microalgae, which may produce
the complete set of nine amino acids but in smaller percentages.

In terms of price points for less processed products in the US, one stakeholder stated that 190g (or 6.70z., a little
under half a pound) of seaweed patties can sell for approximately $10 retail. This of course includes a mix of different
ingredients, not just plain seaweed. For protein concentrates, another stakeholder stated that within the next few
years, when it expects to be operating at scale, the company will be able to beat the price of more premium pork
products (currently about $7/kg).

Challerges

There are multiple challenges for using seaweed in meat-replacement and seafood-replacement products.

1. Price remains a concern for several stakeholders. It is expensive to produce a protein concentrate from seaweed using current
technology, and drying facilities need to be available close to farming sites. Seaweed proteins ultimately need to be price-
competitive with soy-derived ones.

2. Seaweed has a lower protein concentration than alternative sources of biomass. There is a need to develop seaweed strains
with higher protein content and improve cultivation methods for high-protein seaweed species.

3. Seaweed can have a large variability of protein content, depending on the season, temperature, and location. Trials with
P. palmatdarvested in France showed that protein levels varied from 9 to 25 percent, depending on the time of year
(Bleakley and Hayes 2017).

4. Depending on the level of processing, heavy metal content in final products could be a concern. Mercury, arsenic, lead
and cadmium could all pose health risks in seaweed-based products developed for human consumption (Bleakley and
Hayes 2017).

5. Food neophobia — that is, fear of novel food items — reduces the willingness to try seaweed in parts of the world where it is not
typically already part of the diet (Losadaet.ap221).

6. The process of fractionating and extracting proteins from seaweed needs to improve to enhance protein production efficiency
and to compete on cost and yield with other plant-based sources of protein.

7. The nutritional qualities of seaweed, beyond its protein content, must be demonstrated and must meet market needs.

8. Consumers must be willing to pay a “green premium,” based on the comparative sustainability of seaweed production.

9. There needs to be greater demand from consumers. The formulation of more end products would help in this regard.

Regubtions

The regulatory landscape for alternative proteins varies from country to country, and region to region. In several
countries with a history of safe plant-based protein consumption, including China, plant-based proteins are not subject
to pre-market approval requirements (GFI 2022).

In general, seaweeds fall under either a novel or non-novel food category. In Europe, a novel food can be a
newly developed innovative food, or a food that is traditionally consumed but outside of the EU (ValgOrize 2019).
Approximately 27 seaweed species are accepted as food in Europe, which may help with gaining regulatory approval
for more processed seaweeds (Lahteenméletalal®@1). Products that were not used for human consumption

to a significant degree in the EU before 15 May, 1997 are classified as novel in accordance with Regulation (EU) No
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2015/2283. Although some reports state that the novel food status is not clear for any protein isolates or concentrates
from approved macroalgae species (Lahteenmaki-dlug€la1), most foods derived from cell or tissue culture

from animals, plants, microorganisms, fungi or algae, or produced by novel processes, are subject to novel food
regulations.

Such foods require pre-market authorization and approval by the European Food Safety Authority (EFSA) before they
can be marketed in any individual Member State (Leatherhead food research 2020).

Stakeholders in the US have previously maintained that startups extracting protein isolates and concentrates from
seaweed may need to put together a Generally Recognized as Safe (GRAS) determination (Watson 2020). This
means that the safety of the substance must be adequately shown through scientific procedures. The EU novel food
regulation requires pre-market approval by governmental authorities; US GRAS does not. GRAS can be affirmed by ar
independent panel of recognized experts (Isbi 2019).

There are also strict rules globally governing heavy metal content in seaweed products. This should be monitored
closely by companies exploring the production of alternative-protein products from seaweed.

Market outiook

The global alternative-protein market was valued at $10.2 billion in 2022 and is projected to see a 36 percent
CAGR between 2022 and 2030. There are already examples of seaweed-based meat and seafood alternatives, and
based on our analysis, the projected seaweed-based, alternative-protein market potential is $448 million by 2030.
Nevertheless, there are some deal-breaker challenges that could stall growth in the market — namely, the cost of
production of high-protein concentrates.

Although seaweeds are used in the formulation of alternative protein products, they are not always used as the
main protein source. If a developer wants a product to have seaweed as its first named ingredient, it is typically in
conjunction with soy- or pea-based protein.

Given the size of orders required by alternative-protein product manufacturers, some companies have suggested that
they would need a facility capable of processing over 10,000 tons of wet seaweed per year in order to meet the needs
of the bigger food manufacturers. They will also need to rely on high-protein seaweed species, and on potentially
rotating the species on a seasonal basis.

According to many of the interviewees for this report, seaweed-based protein can reach cost and yield parity with
pea protein, but this depends on the demand for seaweed-based ingredients growing and driving an increase in the
cultivation of high-protein seaweeds sBonpdyrar Palmaria palmata

When interviewees were asked how long it might take for seaweed-based alternative protein products to be
commercially competitive and widely available, a five-year market horizon was repeatedly projected. One
interviewee based in the US compared the current cost of dry kelp (around $1000/ton) with soy flour (around
$300/ton), and argued that a three times cost reduction on the input side is feasible within five years assuming a
processing system can meet the 10,000 ton per year capacity mentioned above. Product developers are working
with their upstream providers, and most are aiming to ensure consistent quality and increased volumes of future
seaweed supply.
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4.7. Fabrics
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Key highlights

Fabrics

eecccccccce

Seaweed textiles (containing no more than 10 percent seaweed) that are based on Lyocell cellulese fiber (originally
: Tencel) are commercially available, but volumes remain too small for precise market sizing.
: Global biosynthetic textile market: $17.18 billion in 2022.

Potential market growth: 10 percent CAGR between 2022 and 2030.

Potential seaweed-based synthetic textile market: $862 million in 2030.

Primary drivers

eecccccccccccccccccccoe

¢ Increased regulatory and market pressure for fashion industry companies to adopt more sustdinable fabrics for
their products.

« Corporate sustainability targets align with seaweed sustainability value proposition.

eecccccccccccce

Main challenges

« Requires more sophisticated processing methods for higher seaweed inclusion rates, v;vhile improving
performance. :

.

« Competition from alternative sustainable materials with lower price points and better propertie%.
» Unavailability of sufficiently large seaweed volumes at a consistent level of quality and at low prices.

Potential deal-breaker challenges
e Cost of production.
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: Outlook Although it is likely that the market share of Lyocell with seaweed extract will increase,:for fabrics with

: a higher percentage of seaweed content to reach market, there will need to be performance improvements. One
: advantage is that seaweed-based fabrics can be easily blended with other bio-based feedstocks,gsuch as cotton, to
: create fabri¢hat are competitive with conventional products. :
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Introduction

In the last few decades, “fast fashion” — standardized, mass-production fashion that is both rapidly produced and
rapidly disposed of — has been a trend and driver of the fashion industry (Fletcher 2@1Gl. dagchini

The business model of fast fashion has boosted the consumption of clothing, but it also comes with significant
environmental costs (Todeset@h2017). The fashion industry accounts for an estimated 2—8 percent of the world’s

GHG emissions, consumes around 215 trillion liters of water per year, and accounts for approximately 9 percent of the
losses of microplastics to the oceans (unfashionalliance.org).

Because of consumers’ growing interest in the environment, the concept of sustainable fashion — including the use of
eco-friendly or recycled materials — is gaining importance in the fashion indettay Bagaim this context,

the fashion industry’s interest in using alternative materials such as seaweed for textile production has grown because
of seaweed'’s association with reducing GHG emissions, freshwater overuse, and water pollution.
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BOX 6: FABRICS MARKET DEFINITIONS

Fiber a lament that is many times longer than it is wide, used as the raw material to create yarn.
Yarn a continuous length of interlocking bers used to create textiles.

Textile a woven texture created of interlocking strands of yarn.

Fabric a type of textile, which has been nished and prepared for use in a garment.

Garmentan article of clothing composed of fabric.

Seaweed's \value pioposition

Using algae as a textile feedstock provides environmental services through the replacement of more environmentally
harmful feedstocks, especially cotton and petroleum. Cotton’s high water needs, for example, will prove an increasing
challenge as the frequency, duration, and severity of droughts rise because of climate change. Petroleum-based
textiles support the fossil fuel industry, despite recognition across the fashion sector that carbon emissions need to
be addressed.

Although some people argue that seaweed-based textiles could be carbon-negative, others have expressed skepticism,
with multiple interviewees noting that it is unclear to what extent carbon remains fixed in the product throughout its
lifespan. For instance, while the enhanced biodegradability of seaweed-based textiles is a benefit for waste reduction,
a biodegrading garment will ultimately release the carbon fixed in its &hel<2Q0iler

Praessing

Seaweed-based textiles fall into one of two categories: a. cellulosic fibers with added seaweed extract, and b.

fibers with algae as their main component. The former are available commercially, but they have only a small
percentage of seaweed by mass — most of the product is comprised of Lyocell, a biodegradable fiber derived from
wood pulp. On the other hand, the second type of seaweed-based textiles — fibers with seaweed as their main

component — is currently being produced only at the pilot or research phase. In other words, garments made from
alginate-based yarns are not yet commercially available. By contrast, garments made from Lyocell-based textiles
with seaweed extract added are.

Lyocell-based seaweed textiles begin with wild-harvested brownAsaadesdyi SmartFiber, the primary

producer of such textiles, sources its seaweed from Icelandic waters. It is then dried and processed with wood pulp
into a fiber. Increasing the amount of seaweed in the product would make it less durable, especially in the presence
of moisture (SmartFiber AG, n.d.). These fibers can then be spun into yarn and used in garments. SeaCell is combinec
with other fibers, primarily cotton, in varying amounts, which results in a variable percentage of seaweed in the final
product. The highest proportion of seaweed included is about 10 percent, in clothes made frowhiditadylan fiber,

is nearly identical to SeaCell (Greg¢re2019).
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FIGURE 1Brocess diagram for making Lyocell-based seaweed textiles
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Source: Adapted from Gregetsain(2019)

The exact production processes for alginate-based, garment-ready textiles are currently proprietary because of the
industry’s early stage of development and hence its interest in protecting intellectual property. However, a general

process description based on publicly available information can be found in Figure 20. Unlike Lyocell-based textiles,
which are usable only as a replacement for woven textiles in the form of rayon-like knitwear made from yarn, alginate-
based textiles can also produce bio-based leather.

FIGURE 2@rocess diagram for making alginate-based yarns and leathers
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l —— through chemical—— - BN (L e Yarn
: spinning ber
reaction
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and chemical leather accessories

- sheets
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Source: Figudy al.(2022); University of Huddersfield (2021)
Note: Garments will likely be the primary end use for alginate-based yarns, but since such garments do not exist at the time of writing, yarn is listed
as the final product instead.

Several interviewees at universities and startups stated that they were researching alternative methods for
producing seaweed-based fibers, such as using proteins, polysaccharides, or monomers that are abundant in
seaweed. At this stage, details are unavailable because of intellectual property concerns, and no papers or
patents have been published. It is unclear when the first prototype textiles might be made with such technologies;
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the interviewees only discussed these products in terms of early-stage scientific inquiry. Interviewees nonetheless
noted that these products could use microalgae or non-kelp seaweeds as the feedstock because they have higher
concentrations of the compounds needed to produce textiles. They projected that if the use of these alternative
algae feedstocks can be commercialized, it would likely lead to more efficient use of raw materials and faster
scaling of production.

To date, seaweed-based textiles have been used predominantly in garments, with limited applications in other
categories such as household fabrics. Although some pilot projects have used the textiles in furniture or leather-based
accessories, like wallets, these applications represent a small component of the seaweed-based textiles industry
(University of Huddersfield 2021).

Market overview

In 2021, the global fiber market produced approximately 113 million tons, valued at nearly $1 trillion (Grand View
Research 2022a). Synthetic fiber, the market segment that seaweed-based textiles aims to disrupt, represented
64 percent of the total market, or approximately 72 million tons, valued at more than $60 billion (Grand View Research
2022b). Polyester, the largest synthetic fiber, represents almost 85 percent of synthetic fiber production (Opperskalski
and Riley 2022). Currently, the seaweed-based textile market is too small to be effectively sized.

TABLE 23\ comparison of different algae-based textiles

Example products Exampl_e Al Market readiness
companies percentage
Lyocell with :1) SeaCell 1) SmartFiber AG : o . .
seaweed extract2) Vitadylan :2) Grey Berlin ;. Upto10% : Commercially available
AIginate—based 3) Kelsun <) e el : High percentagésprmmypmg’ i ity

textiles §4) Bio-based Ieath;e‘rl) Uncommon ! “tommercial availability in

0p:
Alchemy close to 100/05 1-2 years
Textiles from §5) Microalgae—ba§ed Unknown, :
¢ yarn (Krebs 202(®) Algaeing ¢ with possible : Research stage and early
other algae : : e : ; !
: 6) Monomer-based6) Piping Hot : percentages up io prototyping
products . : : :
textiles : : 100%

Note: The products, and the companies that produce them, are numbered the same, based on data provided by the interviewees

There is increasing interest in producing textiles with seaweed-derived components but applications are currently at a
pilot stage. Alginate, a compound abundant in brown seaweed, can be used to produce fibers. Alginate-based fibers
are commercially available for wound dressings but as a gel rather than a traditional textile (Qin 2008). However,
multiple efforts are under way to produce garment-ready textiles from alginate, most notably the work of Keel Labs,
which has developed a yarn made predominantly from alginate. However, the product is still in the pilot phase and the
company does not expect it to be commercially available until late 2023 or 2024.

Presently, the development of seaweed fabrics is being funded with early-stage investment from both the public and
private sectors. Most interviewees from startups stated that they receive a combination of private and public funding.
In recent years, government entities in the United States, the EU, and Australia have increasingly funded innovations in
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the seaweed industry through institutions such as the United States Department of Energy (USDOE), Innovate UK, anc
the Australian Research Council (Hermans 2022). Several prominent garment retailers, such as H&M and Adidas, have
participated in Series A investments into companies developing seaweed-based textiles (Forrest 2022). Piping Hot,
an Australian clothing retailer, has entered into a research agreement with scientists at the University of Technology
Sydney to develop a fiber made from seaweed monomers. Piping Hot is looking to expand into the alternative fiber
development sector, aiming to develop a scalable textile they can both use in their own products and sell to other
interested clothing manufacturers.

The market for Lyocell-based seaweed textiles is too small for precise sizing. Interviewees expressed several reasons
for this, but especially the lack of consumer awareness about the benefits of seaweed, and a limited supply chain
for seaweed feedstocks. However, behavioral research suggests that heightened consumer awareness of the
environmental impacts of a brand’s products does not necessarily lead to new buying habits, especially if there is
a high green premium price to be paid. As a result, it is unclear whether, and to what extent, greater awareness of
seaweed’s sustainability would increase market share (Warren 2021).

Interviewees also noted that the relatively low percentage of seaweed in Lyocell-based textiles could dampen interest
in them, especially in the context of increased consumer scrutiny of product sustainatelitsl ZR¥Egerden

2007 controversy, in whiciNiee York Timelaimed that there was no evidence of seaweed content in Lululemon’s
SeaCell product line, is a salient example and was mentioned in the interviews as a development that had a direct
dampening effect on the growth of this market (Story 2007).

Besides Lululemon and Tommy Hilfiger — with their SeaCell product lines — Asics is the only other large clothing
manufacturer collaborating with a producer of Lyocell-based seaweed fabrics. In 2022, Asics invested in Pyratex,
a sustainable fashion company that includes SeaCell-based fabrics as part of their line (Style 2022). Two years
earlier, in 2020, Asics released a limited run of yoga wear using Pyratex botanical dyes, but the partnership has
yet to use SeaCell in any products (Pyratex 2022a). According to the Pyratex website, the company produces only
five products made with their SeaCell fabric, which are retailed through small- and medium-sized fashion brands
(Pyratex 2022b).

Early, limited-edition runs of garments will also be crucial to scale the algae-based textile market. Multiple
interviewees noted that these limited-edition runs are important for getting consumers excited about seaweed-
based products, even if they are often sold at a premium compared to other garments of similar quality. By
producing a proof-of-concept run, startups can generate interest and promote greater investment across the
supply chain. A template for such limited-edition runs is Adidas’ Yeezy Foam RNNR, a shoe made partially from
algae-based foam (Houser 2019) and launched in partnership with American musicilatipsaiwewest (
livekindly.com/kanye-west-vegan-yeezy-shogs-Biyaieerships with highly visible clothing retailers are
especially important to raise a product’s visibility.

Market dyramics

Drivers

Market interest in fabrics with higher seaweed inclusion rates is growing, driven by corporate sustainability targets,
growing recognition of seaweed as a climate and environmental solution, and increasingly stringent sustainability
reporting regulations. These regulations include the EU Corporate Sustainability Reporting Directive, which requires
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companies to report their impacts on and mitigation measures for climate change, local pollution, water and marine
bodies, biodiversity and natural resources (Council of the EU 2022).

Spurred on by greater public scrutiny, their own internal sustainability goals, and new regulations that require proof
of climate mitigation efforts or impose fines for “greenwashing” violations, large companies in the textiles value chain
are seeking to make the textile industry more sustainable, especially fashion. (Greenwashing is the practice of making
false, deceptive, unsubstantiated, or misleading statements about the environmental benefits of a product in order
to create an impression about how environmentally friendly the product is.) Garment consumers are increasingly
concerned about — and motivated by — sustainability, and analysts expect that in the coming years, 50 percent of the
population will consider environmental impact as an important factor when choosing a gagtrer2qE2Arpizio

Industry experts predict that fashion brands that remove barriers to — and accelerate the adoption of — sustainable
textiles will be able to capitalize on these demand trends. They are further predicting that, in the coming years, the
market will likely prioritize the growth of fully seaweed-based textiles, as opposed to Lyocell-based options, because of
the comparative sustainability of the former. Fully seaweed-based fibers usually have greater environmental benefits
than Lyocell-based textiles, and interviewees believe that increased scrutiny of company supply chains, stricter
environmental standards, and internal sustainability programs will compel product managers to prioritize feedstocks
with lower environmental footprints. However, in the event that other similarly environmentally-friendly alternatives
arise with lower price points and better properties, it is not likely there will be substantial growth in seaweed-based
textiles.

Conpetition

Over the next 5-10 years, other biosynthetic textiles will be the primary competitors to algae-based textiles. These
products will have a similar price point and appeal to a similarly environmentally conscious market. In terms of
their market readiness, they range from prototypes that are at the research stage to textiles with some commercial
presence, albeit limited. Most of these alternative textiles that have sustained commercial markets in 2022 are made
from agricultural crops, primarily corn; those with other bases do not yet have sustained market presence (that is, they
are available at the development stage or in limited runs). Second-generation feedstocks represent a growing sector
of bio-based synthetics. Other sources of bio-based synthetics, particularly fungi and agricultural waste products, are
being investigated.

Although Lyocell-based seaweed fibers are available commercially, they have not been adopted broadly in the textile
industry. The most common fiber of this type is SeaCell, developed by Nanonic (currently owned by SmartFiber), which
is a blend of 85 percent Lyocell and 4 percent seaweed, with moisture accounting for the other 11 percent of the fiber's
mass. Lululemon and Tommy Hilfiger are the only large clothing retailers to include SeaCell in their product lines.
Although the websites of both companies list SeaCell as part of their respective fabric options, it is not clear which of
their products are currently being produced with SeaCell, if any.

Lyocell-based seaweed fabrics occupy a different market sector than textiles made predominantly from seaweed, so
they do not compete in the same spaces. They are more likely to compete with other human-made cellulosic fibers
and sustainable cotton options, which are cheaper and more widely available than bio-based synthetics (Textile
Exchange 2022).

Generally, interviewees were unable to identify market-clearing prices or quantities in the interviews, nor were they
able or willing to comment on financial aspects of their operations (for example production costs, costs of raw seaweed
products, and so on).
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TABLE 24A comparison of available biosynthetic textiles
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2017)
Highly
dependent :
on species,
with \F/)anable Prototypinq,
Algae supply . limited runs;
. for textilesé by 2024
: depending on
species

performance

Woven fabrics :
Performance nearly -
identical to petroleum
synthetics

Woven fabrics and
leather

Requires
waterproofing

Some durability
concerns (Bananatex
n.d.)

Leather :
Requires :-
waterproofing :

- Durability concerns: -
(Deeget al 2017)

Woven fabrics and
leather

Requires
waterproofing i
Durability concerns:
for the leather i

product

Ingeo: fiber
made from
i cornstarch,
‘ sugar cane, and
. beetsFiber to
:  Fabriy

Disrupts petroleum
textiles

Bananatex:
fabric made
from banana

: plant stalks and
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Source: Adapted from Opperskalski and Riley (2022) and from interview data, unless otherwise indicated
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Challerges

1.Matching the performance of traditional textiles

Matching the performance of existing textiles presents an early hurdle for developing seaweed-based alternatives.
For instance, alginate-based products are not inherently water-resistant. This presents a challenge when developing
garment-ready textiles that need to withstand regular exposure to water. Interviewees working on novel seaweed-

based products noted that, because of consumer expectations about product performance, it is difficult to develop

textiles that perform as well as petroleum-based synthetics in terms of utility and durability. Another challenge is

ensuring that seaweed-based textiles can seamlessly integrate into existing production lines. This is crucial to

achieving scale and is a potential deal breaker if it cannot be achieved.

2.Availability and cost of raw material

More often than any other barrier, producers identified the availability of seaweed as a hurdle to scaling. Although
production has not yet reached a high enough level for algal availability to become a limiting factor, several interviewees
noted that substantial scaling might not be possible without an increase in the number of seaweed-growing operations
and the establishment of a more robust supply chain for the raw materials needed to make seaweed-based textiles.
Some predicted that seaweed availability would not prove a limiting factor for at least five years, while others predicted
it would pose a hurdle sooner. Together with the current high cost of seaweed, this is a potential deal breaker for
seaweed-based fabrics to ever compete with petroleum-based synthetics at scale.

3.Lack of public awareness

Market growth may also be limited by a lack of public awareness about seaweed’s unique environmental benefits.
Multiple interviewees expressed concern that consumers are unaware of algae’s low environmental footprint compared
to other biological textile feedstocks. As sustainability becomes an increasingly important motivation for garment
consumers, more producers are marketing their clothes as sustainable, making it difficult for consumers to know
which products are truly environmentally friendly. In the near- to mid-term, garments made from algae-based textiles
will be sold at a premium owing to the market’s limited economies of scale and the relatively high cost of feedstocks.

4.Lack of sustainability standards for bio-based textiles

Without standardizing bodies to verify claims of sustainability, producers of algae-based textiles have no way to prove
the unique sustainability of their products compared to competitors who may be engaged in greenwashing claims.

Interviewees noted that greenwashed products tend to be cheaper, and without a regulatory or voluntary standard to

prove otherwise, the false promise of affordable, low-impact garments may draw consumers away from algae-based
options.

5.Lack of traceability for seaweed raw material

Finally, interviewees noted that, because algae feedstocks are often difficult to trace, it is difficult to determine whether
the algae are produced in a socially responsible manner. As social responsibility becomes an increasingly important
factor for consumers, concerns about feedstock traceability could reduce interest.
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Reguhtions

Most interviewees cited policy reform as one of the most effective methods for accelerating the growth of the algae-
based textiles market. Reducing subsidies to environmentally harmful feedstocks, increasing those to novel sustainable
sources, and enacting stricter requirements for the sustainability of textile supply chains were the most mentioned
policy reforms. One interviewee noted that, following recently passed sustainability requirements for businesses in
the EU, such as the Corporate Sustainability Reporting Directive, their business had seen a dramatic increase in the
number of interested customers.

However, interviewees noted that without increased sustainability regulation and/or reductions in subsidies to
petroleum-based synthetic feedstocks, reaching a competitive price and volume may well be impossible. Even with
the introduction of such policy changes, interviewees suggest it would be at least a decade before algae-based textiles
become cost-competitive with traditional synthetics.

Market outlook

The expected growth in algae-based textiles is part of a larger increase in biosynthetic textiles generally. Typically
made from agricultural crops, and less frequently from forestry residue or agricultural waste, biosynthetic textiles are
intended to disrupt fossil-based synthetics. Valued at $17.2 billion in 2022, biosynthetics currently account for less than
1 percent of the global textile market, but are expected to grow at an annual rate of 10 percent over the next five years
(Opperskalski and Riley 2022).

The market's growth mirrors rising concerns about the climate impact of the fashion industry. As a feedstock that
sequesters carbon, does not compete with food crops for arable land, and does not require freshwater, seaweed is
better positioned from an environmental perspective than other bio-based feedstocks. However, it lags others in terms
of value proposition and cost structure. To establish itself beyond a market with niche applications, it has substantial
challenges to overcome. Whether this will happen is unclear, but if it does, it will likely be in the longer term because many
other applications still need investment to scale beyond the laboratory stage. Even with the proper support network,
interviewees do not expect seaweed-based textiles to be competitive with traditional synthetics within the next decade.

Corporations, especially fashion brands, are prioritizing investment in a diverse range of sustainable textiles in the
hope of determining which options are best suited to their needs. Several large garment producers have indicated
that algae-based textiles are one of many fabrics of interest. As an array of new bio-based products come online in
the next two years, limited-edition runs will help determine which textile feedstocks are best suited to broad market

adoption. Should seaweed-based products emerge as a particularly viable option, greater corporate investment in the
value chain could help create a small, but sustained, commercial market.

Several startups plan to begin to launch pilot products and limited commercial runs over the next two years, with a
focus on generating consumer and industry excitement. Over this timescale, developing partnerships with industry
leaders will be vital for establishing a greater market presence and begin retailing limited-edition product lines.
Building on this momentum, interviewees predict that a sustained commercial market for fully seaweed-based textiles
will emerge in the late 2020s.

All interviewees agreed that to scale seaweed-based textiles to global market competitiveness, investment across
the entire value chain is necessary. Although different interviewees identified different critical points for investing,
seaweed aquaculture was the most frequently mentioned. Developing a more robust infrastructure for raw material
supply will be crucial to ensure the cost reductions and supply levels necessary for broader commercial use in the next
5-10 years.
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Funding for researchers investigating textile production with alternative, non-alginate seaweed compounds will be
necessary to move these products from the research phase to the functional prototype phase. Meanwhile, funding for
researchers investigating textile production with alternative algae bases, monomers, and non-alginate polysaccharides
will be necessary to move these products from the research phase to the functional prototype phase. Interviewees
indicated that without additional investments in research, it will not be possible to scale these novel seaweed-based
textiles beyond the laboratory level. The early stage of research and current lack of commercial traction, explains why
it is only a long-term potential market.

4.8. Bopladics

© 00000 0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000g

Key highlights

Bioplastics

eecccccccccccce

Seaweed-based bioplastic products have niche applications, mostly in form of biofilms, but volumes remain too

+ small for precise market sizing.

Global bioplastic market; $11.5 billion

Projected market growth: 20 percent CAGR between 2022 and 2030.
Projected seaweed-based bioplastic market potential: $733 million in 2030.

Primary drivers
¢ Businesses are aiming globally to “go green” and achieve their carbon-neutrality goals.

High R&D budgets and substantial venture capital (VC) investments.

Main challenges

®00cc0000000000000000000000000000000000pv000000c0000

—
o
>
5
o
c
3
o
)
5
—

Integration into existing plastic supply chains is complex, unless technical performance can
products.

Competition from alternative bio-based plastics with lower price points and better properties.
« Availability of sufficient seaweed volumes at consistent quality and low price.

Potential deal-breaker challenges

Cost of production and process parameter requirements.

©000000000000000000000000000000000000000000000000000000000000000
....000.....Qoo.o....coo.....g

: Outlook There is evidence that innovators are working on compatible seaweed-based resins that could be integrated
: into existing production systems, but this process will take 5-10 years of R&D, and success is not:guaranteed. In the
: short term, seaweed-based products may fulfil niche applications while they remain multiple time$ more expensive

: than competitive bioplastics. :

00 0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000 o

MARKET SECTPE5



Introduction

Plasticsdescribe a wide range of semi-synthetic or synthetic substances that contain polymers derived from
petrochemicals as their main ingredient. Modern society depends on plastics because of their many useful
characteristics — they are light, flexible, durable, hygienic, and extremely versatile. Their ability to be molded and
shaped has led to endless applications in packaging, transporting food and water, providing clothing and shelter,
medical devices, vehicles, toys, and many daily consumer goods.

Bioplasticr bio-based plastics, refer to materials that are based on a substance derived from living matter and
present an alternative to conventional petroleum-based plastics. Bioplastics are made from polymers fully or partially
developed from biomass. Potential raw materials for bioplastic production are plant-based materials, natural polymers
(such as carbohydrates and proteins) and other small molecules such as disaccharides, other sugars, and fatty acids
(Onen Cinat al 2020).

Today, 99 percent of the world’s plastics are petroleum-based, with bioplastics representing only about 1 percent of
the 390 million tons of plastic produced annually (Plastics Europe 2022). Presently, in most applications, petroleum-
based plastics have technical properties superior to those of bio-based materials, and a lower cost of production.
However, the widespread use of plastics has led to global pollution, as not all plastic material can be recycled, nor are
enough waste management systems in place in many regions of the world. In particular, the rapidly increasing volumes
of disposable plastic products have caught up with the world’s ability to manage them responsibly. As a consequence,
plastic pollution has become one of the world’s most pressing environmental issues.

The need for more sustainable alternatives to conventional plastics is rising, and with more sophisticated materials,
applications, and products emerging, the market for bio-based plastics is already growing (Plastics Europe 2022).
Many of the bioplastic products on the market today come from first-generation feedstocks — which include edible
crops such as sugarcane, sunflower, wheat and corn. The industry is also researching the use of non-food crops
(second- and third-generation feedstocks) to produce bioplastics.

Seaweed's \alue pioposition

As businesses look for alternative plastic materials, seaweeds have been considered as potential raw materials
because of their rapid growth rates, large yields, and the lack of a need for cultivable land to grow them (Farghali
et al 2022). When seaweeds are grown for industrial uses, like bioplastics, many of their qualities — color, protein,
other nutritional content — do not matter as much as they do in other use cases such as food.

Additionally, the abundance of biopolymers — in particular, hydrocolloids — in seaweed has contributed to an emerging
interest in using them as raw material for the bioplastic packaging industry. These substances are characterized by
their ability to form viscous dispersions and/or gels in water. Several of the common seaweed-sourced hydrocolloids
are particularly useful as film-forming materials. Because of their superior mechanical and gas barrier properties,
alginate and carrageenan biopolymers are frequently employed as biofilms — thin usually transparent sheets— and can
be used to wrap or cover both food and non-food items.

Compared to conventional polymers used for food packaging, polysaccharide-based films have the advantage of being
biodegradable, but they lack tensile strength and water resistance. Blending them with other biopolymers, however,
can enhance the functionality of these polysaccharide-baseddimis2@2Bo Not surprisingly, polysaccharide-

based films are, in a sense, at the forefront of seaweed-based bioplastic development and are currently in technical
and early-market adoption stages.
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Numerous seaweed species have been used in bioplastic film production because of their high polysaccharide
content. They include red seawé&adahdumaappaphycusracilariaPorphyraPterocladiand Gelidiuiy

green seaweedBnteromorphéllvaandCodiurp and brown seaweebanfinariaLessoniaMacrocystiand
AscophyllunfLomartiret al.2022).

Prng
Different types of polysaccharides can be used in bioplastic production:

Alginateextracted from brown seaweeds, is the compound most frequently used for bioplastic production. Alginates
can be blended with starches to make biodegradable plastic films with low gas permeability and other desirable
mechanical properties (Rosenbbah?2022).

Aga-based edible films have been touted as potential alternatives to food packaging. However, the intrinsically
poatissirmo-mechanical properties, such as thermal fragility and brittleness, have resulted in the use of reinforcements
to improve their functional properties for such applications (Aswaetfzil 20220 Red algae, mos#yidium
andGracilarishave previously been used in combination with other polymers and additives. However, there has
been limited research in understanding the mechanical performance that agar alone can achieve. Experiments have
been limited to a only small set of formulations using plasticizers, for example, agar and a plasticizer such as glycerol
or sorbitol.

Carrageenais a more common base material for bioplastics, especially for biofilms. Instead of using the whole
seaweed, k-carrageen creates biofilms with better mechanical and physical properties. These are suitable for single-
use packaging for powders, fast foods, candy, or pill casings that do not require advanced mechanical properties.
Whole red seaweed-derived biofilms also have the technical capabilities to replace petroleum-based plastics
(Lomartiret al 2022).

Cellulosés also present in macroalgae but in much lower quantities than in terrestrial plants. For bioplastics, cellulose
from seaweed has uniquely beneficial properties, including high tensile strength, stiffness, chemical resistance, water
resistance, heat resistance, and inertness. Tensile strength and water resistance are desirable for packaging materials
(Leong and Chang 2022) but the brittleness and difficulty in manufacturing cellulose-based plastics are a challenge.

The primary application for seaweed-based bioplastics currently being developed is for films and packaging. In
addition to the use of polysaccharide-based films and the extraction of polymers directly from algal biomass, the
fermentable sugars present in seaweed can also be used in the production of bio-based aliphatic polyesters, such as
polylactic acid (PLA) and polyhydroxyalkanoates (PHAS).

Furthermore, the development of seaweed-based plastic pellets is advancing. Plastic pellets are the most common
raw material in the conventional plastic industry because they are easy to store and transport. These granules, 1-5
millimeters in diameter, are the building blocks of nearly every product made of plastic and can be processed and
molded into a range of consumer goods. Replacing these with seaweed-based pellets would immensely expand market
opportunities for seaweed bioplastics as they would be able to seamlessly integrate into existing plastic manufacturing
machinery and processing lines. Approximately 10 tons of wet seaweed equates to one ton of seaweed-based pellets,
according to one interviewee who produces PHBYV polymers.

Although these niche seaweed bioplastic products could reduce plastic waste production, they will only be disruptive
to the plastic industry as a whole if their production can be scaled up. Efforts toward biodegradability are beneficial
for reducing the volume of packaging that ends up as pollution, but this should not be the only focus. Seaweed-
based plastics should also aim to be long-lasting and simple in structure, so that when the product they are included
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in reaches the end of its life, they can be broken down and recycled into another product. The goal is to develop a
seaweed-based bioplastic pellet that meets current standards and can be mold-injected to form various products
using the same machinery that conventional plastics use today. However, such recycling-friendly properties might be
in direct opposition to biodegradability goals.

Market overview

In 2021, global plastic production was 390.7 million tons, composed primarily of fossil-based plastics. Global bioplastic
production in 2021 was around 2.41 million tons — equivalent to roughly 1 percent of the global plastics market (Plastics
Europe 2022). By value, the global bioplastic market was estimated at $10.2 billion (GVR 2019).

FIGURE 2Global production capacities of bioplastics by material type

Total: 2.42
million tons
1.91.0
6.2
\ EmPBAT )
PLA
8.1
W Starch blends .
PBS S~ Biodegradable
(64.2%)
M Cellulose Img
9.1+ m PHA
Other D,
3
95~ PA .
PTT Bio-based/
P PET ~> Non-biodegrada
1.4 PP (35.8%)
12 u
35 Other )

16.4

Source: Plastics Europe (2022)

BOX 7: BIOPLASTICS MARKET DEFINITIONS

Starch a polymer made of glucose, and starch blends account for the largest share of global bioplastic production
capacities, representing 21 percent of total production in 2019 (€reln2@2Wr Starch-based resins are

used to produce Ims, injection moldings, and thermoplastic materials. Starch undergoes fermentation, producing
ethanol and lactic acid, which is further processed and polymerized into PLA, PHA, and copolymers. Starch can be
blended with synthetic degradable polymers and other biopolymers, such as PLA and PHA, to produce completely
biodegradable polymer composite materials. However, at this time, these polymers are considered to be less resilient
and o er lower water resistance than conventional plastics.

(Box Continued)
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BOX7:Continued

PLA (polylactic acid) is a renewable, biocompatible, and bio-compostable polymer, meaning it needs specic
conditions to initiate biodegradation. PLA is one of the most widely used polymers in bioplastics, and the current
production capacity is more than 250,000 tons per year (Resei2ff2f). PLA is typically made through

the polycondensation of lactic acid, which can be derived from the fermentation of sugars in sugar beets, whey,
molasses, and seaweed (HideiwatP022). PLA can be produced to be optically transparent and has been used

as a replacement for polyole n (PO) Ims, as well as polystyrene (PS) foams, including incorporation into single-use
items (Rosenboetral 2022).

PHASpolyhydroxyalkanoates) are a family of bio-based and biodegradable polymers that are synthesized by
microorganisms from various substrates as carbon sources, including using seaweeds and their associated
bacteria. This group of polymers has diverse structures and properties, and over 150 types of PHAs can be
synthesized by employing di erent bacterial species and growth conditions. The best-known polymers of the
PHA family aRHB(polyhydroxybutyratepolyhydroxybutratédHBM(polyhydroxyalkanoate). Compared

to the PHB homopolymer, the PHBV copolymer has better physical properties such as impact-resistance,
toughness, exibility, and other properties that are bene cial in the manufacturing process. The diversity
of PHAS’ properties makes them suitable for a wide range of applications, including packaging, bers, and
biomedical uses (Redtwl.2013).

Bioplastic alternatives exist for almost every conventional plastic material and corresponding application and, like
petroleum-based plastics, they are a diverse family of materials with different properties. As shown in Figure 22, there
are three main groups of bioplastics:

» Bio-based as well as biodegradableh as PLA and PHA or PBS

« Only biodegradalffeetroleum-based yet biodegradable) — such as PBAT

« Only bio-bas€don-biodegradable) — such as bio-based PE, PP, or PET (so-called drop-ins) and bio-based technical performance
polymers, such as PTT or TPC-ET

Biodegradability refers to a material’'s ability to naturally degrade into basic components such as carbon dioxide,

water, and biomass through the action of microorganisms @atta@®?). This makes a biodegradable

material's end-use more sustainable than alternatives. However, biodegradable properties are beneficial only if the

waste management chains are able to handle this. Having biodegradable bioplastics among conventional ones might
reduce the recycling rate, and some bioplastics require industrial composting.

Some examples of innovative, bio-based plastic polymers are PLA (polylactic acid), PHA (polyhydroxyalkanoates),
PHB (polyhydroxybutrate), and plastics based on starch, cellulose, lignin, and chitosan (Nanda and Bharadvaja 2022).
Starch and cellulose-blend bioplastics are widely available from corn and cassava, for example, while cellulose-based
bioplastics are in the market as packaging films, eyeglass frames, food packaging, and other specialty materials (Nanda
et. al2021) The role of lignin and chitosan has been more of a reinforcement material in blends with biopolymers like
cellulose and starch (Marnal2021).
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FIGURE 2Zypes of bioplastics, both biodegradable and non-biodegradable
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Packaging dominates both the global plastic market for applications and the global bioplastic market (Ritchie 2018).
In 2015, the industrial sector’s leading global plastic waste was packaging, representing over 141 million tons — nearly
half of all plastic waste. Additionally, most plastic packaging cannot be recycled; in 2015 only 14.6 percent of all plastic
packaging was recycled, with the vast bulk of it either going into incinerators or landfills, or leaching into the ocean
(Billerud, n.d.).

An estimated 95 percent of plastic packaging is single-use. From a sustainability perspective this creates the largest
opportunity for bioplastic packaging to replace the conventional, fossil fuel-based packaging used today, with a bio-
based, renewable product that is naturally degradable (Briley 2020). Food packaging and fast-moving consumer
goods are the largest markets for short-lived and medium-lived plastics and bioplastics (Nanda and Bharadvaja 2022).
Similar to the overall plastics market, packaging represented the largest market segment of bioplastics, with a share
of 48 per cent (Plastics Europe 2022). Many notable multinational companies in various sectors have diversified their
product portfolios and incorporated bioplastics in their packaging.

Benchmark prices for petroleum-based plastics range from $1/kg to $2/kg. By comparison, bioplastic currently range
between $2-6/kg. The 20-100 percent higher cost of bioplastics is the major limiting factor in their growth. Most
plastic components are derived from low-price commaodities, often leading companies and consumers to decide to
buy on price. The large price discrepancy between conventional and bioplastics reflects the fact that the production
processes are not yet technologically advanced enough to reach economies of scale and reduce the polymerization
cost for biopolymers (Nanda and Bharadvaja 2022). Petroleum-based plastics for use as packaging raw materials have
a benchmark price of around $1.213/kg, according to the Mintec Global Packaging Index (2021).
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FIGURE 2&lobal production capacity of bioplastic in 2021, by market segment
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Market dyramics

Drivars

The market share of bioplastics is expected to increase as businesses aim to “go green” and achieve their carbon-
neutrality goals. Despite the small share of the global plastics market, annual growth rates of 14—30 percent indicate
that, in the future, bioplastics are likely to significantly influence the supply chain of plastics globally.

Primary application areas for bioplastics are the packaging industry, followed by the textile industry, automotive
industry, and construction sector (OneatGin2020).

Incentivized by regulatory guidelines and consumer demand, consumer packaged goods (CPG) brands are stepping
up initiatives to switch to sustainable packaging solutions (Ellsworth 2022). Collaborative organizations that are
committed to adapting more recyclable or biodegradable types of packaging — including the New Plastics Economy,
the Plant-Based Products Council, and the Bioplastics Feedstock Alliance — are attracting keen industry participation.
Additionally, large consumer-focused corporations have developed and published sustainability targets that include
reducing their plastic impact and incorporating alternative materials. These targets often include goals for 100 percent
of their packaging to be recyclable, compostable, biodegradable, or reusable, and developing packaging alternatives
using materials like seaweed fibers.

For instance, Walmart's sustainability goals include reaching “100 percent recyclable, reusable, or industrially
compostable private-brand packaging by 2025” (Walmart 2022). Similarly, Nestlé’s sustainability vision includes
action on waste reduction, specifically, “95 percent of our packaging [is] to be designed for recycling by 2025 and [we]
remain committed to achieving 100 percent. We are also reducing the use of newly made plastic — or virgin plastic — by
one third by 2025” (Nestlé 2022).
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Technology and innovation continue to improve the strength and other properties of bioplastics in areas where
traditional plastics currently have an edge. Additionally, regulations like the EU’s ban on single-use plastics (SUPs) and
other restrictions will further support the adoption of bioplastics (European Commission 2022).

Distribution and target markets also vary within the seaweed bioplastics industry. The companies creating single-use
premium niche products — like straws, sachets, takeaway boxes, and cups — often deal directly with consumers in a
B2C approach. In contrast, those producing pellets and inputs for manufacturing to create higher-value products often
work directly with plastic manufacturers in a B2B model.

Today, numerous companies exist that are developing niche seaweed-based bioplastic products and gaining attention
for their novel, sustainable approaches. A number of interviewees mentioned that they are in the final stages of
negotiations with conventional plastic manufacturers about the production of their seaweed-based polymer products.

Conpetition

Seaweed-derived bioplastic products will need to compete with established bioplastic manufacturers such as PTT MCC
Biochem, NatureWorks LLC, Total Corbion PLA and Newlight Technologies, along with some small- and medium-sizec
global and regional players. Often using raw materials that are available at far lower prices and in higher volumes than
seaweed, they produce primarily PLA, starch-based, and PHA bio-based materials. Although seaweed-based products
will have to compete with these product categories on performance indicators such as level of biodegradability, heat
resistance, strength, flexibility, and functionality as a barrier to air and water, price remains the most important factor
for customers. This is particularly true in light of the fact that all bioplastics are perceived as more sustainable than
conventional plastics and typically have green premiums.

The interviewees for the most part did not reveal any specific price points. However, one seaweed-based plastic
startup did state that they can currently produce kelp-based plastics for around $5—-6/kg, but to compete with other
bioplastics and conventional plastics, the company is aiming to achieve $2-3/kg (Rydne 2020).

Conventional plastics find their way into nearly every consumer product. This presents a vast potential opportunity for
seaweed to be incorporated into a variety of everyday products. Many of the startups in the seaweed bioplastic industry
have a vision of replacing all plastics. For the time being, films or packaging, which are low value and high volume,
appear to be their entry products. However, since seaweed bioplastics are still in the early stages of development, with
limited available raw materials and a costly biorefinery process, they are essentially premium products in a low-price
market. Nevertheless, interviewees predict that, in developing bioplastic products, biorefineries will be central to the
business model.

Challerges

1.Cost and availability of raw material

Purchase price remains the driving factor for adopting new materials and methods by major packaging brands. Large
companies now recognize seaweed as a novel plastic replacement material, and some have funds allocated to R&D
in this space. However, they may still look to other established bioplastic feedstocks, which are less expensive. In
turn, this sets price expectations for seaweed-based bioplastics, with adoption prices currently in the range of 20—40
percent higher than conventional plastics.
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In addition to achieving a competitive price point, seaweed-based plastic companies must demonstrate the capacity
to supply major packaging brands. To produce an entire product line, these brands typically request a commitment
to provide hundreds, or thousands, of tons of seaweed-based pellets, which would require thousands, to tens
of thousands, of tons of wet seaweed. This is a challenge, as it is currently not easy to source such volumes, especially
outside the main seaweed-producing regions in Asia.

The importance of overcoming these challenges is that they are potential deal breakers, meaning that if they cannot be
overcome, seaweed-based bioplastics will likely be unable to replace fossil-fuel based plastics at scale, but continue
being a niche, premium product.

2.I\/|Iatcf‘_hing the processing requirements and performance of conventional
plastics

As seaweed-based plastics enter the market and companies consider employing these new materials, there
are still challenges with chemistry and meeting the product performance criteria expected by consumers and
manufacturers. The mechanical and barrier properties of seaweed packaging materials are presently not as
good as those of today’s conventional plastics. Properties to be considered include tensile strength, water vapor
transmission rate, oxygen transmission rate, elongation at breakpoint, and melting temperature. Seaweed-based
plastics will need to hold up to industry standards like the ASTM’s plastic standards, which are instrumental in
specifying, testing, and assessing the physical, mechanical and chemical properties of a wide variety of plastic
products and their polymeric derivatives.

Ensuring that seaweed packaging can seamlessly integrate into existing production lines used for conventional
packaging materials is also crucial for achieving scale and is another potential deal breaker if this cannot be achieved.
Seaweed biopolymers will need to be processed and remain effective within the existing industrial methods, which
include injection moldifagsting, and blow-film extrusion (Hanry and Surugau 2020). High-throughput processing
plants have specific processing parameter requirements which need to be met.

In addition to industry standards, many individual food companies have their own internal and product-specific
standards to ensure that any alternative packaging will keep the product inside it intact, undamaged, and unaltered.
These include ensuring there is no transmission of ink from the packaging to the food within.

Moreover, desired functional characteristics such as being waterproof, water-resistant, stable, and sterile conflict with
the other production goals in the development of seaweed bioplastics — in particular, improving and perfecting the

property of post-disposal biodegradability. Synthetic chemicals may need to be added to achieve such properties,
which in turn complicates recycling and processing and challenges the value proposition of seaweed bioplastics
to be all-natural, not to mention being waterproof or water-resistance. In short, durability and stability conflict with

biodegradability.

Regubtions

Plastic production and performance are regulated by various required certifications as well as by the need to comply
with global standards. Although these regulations do not specifically pertain to bioplastics, to be considered an
approved and therefore widely accepted alternative, bioplastics ought to aim to meet these standards. Internationally
accepted standards for plastics can be useful in guiding the development of seaweed-based bioplastics, and national
policies can further serve to inform startups about minimum requirements for performance. Policies such as the
European Union Directive on Single-Use Plastics, which bans certain single-use plastics for which alternatives are
available, set a precedent for others to follow.
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Major plastic standards and certifications include these:

* ASTM Internationdtormerly known as the American Society for Testing and Materials, these plastic standards are instrumental
in specifying, testing, and assessing the physical, mechanical and chemical properties of a wide variety of materials and
products that are made of plastic.

« Biodegradable Products Institute (BRt)independent certification program for products that meet all the requirements of
the ASTM; applicable mainly in the US and Canada.

« TOV The European equivalent of the BPI, it provides an independent certification program for products that meet all the
requirements of the EU.

Organizations committed to the advancement of alternative plastics include these:

* Global Plastic Platform (GRAR)Ynesses the convening power of the World Economic Forum to bring together governments,
businesses, and civil society to translate commitments into meaningful action.

e The New Plastic Economy Global Commitrbedtby the Ellen MacArthur Foundation, in collaboration with the UN
Environment Program, the Global Commitment has united more than 500 organizations behind a shared vision of a circular
economy for plastics.

* The UK Plastics Pathe Pact brings together businesses from the entire plastics value chain, alongside the UK government
and NGOs, to tackle the scourge of plastic waste.

« Alliance to End Plastic Wagthe Alliance is committed to ending plastic waste through collaboration and collective action.

* Commonwealth Clean Ocean Alliaf@€OA is committed to eradicating the growing threat of plastics to the marine
ecosystem.

« #breakfreefromplasti@®FFP is a global movement envisioning a future free from plastic pollution.

In interviews with seaweed-based bioplastic developers, one core challenge was the complexity of the plastics industry
and hence the difficulty of ensuring that they can produce plastic of commercial interest. From food packaging, to
pellets, to consumer-ready goods such as cups and straws, there is bewildering variety of configurations and required
functionalities in the target market for bioplastics, each with different factors and priorities that influence demand.
Selecting and focusing on the desired market will be crucial for seaweed-based bioplastic producers, as will be
learning the nuances and market influences that exist both locally and globally.

Market outlook

The growing awareness that plastic pollution is one of the major global challenges, coupled with the dependency of
a wide range of industry sectors on plastics, means that there already is, and will continue to be, a strong demand for
alternatives such as bhiodegradable plastics made from natural resources.

The total global bioplastics and biopolymers market is predicted to grow from $11.5 billion in 2022 to around $49
billion by 2030, at a CAGR of approximately 20 percent (based on an average of a set of different CAGRs ranging from
14 to 30 percent. The market model predicts a seaweed-based market share of $733 million by 2030. This is in line
with another report (Ferrell 2022), which valued the seaweed-based packaging market at $180.78 million in 2021 and
expects it to reach $613.42 million by 2029, with a growth rate of 16.5 percent during this period.

Seaweed-based bioplastics represent one niche within the bioplastics sphere where progress is being made. The
number of startups has grown significantly over the past decade. Phyconomy notes that there are 44 startups creating
applications for seaweed bioplastics. Investment trends have experienced a significant increase just between 2021
and 2022, with the number of new investments more than doubling and a 36 percent increase in the total disclosed

amount invested (Phyconomy 2022). However, bioplastic innovation from seaweed is mostly performed by startups
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and not by large multinational corporations. The number and size of companies producing seaweed-based bioplastics
will have to grow exponentially for bioplastics to become readily available and economically viable alternatives to
existing plastics. On the other hand, until the larger corporations grasp the opportunity, there is a good chance that
bioplastics might just remain a niche market segment for premium products.

Seaweed-based bioplastics can only have a measurable impact and become normalized and competitive in the global
bioplastics market if all of the deal-breaker challenges mentioned and discussed above can be overcome, in particular,
the cost of production, supply availability, specification of end products, and ensuring that process parameter
requirements are met.

4.9. Fhamaceuticals

® 000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Key highlights

Pharmaceuticals

: There are no commercial seaweed-based pharmaceuticals yet.

Global marine-derived pharmaceutical market: $2.56 billion in 2022.
Predicted market growth: 5-10 percent CAGR between 2022 and 2030.

Primary drivers
¢ Increasing demand for effective and innovative therapies.

Main challenges
« Long timelines to perform clinical trials and overcome regulatory hurdles.
e Capital requirements of R&D and clinical trials.

e Some competition from microalgae-derived compounds, for example, fucoxanthin.

Potential deal-breaker challenges

e Several of the larger seaweed-based bioactives currently under investigation suffer from: batch-to-batch

variability and the associated challenges of preparing high pharma-grade material.
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Outlook Since most of the work on seaweed-based pharmaceuticals is preclinical, it is expecteél that seaweed-
: based pharmaceuticals are at least 5-10 years away from becoming approved pharmaceutlcals It will require
: S|gn|f|cant financing to progress. :
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Introduction

Historically, nature has been a rich provider of bioactive compounds for drug development. Today, modern medicine
also includes cell-based therapies, regenerative medicine, artificial tissues, and genes often referred to as advanced
therapy medicinal products (ATMPs) @tahr2016), but it was not so long ago that all compounds used as

pharmaceuticals were natural products. Indeed, over a period spanning many centuries, many bioactive and beneficial
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plant-based remedies have been discovered. It is these discoveries that form the foundation of modern medicine and,
today, about a third of all small-molecule drugs in use are derived from natural sources (Newman and Cragg 2020).

The efficacy and contribution of natural compounds in treating various medical conditions differs widely, but in the
area of infectious disease management, about 50 percent of all antibiotics in use are based on natural products
(Newman and Cragg 2020). In some areas of medicine, this figure is even higher.In the field of oncology, for example,
nearly two-thirds of all cancer treatment drugs are based on natural products. It highlights not only how much research
and development has been devoted to finding anticancer remedies but, more fundamentally, the potency of nature’s
ability to offer the humans cytotoxic (cancer-killing) compounds (Newman and Cragg 2020).

Historically, all drugs had a terrestrial origin. It is only in the last 70 years that research has turned to the study of
natural bioactive marine products (Gerwick and Moore 2012; Svenson 2013 By 2021, more than 30,000 natural marine
products had been reported in the scientific literature. These discoveries have thus far generated 15 compounds that
have been approved by the United States FDA as drugs for human esal(BaR2)jee

In addition, more than 300 patents related to marine drug development have been approved globally, and there are a
large number of marine substances at different stages of clinical triat éB2023¢eOf the approved marine

drugs, 60 percent target cancer, and a phylogenetic analysis of shortlisted patents for various therapeutic bioactivities
suggests that 55 percent of the active compounds have been isolated from marine fungi, followed by marine bacteria
and sponges (Banege@l.2022). Often, the producer of the bioactive compound is a marine microorganism that

has been isolated from a larger marine microorganism (Gerwick and Moore 2012).

Seaweead's value pioposition

Seaweeds have been used as alternative medicines since ancient times. Currently, seaweed-derived bioactive
compounds, which are associated with — among other things — antioxidant, antimicrobial and antiviral properties, have
gained attention in medical research (Lomartire and Gongalves 2022). Besides applications in the food industry, the
stabilizing, thickening, and gelling properties of carrageenan, agar, and alginate are also used in the pharmaceutical
industry (Lomartire and Gongalves 2022), depending on the quality grade. Agar, for instance, has different applications
in the pharmaceutical sector. Medium-grade agar is used as a gel substrate in culture media, whereas in the highly
purified substrate form (agarose), agar finds applications in separation processes in the field of molecular biology (for
example, electrophoresis and gel chromatography) éCalr@083). Carrageenan and alginate find applications

in drug formulation, thereby acting as encapsulating, taste masking, and release contret ay@0@1jPolat
Furthermore, research studies on carrageenan have reported antitumor aetiati@®@8uand therapeutic

properties against symptoms of the common coldt(&c204<).

Besides hydrocolloids, seaweeds provide a wide range of bioactive compounds, such as other polysaccharides (for
example, fucoidan and ulvan), phlorotannins, polyunsaturated fatty acids, and carotenoids, which have been recognized
in several studies for their neuroprotective, antidiabetic, antioxidant, anti-inflammatory, and/or antimicrobial properties
(Polaget al.2021; Shresthhal 2021).

This report focuses on such bioactive compounds for new drug development, rather than the drug delivery functions
that seaweed-derived hydrocolloids already carry out.

The algal contribution to the marine drug lead pipeline is 4 percent, with approved compounds such as iota-carrageenan
(used in medical devices) and the cytotoxic component of Adcetris and other antibody-drug-conjugates (ADCs) being
derived from seaweed and cyanobacteria (Betredrg22). Algal compounds in clinical trials show the potential

of algal biomass for the discovery and production of drug leadst(8la2@2e These include compounds such

as neosaxitoxin for pain management (Rodriguez2Navaf@7) and the different approved marine fatty acid

106 | GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



esters, currently isolated from fish. Despite the success of these small microalgal toxins, macroalgae are nevertheless
still underrepresented in the pharmaceutical pipeline, and there are currently no FDA-approved seaweed drugs on the
market.

The vast majority of approved drugs are secondary metabolites, which are small organic molecules often produced
in response to external stimuli, stress, or competition (Gerwick and Moore 2012; Newman and Cragg 2016). Although
examples of approved primary metabolites — such as proteins, lipids and carbohydrates — exist, these structural
components have not historically been as frequently employed in the medical space to generate pharmaceuticals,
given their size and complexity. In terms of medical applications of seaweeds, most of the products under development
focus on structural components of the seaweeds, such as different carbohydrates and polgthenols (Gullén

2020). These larger polymeric compounds have been reported as having a range of beneficiah pitvperties both

andin vivo(Rosat al 2019; Warg al 2020).

Praessing

The initial discovery and development of new drug leads or bioactive compounds require diverse knowledge, access to
advanced equipment for chemical analysis (separation, identification and isolation), and biological assays to evaluate
the bioactivity of the new compounds isolated (Balunas and Kinghorn 2005).

The process starts with the collection of biological materials, which are then traditionally extracted using solvents to
generate enriched extracts of diverse polarity and composition (Svenson 2013). The effect of these extracts is evaluated
against the desired molecular target (enzymes, receptors, protein-interactions) or in cell-based assays (bacteria,
viruses, mammalian cells) in a screening process to establish if the extracts contain any bioactive components.

Subsequent extract fractionation (to reduce complexity) and retesting to verify the bioactivity allows for identification
of the bioactive components. The identification early in the process, also known as dereplication, is key to determine
whether the bioactive compounds are new or known ones. This process can be performed on mixtures for the isolation
and identification of new chemical entities. However, isolation and identification are technically involving and are
often not attempted until either an unknown novel structure or bioactivity has been documented (Svenson 2013). The
isolated compounds are further evaluated in functional and toxidgityvgtodresn vivobefore they can be

regarded as drug leads that can enter the established drug development pipeline.

Modern drug discovery also allows rapid screening of genetic material to identify known compounds or analogs thereof
(Mahapatret al 2020). This represents a rapid tool for identifying biochemical pathways and known chemistries and
compounds, but is less well suited to the discovery of entirely novel compounds (Niu and Li 2019).

Once a bioactive compound has been identified and is ready for clinical development, larger volumes of the compound
are needed, but scaling up the production of some compounds can be challenging (Balunas and Kinghorn 2005;
Devineet al 2018). There are four methods employed to produce active pharmaceutical ingredients, depending on
their origin and chemical structure.

Drugs are generally either synthesized or recombinantly produced (in microorganisms Buch)as yeiadt or

option, direct biosynthesis from the producing organisms, is occasionally used to meet compound supply needs, even
though most natural products are made in insufficient quantities for clinical use (Balunas and Kinghorn 2005). Semi-
synthesis, where a precursor molecule is isolated and modified into the final product, is a fourth option (Ehrenworth
and Peralta-Yahya 2017; Kennedy 2008).
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FIGURE 28rocess flow diagram for the development of pharmaceutical products

Dereplication: rapid identi cation of known compounds

Culture and harvest of
biological material

Multiple rounds of
fractionation

Isolation of pure
bioactive components

Screening of bioactivity against desired molecular targets

Source: Cawthron Institute (2022)

Direct biosynthesis and isolation from harvested or farmed biomass (depending on compound class) has often been
used for seaweed compounds, in contrast to most other drug leads, which are produced synthetically after initial
discovery (Rosbal 2019). This is mainly because of the polymeric chemical nature (large and complex compounds)
of most seaweed bioactives under developmert @R@EH9), as shown in Figure 25. Thus, from a production
standpoint, it is expected that access to a steady supply of algal biomass will remain a key requirement for several
types of algal components and compounds.

FIGURE 2&hemical structures of seaweed-derived bioactive compounds
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Note: This illustrates the differences in size between seaweed-derived bioactive compounds in clinical development (fucoidan, alginate and dieckol)
and an approved small-molecule drug (paracetamol) prepared synthetically. The algal polymeric compounds can be 100 to 1,000 times larger than

the classic small-molecule drugs.

Algal polyphenol
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Aside from having access to high-purity active pharmaceutical ingredients (APIs), a drug must be formulated in the
correct proportions before it is ready for human use. The components of the final drug product will depend on the

type of drug, the target, and the mode of administration — be it a pill, an injection, or a compound administered via an

infusion pump (Elkoetial 2021).

Advanced therapy medicinal product (ATMP) technologies are providing additional alternatives to “traditional” drugs
and seaweed components. Metabolites are also finding use in this area, as well as in the wider medical device space,
which includes medical technologies and products frequently used on patients (Cunha and Grehhh 2016; Hanna
2016; Senat al 2011.

Market overview

The global medical market is massive, and the total global pharmaceutical market has been valued at over $1.4 trillion
(Gonzalez Peéhal 2021). The global marine-derived drugs market was estimated at $2.57 billion in 2022 and is
forecast to reach approximately $5 billion by 2030, with a CAGR of 8-10 percent (360researchreports 2022). Worldwide
market revenues show strong historic growth, driven by the continued high demand for new pharmaceuticals and
advanced therapies. As such, the pharmaceutical applications of seaweed-derived products represent a low-volume,
high-value opportunity.

When these are combined with other medical applications, several high-value applications exist for promising seaweed-
derived components. The majority of the revenue come from North America, especially the US pharmaceutical industry,
which plays a leading role globally (Gonzélez Ble#i@21). In terms of recent trends, however, the Chinese
pharmaceutical industry is worldwide the fastest-growing. China and India are experiencing substantial population
aging. This, along with today’s more sedentary lifestyles, is putting more pressure on their national healthcare systems,
which is driving the market’s growth in these economies (Goretéde 2 G2hia

Marine-derived drugs have only recently entered the market (Jiménez 2018), and there are currently no established
seaweed-derived, government agency-approved drugs on the market. The situation is different in the medical device
and drug delivery sector, and several companies are producing algal-derived polysaccharides for various applications.
The sulfated polysaccharide iota-carrageenan, for example, is used as a high-molecular-weight viral entry barrier
(Grassauet al 2008; Leibbrandt al 2010). lota-carrageenan is produced in large volumes by several types of

red seaweeds (Rhodophyta), suGmpasphycuendEucheumand has been developed for a range of medical
applications by Austria-based Marinomed since 2006. In clinical trials, iota-carrageenan has been shown to reduce
viral load in the nasal cavity, and it can be used prophylactically or for the symptomatic treatment of certain respiratory
viruses (Grassaeenl 2008; Leibbranelt al 2010).

The only seaweed-derived compound that has been approved as a drug — in China —is Oligomannate, a mixture of
oligosaccharides, developed by the Chinese company Green Valley. Isolated from brown seaweed, it has been used
since 2019 to treat the symptoms of mild-to-moderate Alzheimer’s disease via a microbiome-modulating mechanism
that works on the bacterial gut flora (Syed 202@&t\&aB§19). According to Green Valley: “GV-971 reduces
peripheral and central inflammation by reconditioning the gut microbiota and inhibiting the abnormal balance of gut
microbiota-derived metabolites.” A large, phase-3, clinical trial by Green Valley in the US, the Green Memory study,
was terminated in 2022 because of supply chain issues, and it is unclear when or if the clinical trials will continue.
Other companies, such as Norway-based Algipharma and IFF (recently merged with Dupont Nutrition & Biosciences),
are producing seaweed-based polysaccharides (alginates) as potential APIs for chronic obstructive pulmonary disease
and cystic fibrosis, as well as for drug formulation and drug delivery (Cunha and Grenha 2016).

With the early stage of research in this area, most academic and commercial researchers and innovators are still
working in the discovery and preclinical phases. The companies involved in commercial development are mostly small
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(fewer than 50 people). Large pharmaceutical companies are not yet as involved, although the Spanish company
Pharmamar is specifically investigating marine compounds, including those isolated from algae (Haefner 2003;
Hamann and Scheuer 1993).

The major focus is on seaweed polysaccharides, but exceptions, such as bioactive, smaller polyphenols, exist (Rosa
et al 2019). Many commercial companies (for example, Marinova, Glycomar, Biomara, PhycoHealth, and Olgram) are
developing different types of sulfated polysaccharides for a range of medical applications (Laurienzo 2010; Senni
et al.2011). These sulfated polysaccharide compounds (for example, ulvan and fucoidan — see also chapter 4.5) can
be isolated from a range of different seaweed specied)isacmavarious brown seaweeds (Laurienzo 2010;

Rosat al 2019).

large, negatively charged glycans are core components of seaweed cell walls but they can also be isolated from other
marine sources in lower amounts ahi2i011). They have been used in human medicine for thousands of years.

Sulfated polysaccharides have been reported as having a range of bioactivities: they act atissuno-stimulants and
antioxidants, and have a range of antibacterial, antiviral, anticancer and anti-inflammatory uses. They are often reported
as among the prime opportunities for seaweed in the medical field 8Vge2€eKdna Algal polysaccharides

are also widely studied in the biomaterial sector for applications in wound-healing, regenerative medicine, and as
biocompatible scaffolds for bioprinting and additive manufacturing (Bilal and Igbal 2019).

Different bioactive effects of fucoidan have been reported in more than 2,000 peer-reviewed studies; it is a
compound that attracts attention globally. The area of seaweed polysaccharides is well reviewed and detailed
information about the different studied bioactivities is easily accessible (Laurienzet 201P)Fgsa
Wijesekarat al 2011).

Interesting activities are also seen in the area of polyphenols. These are a heterogeneous group of compounds
(such as phenolic acids, tannins, flavonoids, stilbenes and lignans) that represent a major group of phytochemicals
in the human diet. Polyphenols, like larger seaweed polysaccharides, have been linked to a wide range of
bioactivities (Murray al.2018; Santet al 2019). Several seaweeds are rich producers of polyphenols; for
example, several phlorotannins are being investigated for their ability to suppress canceretel growth (Li

2011; Santesal 2019).

Smaller compounds, such as halogenated furanones, have also been described as having a range of bioactivities
and are still being studied (deetNgis1993; Manefia@tal 2002). Furthermore, some macroalgae are also major
producers of polyunsaturated fatty acids (Skretypc29k 9).

Investigated compounds come from all divisions of seaweeds, but seemingly higher number of smaller compounds
are reported from Rhodophyta (red seaweeds) than from Phaeophyceae (brown seaweeds) or Chlorophyta (green
seaweeds) (Blwttal 2015).

Market dynamnics

Drivers

Developing a novel “blockbuster drug” (that is, with annual sales exceeding $1 billion) is an attractive aspiration/
prospect for many.

An overview of price points of different seaweed-derived compounds based on purity is presented in Table 25.
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TABLE 29arket value of medically relevant seaweed-derived components of ranging purity
SEE TABLE IN REFERENCES FOR SOURCES

Purity / Grade

Compound Price range $/ki
Unknown Food Research Pharma Analytical
% Dieckol o x o x | g?gggbo’ggs
€ Lutein IR . >97,500,000
3 8 . x| 283,500,000
% % Fucoxanthing X X 15,000,000
5 5 g 5 : : :  x i 53,500,000
. Fucoxanthinol . x i 860,000,000
: Agar-agar X X 32.50-162
] : L ox . 215-540
: I ox . 325-975
Agarose X X X 650—760
: : : Cox . 1,840-4,330
: P : . x © 2160-4,330
é Alginates :  x . 3.80-10.80
g ] X 49
g X . 160-540
g . : R . 37,875-1,000,100
E Carrageenanfs X X 10.80-49
5 - x . 270-1625
Z? FucoidaRs:  x . 10.80-540
X : | 346,275-432,700
N L 432,700
6,500,000
Fucoidans. o x 13000000
Ulvans S | 173,000-1,300,000
: : : : ) : T
4,165,500

1Usually sold in mg amotdysaccharides, no cutaf§osaccharides, cut-off < 10 kilo Dalton (kDa)

Conpetition
Because most seaweed bioactives and compounds in the medical sector are novel, they are being developed into

brand-new applications and new therapies. This means that they are not necessarily replacing existing products in the
same way that seaweed-based materials, fuels, or foods are. One exception may be in the area of lipids, where algal
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lipids could offer alternatives to lipids from fish (Sketygdc29k9; Ward and Singh 2005). Several companies
are pursuing the same type of compounds (fucoidan, ulvan, alginate, and carrageenan, for example) from different
biomasses, which could create competition in this sector in the future.

Challerges

The potential benefits and profits are large when developing pharmaceuticals, but so are the risks. The actual cost
of developing a new drug and bringing it to market is a controversial matter, with highly variable estimates that run
the gamut. A comprehensible comparative study by 8tha@21) reported that, in 2019, the estimated R&D

costs for bringing a novel chemical entity to the launch stage ranged from $161 million to $4.54 billion, with significant,
therapeutic, area-specific estimates (for example, cancer drug development was especially expensive). Meanwhile,
the average time to market ranges from 10 to 15 years (see Figure 26).

FIGURE 26rug development timeline and cost estimation diagram for pharmaceutical products

Clinical Development
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greatly. In total: $161 million — 4.54 rology

billion USD. Heterogeneity by
di erence in therapeutic area and Clinical development
compound class 50-58% of R&D costs

On average: 10 — 15 years and $944 million — 2.8 billion USD, 60% R&D cost of 3

Source: Cawthron Institute (2022)
Note: The figure illustrates the stages and costs associated with bringing a bioactive compound onto the pharmaceutical market.

Clinical trialsThe most significant entry barrier for any drug is successful passage through the three clinical trial
stages. It is estimated that around 90 percent of drug leads fail their clinical trials (Harrison 2016). About half of the
failures are ascribed to a lack of clinical efficacy, while toxicity and side effects account for a majority of the other
failures (Harrison 2016).
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Consistent, high-purity supphor seaweed-derived bioactive compounds, supply and production issues present

a substantial challenge (Hadtirad 2015). Successful compounds that have been studied are often large, complex
molecules, making it unlikely that they will be readily manufactured on a large scale through synthesis or recombinant
technologies (Raaal.2019). Some products therefore need to rely on wild or farmed seaweed, but these might not

be available in sufficiently large quantities.

In addition, the polymeric nature of many of these compounds makes it highly challenging to obtain them in
sufficient high purity (>98 percent for clinical applications). This is often reported as the major hurdle for advancing
seaweed-based leaddrtovivoand clinical studies. The sheer size of these polymeric compounds, as well as

the wide range of reported molecular weights, make it difficult to obtain monodisperse polymers of high purity
(Suprunchuk 2019). Contamination by smaller compounds of the same structure (smaller polymer fragments) is
particularly troubling because they display the same chemical functionalities and are therefore hard to separate
from the desired lead compound.

Although most farmed seaweed is currently grown in the ocean, some land-based farms exist that offer higher control
over farming parameters. These may result in more control over product consistency and quality. Some of these land-
based farms may also help to overcome to some degree the issue of seasonality, which triggers shifts in biomass
composition as life stages and conditions changes{ldbfiph; Suprunchuk 2019). This batch-to-batch variability

is an obstacle for some medical applications. The greater control achieved by land-based production in reactors (used
for microalgae) has been proposed as a solution for generating more predictable, more consistent, and more reliable
starting material for pharmaceutical applications éHaltR@15). Seasonality can also cause supply issues for

some applications, but this is less likely for small-volume pharmaceutical applications where an entire year’s supply
can be stockpiled after a single harvest.

RegulationsThe pharmaceutical and medical sector is heavily regulated and seaweed-based compounds have to adhere
to strict regulatory frameworks. The most obvious challenge cited during the interviews was the need for high-purity
compounds for most medical applications. Entry into the pharmaceutical market will require a higher level of standardization,
efficacy and traceability than has previously been required for most seaweed pretlac2 I3xfting

In some medical device applications, seaweed polysaccharides such as alginates and carrageenan can already be
seen in commercial use. However, with the exception of oligomannate, the pharmaceutical pipeline is primarily at
the discovery and preclinical stages. Thus, most the work in this area is at Technology Readiness Levels (TRLs) 1-4
spanning basic research to preclinical studies.

Market outlook

With no approved products currently on the market, making accurate projections in the algal pharmaceutical
subsector is challenging, but just a single commercialized pharmaceutical product could generate significant
revenue. Given the extremely high potential for error of trying to predict the development of seaweed-derived

approved pharmaceuticals, this report did not perform a forecasting exercise for the pharmaceutical market.

Generally, the global drug market’'s overall growth projection varies, depending on the type of drug, and an

annual growth rate of 5-10 percent over the next five years (2022 to 2027) is frequently forecast. The increasing
demand for effective and innovative therapies continues to drive long-term growth in the pharmaceutical area,

especially for marine-derived drugs.

As most work on seaweed-based pharmaceuticals is preclinical, it is expected that these will be at least 5-10 years
away from becoming approved pharmaceuticals. In any case, the route to market requires significant financing
to progress and therefore heavily depends on the willingness of industry players to move seaweed-derived drug
development forward.
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Key highlights

Construction

ecceccccccccce

Global green construction materials market: $312.5 hillion in 2022.

eeccccccccccccccne

Current seaweed market: There are examples of seaweed-based construction materials, but no data on market size
: : are available.

Market growth: 10 percent CAGR between 2022-2030

Projected seaweed-based construction materials market potential: $1.4 billion in 2030.

Primary drivers

« Demand for green buildings which reduce use of finite resources.

< Potential for carbon sequestration in the built environment.

< Economic incentive from the tourism industry to deal with invasive algae blooms.

Main challenges

* Resistance to change from the industry.

D
>
—
(2]

* Inherent properties of seaweed, such as its tendency to absorb water in high humidity environ

Potential deal-breaker challenges
e Cost of production and availability of supply.

©000000000000000000000000000000000000000000000000000000
cocoooooooo..zyooooooooooooooooccoooooooo..ooooooooooo

: Outlook Seaweed construction matstials promise in niche applications such as fiberboard or bloplastlc panels
for interior design projects, for which premium prices can be charged. Recent changes to bio- based construction
: regulations have been favorable to this market sector, but this is considered a longer-term market because companies
: that operate in developing seaweed markets such as Europe often face limited biomass avallablllty In regions
: : where seaweed is abundant such as the CaribbedBangihissiinlooms, there has been significant |r1terest
: in scaling up seaweed construction operations, driven by demand from buyers. For constructlon: materials, it may
be that products can also be generated through waste valorization in processing seaweed for other applications,
: and so its market forecast is uncertain.

©000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000 o

Introduction

In 2021, the World Green Building Council estimated that the construction and operation of buildings accounted

for approximately 40 percent of global carbon emissions, with 11 percent coming from materials and construction.

(WorldGBC 2019). In response to this, startups around the world have been developing “green construction” materials
with the goal of reducing construction’s harmful effects on the environment, minimizing carbon emissions associated

with the construction process, and potentially sequesfierithg Gdlt environment.

Green building materialsre environmentally-friendly substances that reduce the environmental impact of
construction and improve the sustainability and efficiency of buildings. Popular green building materials include
bamboo, hempcrete, straw bales, mycelium, wood, rammed earth, timbercrete, and grasscrete. To qualify as a
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green building material, it needs to be a locally sourced material that is natural, durable, reusable, or recyclable
(Activesustainability n.d.).

These materials can be molded into a range of green construction products, including concrete and adobe bricks,
which are among the oldest green building products on earth. They are made from tightly compacted blocks of sand,
clay, and straw or grass, which then bake naturally under the sun without the need of an oven. The materials can
also be used as bio-based fillers — potentially environmentally-friendly additives used in composites, compounds,
polymers, paints, and adhesives. Environmental impacts associated with the production, distribution, use, and end-of-
life phases of such green building products can be assessed through life cycle analyses. This chapter explores the use
of macroalgae in green construction, architecture, and interior design.

Seaweead's value pioposition

Marine biomass has been used in construction for centuries. For example, in the Middle Ages, women in Denmark
created roof thatches made from eelgrass, also known as seagrass. The material is resistant to rot and can be used
to insulate pitched roofs, interior walls, and building envelopes (Larsen 2019; Praveena and Muthadhi 2016). Unlike
eelgrass, seaweed has not been widely used in construction, but whole seaweeds and seaweed extracts have
properties which make them suitable as green construction materials,. They have been used as natural biopolymers,
additives, viscosity-modifying admixtures (VMA), and filler materials to make a range of panels, bricks, concrete, and
coatings (Praveena and Muthadhi 2016).

Seaweed extracts can improve the strength and durability of construction products. For example, alginate found
in brown seaweeds has strong binding characteristics, which means it can be used as a potent adhesive for
soil stabilization (Dove 2014; GalaneMalif010). This helps it improve the physical properties of soils for
geotechnical engineering, construction, and agricultural projects @adsk@@p In 2010, researchers at

the University of Seville, Spain, and the University of Strathclyde, Scotland, created bricks using sheep’s wool, clay,
and an alginate polymer derived from seaweed that are 37 percent stronger than traditional bricks (Galan-Marin,
2010). These wool-and-seaweed bricks, furthermore, did not require firing, resulting in energy savings during
production.

Another study found that using algal ash as a filler in Portland cement mortars improved their mechanical performance
(Azim 2016). Yet another found thaClesitagphorap.Nanofibers as reinforcement in Portland cement increased

the bending strength of concrete (Ceinglz2017). There are a handful of companies worldwide reinforcing
construction materials with seaweed extracts, but most are at the research or pilot stage of development.

Polysaccharides can also be used to make bioplastics. For example, an alginate biopolymer can be combined with
a plasticizer (for instance, glycerine), additives (for example, kelp, sand) and a solvent (water, for instance) to make
bioplastic products for construction and interior design. Both milled, whole seaweed and seaweed extracts can be
used to create bioplastics. The biomass is highly versatile. Thermoplastic, seaweed-based biopolymers are particularly
desirable because they are highly malleable and can be used in a variety of product types. A number of startups,
including WeedWare in the Netherlands, have explored the use of these as structural and interior design components
such as flooring, paneling, and shade structures.

Several studies have highlighted the fire-resistant characteristics of seaweed. Polysaccharides found in seaweeds
such as carrageenan can be made into fibers that act as excellent flame retardants. Because of this, a few startups
have incorporated seaweed biopolymers into panels, bricks, and plasterboard products, with the aim of creating non-
toxic, human-safe, and environmentally-friendly fire retardants to replace conventional, hazardous retardants (James
Dyson Award 2021; Thomas 2023; Veneza 2021).
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Whole seaweeds have been explored globally as additives in construction. For example, the company BlueGreen
Mexico makes adobe building blocks — called Sargablocks — out of 8argassemand 60 percent

organic materials such asa adobe and clay. In compliance with federal regulations, Sargablocks can be used in
standard construction and have been tested for durability and resistance. Studies conducted by the Quintana
Roo State Secretariat of Ecology and Environment have shown that these bricks have a resistance of 75-120
kilogram-force per square centimeter and a durability of up to 120 years (Desrochers 2020; Lépez Miranda
et al 2021). They have also been shown to withstand earthquakes MatestiafrBsstri@019) Similarly,

the product SargaCreto is madeSaitpassurblended with concrete. This is produced by Grupo Dakatso

in Mexico (L6pez Miraptlal.2021; SargaCreto 2022). Sargacreto is made by deBypdgatisgrand

mixing itin a 40:60 ratio with concrete. It can be used to build vaults, joists, block, and sidewalks (Lépez
Mirandat al 2021).

Various experiments have also demonstrated the role seaweed can play as an insulating material in construction and
it is reported that Sargablocks provides good acoustic and insulation properg¢si(Regjluridowever, our

interviewees highlighted issues with rotting in high humidity environments, which would limit the scope of seaweed’s
use in this way.

Seaweed can also be used to make panels. For example, in 20%1, dlasesidtbers frokappaphycus

alvarezias an alternative to wood in the production of medium-density fiberboard (MDF). They described how this
could contribute to forest preservation in Indonesia by reducing the demand for tirabak ZBlamBassignolo

et al 2022). Dutch startup BlueBlocks began collaborating with universities in 2017 to develop a sustainable, natural
process for producing seaweed-based materials, including “SeaWood” panel products, a natural, compostable, and
chemical-free fiberboard material that behaves like traditional wood. The company primarily uses brown seaweed
because it is abundant in colder waters and can be sourced from various locations close to operations, which facilitates
the scaling up of the project. To create the panels, dried seaweed is combined with a seaweed extract that acts as a
natural binder, and with residual flows from the wood and paper processing industry. The plates are dried, pressed,
and cured to create panels (The Exploded View.com). The company sells SeaWood as nonload bearing panels to small
scale projects and is currently formulating its pricing strategy.

An important aspect of using seaweed in construction is the potential to sequester carbon dioxide in the built
environment. Buildings can last for centuries, so they offer a potentially promising pathway for carbon sequestration.
Interior design elements like SeaWood have been touted as a route to such temporary storage of carbon. Similarly, as
the second-most used substance or material on earth (after water), concrete represents a significant physical market
and storage vessel for carbon. Carbon storage provided by bio-based materials could also extend beyond the usable
lifetime of the building, if it is paired with material recycling and reuse.

Praessing

Seaweed for construction materials can come from wild-harvested or farmed sources. Waste macroalgae deemed
unusable for consumption has also been used by startups working in this area.

Based on our research, companies exploring the construction applications of seaweed are distributed evenly around
the world. However, in Europe, North America, East Asia and Oceania, there is a clearer focus on applying technology
to extract useful components of seaweed such as alginate or carrageenan for construction. Low-tech processing
pathways, such as drying and milling, are being implemented in all geographies.
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In Europe and North America, several biorefineries have been employed to extract and separate macroalgae fibers
and polysaccharides such as alginate, which can then be incorporated into various products, including bricks and
bioplastics. Conversely, a handful of companies have been using minimally processed seaweed, such as Sargablocks
or SargaCreto in Mexico (see Figure 27).

FIGURE 2Examples of processing flows for seaweed-based construction materials

Seaweed biomass
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As mentioned above, the amount of seaweed included in an end product depends on the level of processing.
Using whole seaweed, adobe blocks can contain up to 40 peiSargassagtwhich is later dried in the sun.

Meanwhile,, Wouthuyeemal.(2016) stated that 2,133.5 tons wet weight of brown seaweed could yield 29.9 tons

of alginate (a 14 percent conversior{\idighuyzest al.2016). From there, some interviewees suggested that

alginate could be included in bricks at up to 20 percent total weight. To account for this variation in the literature with
regards to wet biomass to dry product conversion ratios, we take a middle-of-the-road perspective and estimate that
1 ton of wet seaweed could create 200 kilograms of seaweed-based construction product.
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Market overview

In 2022, the global green building materials market was valued at $312.5 billion (IMARC n.d.). Reports indicate that
the overall market remains relatively fragmented, with many small players owning small shares of the market. North
America is considered the dominant market, but Asia-Pacific is showing high growth rates (IMARC n.d).
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The price points of different bio-based and green construction materials vary. In addition, price points for many novel
materials are not widely available. However, according to most stakeholders, wood remains the largest segment in this
category. For comparison, Figure 28 shows the wholesale price points of lumber in the US. COVID-19 had a significant
impact on the price volatility of many building materials. The price of lumber has since dropped back down to almost
pre-COVID prices.

FIGURE 28omparison of wholesale lumber prices in the US, 2017-2021
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In addition, Rabbsit al. have compared the market prices of various bio-based insulation materials to those of
commonly used materials in France:
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FIGURE 28arket price (in €/m2 excluding VAT) of mineral, synthetic, and bio-based insulation materials in France in 2016
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By contrast, in the US bamboo flooring costs around $24.21 per square meter on average, retail with a range of
between $16.14 and $118.4 per square meter. In countries such as China where bamboo is grown in high volume,
prices can be lower; some estimates say bamboo flooring costs about $12.40 per square meter to manufacture
(UNCTAD 2022).
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TABLE 26Zomparison of bamboo product prices in the US

Brands Cost

Ambient Bamboo Floors : $3.29 — $4 per square foot
Cali $3.50 — $6 per square foot
EcoFusion $5 — $8 per square foot
Home Decorators Collection $1 — $4 per square foot
Home Legend $2 — $5 per square foot
Morningstar $2 — $4 per square foot
Plyboo $4.50 per square foot

Teragren $6 — $8 per square foot
USFloors : $3 — $4 per square foot

Source: Gerhardt and Allen (2022)
Note: A square meter equals 10.76 square feet

Market dyramics

Drivars

The demand for green buildings is a macro-driver of the seaweed-for-construction industry. According to our

interviewees, this demand for green building materials is coming from several areas as industry players embrace
environmentalism. Large organizations — including social housing organizations and architecture firms — are

seeking more sustainable materials for their building portfolios. This is coupled with increasing consumer interest
in environmentally-friendly homes and bio-based materials. The public is increasingly aware of the health and

environmental hazards of carbon emissions. At the same time, startups highlight how seaweed can decrease our
dependence on wood, fresh water, and land while also fixing carbon. Because of this, seaweed material startups
have reported a rise in inquiries from wholesalers, independent architects, contractors, and infrastructure companies
expressing interest in entering potential partnerships.

There is particular interest from green architecture players in reducing the use of fossil-fuel-based plastics in
construction. In 2021, SiteStak showed that the construction industry ranked as the second-biggest producer of
waste plastic, after the packaging industry (SiteStak 2021). The biggest sources of this waste include construction
inefficiencies on building sites, a steadily growing sector, and an overreliance on single-use plastics. Much of this
waste ends up in landfills, in other countries, or in the ocean. Consequently, bioplastics are being explored as a
renewable solution that could help reduce dependency on fossil resources, produce biodegradable and compostable
products, and increase waste management efficiency. These green architecture companies are an important driver for
the development and use of seaweed bioplastics.

In certain parts of the world, another driver is the tourism industry. In 2018, the Caribbean-wide cleanup of invasive
Sargassurblooms cost $120 million, but this does not include decreased revenues from lost tourism (Galoustian
2021). Hotels and governments have been demanding solutions to resolve the economic impacts of this issue. In
addition, the buildup of biomass impacts the environment by deoxygenating the water and suffocating coral reefs. To
relieve the economic and environmental pressure created by these blooms, in 2015 BlueGreen Mexico began turning
Sargassurmto building blocks for houses. The first construction, Casa Angelita, used 2,150 SargaBlocks made from
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20 tons of fresbargassunsargablocks come in two sizes: 30 x 15 x 12 cm and 40 x 15 x 12 cm and cost 10-12 pesos
(about $0.42-$0.51) per block.

The development of enhanced processing and biorefining technology is also facilitating the growth of the seaweed-

for-construction industry. Several innovators are leveraging this enhanced technology, including the startups Blu3

and MacroOceans. As outlined in the commonality section of the repoji (Gbaptdmology allows different

components in seaweed to be applied to different sectors: fibrous materials and alginates are used in construction,

while lipids are used in biofuels, and proteins in food products. The company Weedware, based in the Netherlands,
is using biorefineries to process local European macroalgae. The team processes the biomass in a refinery tank with
a 5,000-liter capacity, splitting the organism cells and extracting components such as polysaccharides and starches.
The output is typically divided into three or four streams, from which liquid extracts are derived that can be used by

certified organic farmers as natural biostimulants and to prevent waste. The remaining components of the biomass are
used in a variety of products for the homeware industry through a process of mixing, blending, grinding, and extruding.

The potential to turn buildings and cities into carbon sinks is another important driver of the use of macroalgae
technology. Many organizations and research groups, such as the Carbon Leadership Forum, are striving to accelerate
change in the building sector to reduce and eliminate the embodied carbon in building materials and construction
(Kriegtet al.2021). The demand is significant. According to some forecasts, the potential of this idea is considered
high, but there are also some challenges associated with it, such as the permanence of carbon sequestration. The
general consensus is that we will likely see more of this trend in the coming years, although it is difficult to predict
exactly what form it will take.

Conpetition

To move beyond niche applications, new biomaterials, including macroalgae-based products, must compete with
concrete, timber, and plastic-based construction materials to have any impact at scale. Currently, cultivated seaweed-
based products are not cost-competitive with these traditional materials. According to our primary research, cultivated
temperate brown kelp species from China and South Korea sold for around $400-500 per ton fresh weight at the
farm gate in 2022. Farm-gate prices for cultivated tropical red seaweeds started at around $300 per dry ton for
Gracilariand $500 per ton dry weight for SpinBsehe(ima denticulafumindonesia (Seaweed Insights 2023).

By comparison, in the EU, building blocks and bricks made of either cement, concrete, or artificial stone currently cost
around $125/ton, while timber-based construction materials typically fetch less than $100/ton.

Nevertheless, there are cases where seaweed products show promise. As mentioned above, Sargablocks are made
using wild seaweed. According to our interviewees and primary data, the 10-12 peso ($0.42-$0.51) cost per block is
half the cost of adobe bricks made in Mexico. In comparison, a good rule of thumb is to expect bricks made in the US
to cost $2.50-$3.00.

Many bio-based materials are already used as green construction materials globally, including wood, bamboo, and
grasses/straw. Figure 30 compares the supply chain maturity, the carbon storage potential, and the replenishment
rate of these materials. Algae-based materials have high storage potential and replenishment rate compared to
alternatives, but supply chain immaturity is a major barrier to implementatian2@2igghm addition, the true

carbon storage potential of seaweed in buildings is unknown. Wood and grasses have high carbon storage potential
and supply chain maturity, which supports their current leading position in the bio-based industry.

Compared to these materials, seaweed is an attractive alternative because it grows in the ocean. This means it can be
used to relieve pressure on land use and freshwater resources. It also grows very quickly and, in the Caribbean, where
invasivéargassurs available in high volumes, it can be wild-harvested and incorporated into products at low cost.
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FIGURE 3@io-based construction materials
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Challerges
Several challenges face the use of seaweed in green construction:

Higher costsThe use of seaweed construction materials is more costly than traditional processes. Several interviewees
highlighted how expensive processing can be in terms of technology and highly skilled labor costs. This can be a
barrier to the adoption of green construction, particularly for low-income housing projects.

Difficult-to-manage propertieSeaweed’s properties, such as its tendency to absorb water and alter its shape and
weight, can be difficult to work with. Deformation of biopolymers can be a challenge because in humid environments
humidity levels affect the material and make it more pliable, but in dry conditions it becomes extremely stiff. In humid
environments, whole seaweeds are also prone to rotting. To make seaweed a suitable exterior material, it is important
to find a way to create hydrophobic films that can withstand different weather conditions.

Limited availability of sustainable materikksw sustainable seaweed building materials are widely available. As
mentioned in the commonalities section, this is attributed to the lack of seaweed supply. A focus on using locally grown
seaweed species is quite important because it reduces the need for transportation over large distances.
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Lack of clear industry standard$ie green construction industry is still relatively new, and there are not yet
established industry standards for sustainable building practices. Regulations vary between countries and can
change rapidly. This can make it difficult for contractors and architects to know which methods and materials are truly
sustainable in the long term. The acceleration of embodied-carbon laws will increase transition risk, and builders will
likely pick the most widely accepted bio-material, which in most cases is timber. The lack of awareness regarding
certified and regulated materials is another related challenge.

For entrepreneurs, policy changes can be challenging. Although some governing bodies hope to regulate all types
of buildings, others are more selective and focus on specific characteristics — such as size, end use, or ownership
structure. Different rules apply to residential and commercial buildings and, even within the commercial sector, there
may be differences in standards for institutional and privately owned buildings. It can be costly for innovators to
navigate policy changes without adequate support.

Industry’s resistance to changehe construction industry is traditionally slow to adopt new technologies and
methods. This can make it difficult to convince contractors and developers to switch to green construction practices.
As a result, incorporating new materials into supply chains is a lengthy process. Scaling the use of green building
practices and materials requires overcoming risk aversion in the architectural, engineering, and construction (AEC)
sector, which also relies on a limited pool of specialized green construction skills (AO Proptech 2022). Projects are
either very small or very large, with few in between. Consequently, the seaweed construction sector is currently
focused on small- to medium-sized projects. However, to have a meaningful impact on climate change, large-scale
production will be necessary.

Difficulty in measuring the benefits of green construdtioan be difficult to quantify the long-term benefits of

green construction, such as reduced energy and water use. LCAs do not yet exist for many products in this sector
and this can make it difficult to convince stakeholders to invest in green projects. There is a need to quantify the

environmental impact of the processing operations required for the intended applications for construction (Rossignolo
et al 2022).

Lack of compositional studid$ere is a gap in specific studies of the composition and behavior of seaweed in its
different forms of application. The sector must undertake more studies using seaweed for construction.

Reguhtions

There is increasing demand for energy-efficient and environmentally-friendly new buildings. Decision makers in many
countries are therefore focusing resources on controlling embodied carbon in new construction by encouraging bio-
based buildings. In recent times, there has been an acceleration of embodied-carbon regulation in several economies,
particularly in Europe and North America. The Danish government, for instance, has now demanded that all newbuilds
require LCAs. It will also cap newbuilds with a floor space of more thaa CE®0mit corresponding to 12kg

CQel/ntlyear (Passive House+ 2021). In addition, regulatory regimes worldwide are setting explicit targets for bio-
based products. For example, starting in 2025, 25 percent of public newbuilds in France must be bio-based. By 2030,
that percentage must reach 50 percent.

In the developed nations, enforcing these policies is expected to be stringent. Our interviewees underscored the
significance of this shift in the regulatory compliance system toward greater strictness. Instead of offering support
solely through carbon credits, emission-reduction incentives, and voluntary certification programs, it is expected that
tough penalties for high emissions will be handed down in order to accelerate the transition to more sustainable
practices. As a result, the traditionally conservative construction industry is recognizing the need to embrace more
sustainable practices.
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Market outlook

With increasing demand for construction, low-carbon, bio-based alternatives to materials like cement and concrete
will be crucial in reducing emissions from this sector. Backed by favorable regulatory and technological developments,
the bio-based construction market is expected to experience a CAGR of 10 percent between 2022 and 2030. The
seaweed-based products market could be worth up to $1.4 billion by 2030. However, there are some potential deal-
breaking challenges which have a low likelihood of being overcome — specifically, the need for high volumes of low-
priced seaweeds.

According to our interviewees, the market for seaweed-based construction materials is expected to remain a niche
market for the next 5-10 years. This is primarily due to cost competitiveness, which is a key influence on the buying
decisions of larger corporations. Nevertheless, stakeholders expect significant growth in seaweed-based construction
products over the next decade, driven by increasing regulatory pressures and changes in policy that are making
sustainable building materials more attractive. Data reflect strong interest within the investment community in the
development of bio-based materials. For example, investment in green construction materials experienced a CAGR of
84 percent between 2017 and 2022, reaching $2.2 billion in 2022, due in part to the acceleration of embodied-carbon
policies (AO Proptech 2022).

The widespread use of macroalgae in construction will require high volumes of biomass. A small house built from
Sargablocks requires approximately 20 tons of wet seaweed. Using this much biomass in regions like Europe, where
total farmed macroalgae amounts to much less than 1000 tons, is unfeasible Building larger buildings would require
significantly more wet seaweed to have any impact on climate change. Currently, only a few companies exploring
macroalgae-based construction materials are vertically-integrated aquaculture operators, meaning they will rely on
strong relationships with farmers in the future. In emerging macroalgae locations, like Europe, a focus on collaboration
is helping to gradually scale up macroalgae production. This relies on strong partnerships among seeding and
propagation experts, farmers, and product developers, which will help to ensure that the quality and consistency
requirements of the seaweed used in construction materials are met, and the cost of production remains competitive.

Developments in biorefinery technology are particularly promising for the sector. Biorefinery technology received the
largest sum of investment in the seaweed sector in 2022 (Hermans 2023). Interviewees highlighted the importance
of developing biorefineries and processing facilities locally to ensure that seaweed is harvested and used sustainably,
instead of being shipped long distances. In this way, bio-based materials will meet LCA guidelines, which will
increasingly be used to evaluate the sustainability of newbuilds. By prioritizing local production and consumption, the
negative effects of mass production can be avoided, and the product can have a positive impact on the environment
and the local community.

Many seaweed-based interior design products can be produced through injection molding. However, advances in
various extrusion technologies are showing promise for the industry. For instance, small- and large-scale 3D printing that
incorporates advanced robotic technology, allows teams to create more desirable products. Additive manufacturing is
a 3D printing process, which builds parts, layer-by-layer, by depositing material according to digital, three-dimensional,
design data. This allows for more efficient design, has fewer restrictions, and is faster than traditional fabrication
processes. It also produces very little waste material, which helps reduce eistEZ022)uzzi

Our interviewees highlighted the importance of taking a systems look at the supply chain, and asserted that funneling
investment into scaling sustainable farming (see commonality section), harvesting, and building bigger biorefinery
facilities close to farms will improve the sector’s environmental footprint.
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In developing seaweed regions such as Europe, investors need to focus on improving seaweed farming and the
logistics and transportation of seaweed from farm to production facility. Several interviewees suggested that investing
in stakeholder committees and cooperatives could be beneficial. This would mean that the industry could avoid some
of the fragmented supply chains that have thus far restricted it, and that greater impact can be made. This approach

will create a more organized, efficient, and sustainable macroalgae industry that can meet the increasing demand for
sustainable building materials.
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Key highlights

Ecosystem Services

Outlook Provisioning services are the current main focus for seaweedHoltieatiomacroalgae proglide

a range of other benefits, including regulating and supporting services which have not been fully commercialized
: or leveraged. Many organizations have submitted proposals for blue carbon credits using seawegd. Based on this,
it is possible that internationally recognized credit certifications for blue carbon seaweed projects: will be available
: by 2025.

: The scaleup of land-based bioremediation operations is expected by end of 2024, and more atfention is shifting
: toward the bioremediation potential of ocean farming and macroalgae-based, integrated, multi-trophic aquaculture
: (IMTA). :

Several stakeholders interviewed suggested that biodiversity enhancement could become ohe of the more
: important ecosystem service attributes of seaweed farming and restoration from 20@@tthe@3s,

: there are some critical challenges to address for these applications, including insufficient measuring, reporting and
verifying; lethargic certification procedures; a lack of public awareness; a lack of consensus amogng scientists; and

: poor alignment between scientists and industry. :

©000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000 o
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Introduction

Ecosystem services refer to the benefits that people obtain, directly or indirectly, from ecetsgs282%)(Clark
They can be divided into four categories: provisioning, regulating, supporting and cultural services (see Table 27).

TABLE 2Four types of ecosystem services

Type of service De nition and examples

Material benefits produced by natural ecosystems and are extracted directly from nature
Provisioning serviceso meet basic human needs. Examples are food crops, trees, fish, livestock, water,
: fuelwood, fodder, fur, latex, natural gas, and plant fiber that can be made into textiles.

: Benefits provided by ecosystem processes that moderate or regulate natural ecological
: phenomena and, by so doing, keep ecosystems clean, functional, resilient, and
: sustainable. Examples are the cleaning of the air by plants, the decomposition of wastes
. .+ by bacteria, the pollination of flowers and fruit trees by bats and insects, the protection of
Regulating services 7. : i . . .
: soil against erosion by tree roots, the uptake of pollutants, climate regulation via carbon
: sequestration, and shoreline protection offered by natural resources like mangrove
: forests which reduce erosion and absorb storm surge impacts during extreme weather
:events.

: Non-material value and benefits that individuals and society derive from ecosystems, and
: which enhance their cultural advancement. Examples include hiking, swimming, and other
: forms of recreation, wildlife viewing, ecotourism, creative inspiration, spiritual reflection,

: and other aesthetic experiences.

: Underlying functions and processes provided by the natural world that serve as the

: foundation for the other three kinds of ecosystem services and make them possible.
Supporting services Examples are photosynthesis, tree growth, nutrient cycling, conservation, soil creation,

: the water cycle, water storage, flow regulation, groundwater recharge, and habitat

: provisioning.

Cultural services

Source: Adapted from Glagt (2021)

The main ecosystem-related focus for seaweed cultivation is that it creates provisioning services. However, cultivated
and wild macroalgae provide a range of other ecosystem benefits, including regulating and supporting services which
have not been fully commercialized or leveraged (see Figure 31). These can help unlock additional value from the
sector and could be crucial for accelerating the growth of the global seaweed industry.
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FIGURE 3Ecosystem services provided by seaweed (source KFF)
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This chapter discusses the challenges and opportunities in seaweed-based ecosystem services, with a particular focus
on blue carbon, bioremediation, methane reduction, and biodiversity enhancement — areas of heightened interest in
the sector. Unlike previous chapters, this chapter takes on a case study format. By highlighting early success stories
from projects in these areas, it will explore how these ecosystem services are being valorized and whether they
are likely to play a significant role in the seaweed sector in the coming decade. Market outlooks were based on
stakeholder interviews and on an analysis of the available literature.
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5.1 Capitalization of ecosystem services

In a recent report, van den 8uagy(2022) identified and evaluated mechanisms for capitalizing ecosystem services
provided by seaweed aquaculture. Six leading payment mechanisms are highlighted in Table 28:

TABLE 28:eading payment mechanisms

Payment mechanism Description

* In this mechanism, consumers pay the costs via price premiums on final products.
Charging aware consumeFhis would require consumer awareness of the provision and importance of
price premiums : ecosystem services provided by the company. Awareness can be fostered through
: various methods, including effective eco-labeling.

: Tradeable credits for ecosystem services can be traded business-to-business, and

Trading credits for can be generated by seaweeds that capture or remove particles and nutrients
ecosystem services : from the water as well as sequester carbon. These credits can be sold on voluntary
- markets.

: Social license refers to the level of public trust granted to a corporate entity or
- industry sector by the community at large and by its key consumer base. Under
. .. this mechanism, seaweed farming can help overcome negative sentiment toward

Creating the social license : . ) .

. Other ocean operations, for example, wind and aquaculture farms. This can include
to produce seaweed ; . . .

: supportive regulation to enable co-location of aquaculture on offshore wind farms
: or the production of lower-trophic species as an alternative to using natural coastal

: systems for seafood production.

Providing subsidies for Subsidies can be provided to the users of seaweed applications — for example,
achieving positive impactgovernments can subsidize the use of methane-reduction supplements.

Paying ecosystem servi@;ef;lroducers of lower-trophic species can be paid for the ecosystem services provided
producers through taxes: through general taxes collected from consumers or businesses.

: The costs of producing lower-trophic species are partially paid for by other

Sharing the costs of : beneficiaries of the ecosystem services provided. Cost-sharing can be between
production among : businesses or via targeted tax schemes. For example, fisheries have the potential
beneficiaries : of benefiting from seaweed cultivation due to an enriched or more biodiverse

: ecosystem resulting from habitat support services.

Source: adapted from van deneBaid2022)

5.2. Hue cabon

In recent years, blue carbon — the carbon sequestered by coastal and ocean ecosystems — has drawn international
attention because of its potential role in tackling the climate crisis. For example, in 2824) Nesueheie

how large-scale restoration and protection of blue carbon ecosystems (BCEs) could draw down more than 1,000
teragrams of carbon dioxide equivalentg(Tg&Qear by 2030, equivalent to about 3 percent of global emissions.
Compared to the high cost of many technology-led climate solutions, BCEs have been proposed as a cost-effective,
scalable, nature-based climate solution (Mastrahd@21).
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BCEs are gradually being integrated into verified carbon-offset methodologies and voluntary markets. Certified
methodologies for BCE restoration, such as the Verified Carbon Standard methodology for tidal wetland and seagrass
restoration (VMO0033), have allowed multiple restoration projects to receive capital from large organizations such as
Apple (Apple Newsroom 2019). In return, these corporations can offset their emissions. The heightened demand for
blue carbon offsets, serviced by voluntary carbon markets, provides the principal route to valorizing this ecosystem
service.

BCEs generally refer to mangrove forests, seagrass meadows, and tidal marshes. However, scientists have recently
explored the inclusion of seaweed in blue carbon markets. This stems from seaweed’s rapid growth rate and very high
CQ absorption capacity (Macrest@ie2021). The carbon uptake of seaweed is called net primary production (NPP),

and multiple studies have shown how a portion of that carbon can eventually become permanently sequestered in
ocean sediments. Multiple reports have now confirmed the potential of this carbon fixation pathway. Krause-Jensen
and Duarte (2016), for instance, explained how macroalgae can sequester large stocks of organic carbon in deep
ocean environments and coastal sediments. This can occur via macroalgal material drifting through submarine
canyons or the sinking of negatively buoyant macroalgal detritus. Globally, their estimates indicate that wild seaweed
might sequester hundreds of millions of tons of carbon per year.

Additional carbon experiments conducted in Australia estimate that the country’s kelp forests sequester more
than 30 percent of the total blue carbon sequestered by Australia’s marshes, mangroves, and seagrass beds
(Filbee-Dexter 2020).

There are several routes by which seaweed can sequester carbon or mitigate emissions (see Table 29).

TABLE 2%Routes to sequestering carbon or mitigating emissions through seaweed

- Macroalgae (pre- or post-processing) are sunk into the ocean to depths of over
Deep ocean : 1000 meters. At these depths, the macroalgae can be sequestered for hundreds to a few
sequestration : thousand years if they demineralize in the deep ocean, or for thousands to- millions of

: years if they are buried in marine sediment. (Ocean Visions 2023).

: Fragments of seaweed detach during the growing period and become sequestered in

Sediments : :
: sediments.

Carbon export : Fragments of seaweed detach and are naturally exported into the deep sea.

CQemissions are avoided when seaweed-based products replace conventional,
Seaweed products : emissions-intensive products or carbon is sequestered on land through land-based
: carbon dioxide removal products (for example, biochar).

Source: Adapted from United Nations Global Compact (2021)

Based on this carbon reduction potential, seaweed farming, the harvesting of free-floating algae, and the restoration

of kelp ecosystems have all been proposed as potential routes for carbon removal and sources of blue carbon credits.
In this chapter, we highlight blue carbon case studies that are leveraging both wild seaweed resources and seaweed
aquaculture.

The potential scale and relatively low cost of seaweed cultivation compared to kelp forest restoration makes it a
particularly attractive route to carbon sequestration. Traditional seaweed aquaculture is typically limited to coastal
areas that are protected from storms and waves, which reduces the amount of space available for farming. According
to some of our interviewees, this reduced space falls short of the scale needed for remoweadfeotigh CO

climate change. A range of new culture techniques are being explored to allow farms to expand from a few hectares
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to thousands of hectares in the offshore environment. Known as open ocean afforestation, it is still in the early stages
of development, but organizations like Climate Foundation claim to have achieved technology readiness level 7 (TRL7).
This level refers to a system model or prototype demonstration in an operational environment.

Methods for measuring carbon sequestered by seaweed can be grouped into three categories: monitoring carbon
uptake, monitoring carbon permanence, and analyzing carbon capture (Rose and Hemery 2023). There is no overall
consensus on which is best, but forensic carbon accounting has been proposed as a thorough methodology. Regardless,
the calculation of the amount of blue carbon in seaweed bed ecosystems can be performed by multiplying the area
of the target ecosystem by the absorption coefficient. In seaweed bed ecosystems, organizations can calculate
absorption coefficient by multiplying “wet weight per unit area” by the “blue carbon residual rate.”

Pricing methodologies vary, depending on the route taken to sequestration. For pathways that involve the restoration

of seaweed bed ecosystems, blue carbon credits can reach relatively high prices. For example, according to some
interviewees, in 2022 blue carbon credits issued in Japan (which would include Urchinomics’ blue carbon credits)

averaged JPY 78,063/ton ($573/tonyefr@@ed, versus JPY 72,800/ton ($534/ton) in 2021. However, these prices

are very high compared to the global average. Several reports indicate that credits for blue carbon projects in Asia and
Central America are being offered for about $13-$35 per ton of carbon removed. According to Bloomberg, in January
an offset traded at $7.53 a ton.

Howell (2022), citing a new report from McKinsey (Claes 2022), states that the estimated cost of carbon sequestered
per hectare of ocean area with farmed seaweed is around $200-$300 per ton of CO abated. Meanwhile, DeAngelo
et al (2023) submit that removingvi2@eep-sea seaweed sinking can be expected to cost a minimum of $480 per

ton of CQwhich is high compared to the current prices of other carbon offset methods.

TABLE 3 selection of case studies investigating seaweed in blue carbon strategies

Example

Route to carbon . . .
. organization Description Recent milestones
reduction .
(HQ location)

Macroalgae : i Running Tide : : : Besides multiple carbon rem0\§al Is nearing commercialization of
cultivation/ : Technologies : technologles this startupis : ocean alkalinity enhancement.
open ocean 1 (US) § developing a nature-based systemims to commercialize
carbon export/ : : atmosphere using macroalgae: technology within 18-36 months.
deep ocean : : Kelp "seeds” are grownon Has made significant strides in
sequestration/ : : compressed wood-and-limestane advancing macroalaae oroduction
seaweed products : buoys and released into the 9 gaep

technologies: including how to

: open ocean around Queensland "
efficiently seed the seaweed onto

: and New South Wales, Australia
: where they sink deep, storing ;  Substrates.
: the embodied carbon away for Employs machine vision and

: centuries. advanced measurement
: The company is also buﬂdmg techniques to optimize processes,
: a data-rich platform and © andis currently making these tools

: measurement, reporting, and :  ready for commercialization.
: verification (MRV) tools to track and

: optimize the system.

(Table Continued)
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TABLE 3@ontinued

Example
organization
(HQ location)

Route to carbon
reduction

Description Recent milestones

Macroalgae The Climate
cultivation/ : Foundation
open ocean : (US/Australia):
afforestation/

carbon export/ :
seaweed products

§ This project aims to develop a§ » The organization stated that the
: regenerative, climate-positive :  installation of deepwater seaweed

marine economy while measuringfarms was successful and the

 carbon export. The organization pjgdiversity boost has attracted
- hopes to provide food security; fish, squid and fishermen.
: sustainable livelihoods, ecosyste

: regeneration, and carbon balan
: For this, they are using marine:
: permaculture — setting up irrigétio
: platforms that provide a deep-:

s currently collecting and growing
Cdifferent strains of local seaweed
do learn the biological response in
offshore farming.

- water floating substrate with degpWinner of XPRIZE's $1 million

* cycling — which involves lowering carbon prize.

: and raising submersible seaweadCurrently in phase 3 (TRL 7 or 8) of
: platforms for access to nutrients a 4-phase project. Just launched a
:and sunlight. For revenue, the: 1,000 chplatform. In late 2023,

: project aims to generate seaweedthe foundation is launching a

: products, including fertilizers, and hectare scale platform.

: eventually access carbon credlt

- markets. :

Macroalgae : SINTEF, DNV,;
cultivation/ : Equinor and
open ocean : Aker BP
afforestation/  : (Norway)
carbon export/

deep ocean

sequestration/

seaweed products

This project looks to cultivate Ifarg@ he “Seaweed Carbon Solutions”

: volumes of sugar kelp on long:  project officially began in April
: ropes connected to buoys set but 2022,

: to sea. i« The project has implemented

: The team is investigating storage
: of biomass on the ocean floor::

- harvested kelp will be sunk to t'he
: ocean floor in areas deeper than

: 1,000 meters. :

: Also developing long-lifetime :

a coupled, 3D, hydrodynamic-
biogeochemical-kelp model

system (SINMOD) to assess the
cultivation potential of kelp in
various coastal locations in Norway

: carbon products, including b,ocha(nearshore and offshore) and to

¢ optimize kelp production.

§ » The commercial scaling-up phase

: will begin in 2025 at one or more
sites off the coast of Trondelag
in central Norway, and will run
through the end of 2024.

(Table Continued)
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TABLE 3@ontinued

Route to carbon
reduction

Example

organization
(HQ location)

Description Recent milestones

Macroalgae
cultivation/
sediments

Macroalgae
cultivation/
sediments and
carbon export

: OCEANS 2050The organization has been § » The research found that the

(France)

: (Namibia)

Environmental
subsidy/
macroalgae
cultivation

g guantifying carbon sequestratlon average amount of carbon
:in soft sediments beneath  :  sequestered per hectare per year

: existing seaweed farms._Theyg was 1.4 tons, although this varies
: are examining 21 farms in 12 :

: countries on 5 continents, using,
: the abundance of lead-210 (210Pb
- in the sediments to calculate :

: sequestration rates. The goal is to

: produce a protocol for certifying

: carbon sequestration beneath:

: existing macroalgae farms to &llow
: the farmers to generate revenue

: from voluntary carbon markets.

: : VERRA will be the certifying body.

: Kelp Blue and:
: Kelp Forest
: Foundation
: (KFF)

widely: ranging from O to 8 tons.
ubmitted methodology for blue
rbon certification to VERRA.

KFF aims to quantify ecosystem Kelp Forest Foundation’s entry,

: services of giant kegaErocystis  in collaboration wiatissimure and
: This initiative is designed to cr:eat¢(e|p Blue, was selected as one of
: a methodology to validate and:  gjght winners of MIT Solve 2022.

: monetize the carbon sequestraﬂogubmltted draft methodology for
: impact of permanent (that is, non-

harvested) giant kelp af1‘ore$tat|onSt andard.

blue carbon certification to Gold

GreenWave (US) GreenWave replicates and: saaiélse 2022—2023 farming season,

: regenerative ocean farms to créateenWave has increased the budget

;Jobs and protect the planet. Thefor the Kelp Climate Fund to $310,000
: team trains and supports oceanand opened the application process

: farmers, working with coastal : to all North American seaweed

: communities around the world: producers who grow over 1,000 feet

: to create a blue economy. The: of kelp seed. This expansion has led
: Kelp Climate Fund is a subsidy to an increase from 9 to 39 farms

: that provides direct payments tacross the country, with a total of

: farmers for the climate-positive 517,260 feet of seedstring expected

“ role of their ocean farms, includinde planted. GreenWave plans to

: carbon and nitrogen removal : continue expanding the fund over the
- and habitat restoration. In returmext five years until the annual seed

: farmers provide key monitoring subsidies reach $1 million, enabling

: data on out-planting, growth rat@80 farmers to plant 1 million feet

: and harvest yields to measure: of kelp seed. At this scale, the fund

: ecosystem services, increase : is projected to support minimum

: production output, and establistannual carbon removal of 100 tons.
“infrastructure for farmers to  : GreenWave has also launched a blue
: “harvest” data and carbon creditarbon project to develop a kelp

: carbon credit protocol for certification
: by international carbon credit
‘ agencies.

(Table Continued)
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TABLE 3@ontinued

Example
Route to carbon - — ,
: organization Description Recent milestones
reduction .
(HQ location)
Kelp forest Urchinomics Urchinomics removes overgrafzi@gl November 21, 2022, Urchinomics
restoration : (Netherlands) : sea urchins to try to turn barrehsecured the world’s first voluntary

: seafloors back into kelp forest$.blue carbon credit for kelp
: : restoration. It was certified by the
: Japanese government.

Kelp forest : Marine . Wild seaweed forests have beeBetween 2009 and 2019, the Korean

restoration : Restoration : severely damaged along Koreagovernment invested about $280
: Program : coasts because of algal whiteningjllion in reforestation efforts. In

: (South Korea): events. In 2009, the Ministry of total, over 7,600 hectares of seaweed
: : Oceans and Fisheries launcheddhests have been established on
: Sea Forest Development progtaleju and over 8,300 hectares in
: to prevent their further destructitie East Sea, totaling 21,500 acres
: (Sondak and Chung 2015). : of seaweed forests restored over
: ‘ a period of 11 years (Hwaab
: : : 2020).
Removing harmfuBOS Carbon : A patent-pending technology foHas proven its hardware for cost-
algal blooms/ : (Dominican : sequesterinBargassurm the : effective harvesting over the last
deep ocean : Republic) : ocean. i two years. It has been operating
sequestration  : : : commercially in the Dominican
: : : Republic and recently expanded
' to Antigua and Barbuda for wild

: : - harvesting.
Removing harmfuSeaweed : Seaweed Generation has : The AlgaRay is in the early stages
algal blooms/  : Generation (UKdleveloped two main technologies:automation and the startup has
macroalgae : : CQremoval using a robot callechchieved remote-driving capabilities.
cultivation/ : : the AlgaRay, and cultivation witks launching a pilot in Antigua to
open ocean : : a system called Alga Vita. Projeictercept and procedargassurim
afforestation/  : : AlgaRay intercepts and sinks : the spring. The pilot will allow them
carbon export/ : : Sargassurior COremoval. : to test the technology and conduct
deep ocean : : : measurements, verifications, and
sequestration/ : : : monitoring to understand the carbon
seaweed products i : content of thBargassum

: : : -Recently raised $1.3M to finance the

: : : company.
Removing harmfulWoolly Rock : Woolly Rock Rose aims to trackHas received interest from other
algal blooms/ :Rose (UK) :harvest, and uSargassuim : countries and created a concept
seaweed products : a multitude of products via a : note for a Caribbean nation facing

: regenerative business model, : different challenges v@#drgassum

: creating sustainable livelihoodsThe UK Department of International
: for those most impacted by the Trade has also asked the startup to
: blooms and revitalizing the locahost an event promot8aygassum

: economies and communities in solutions in the Dominican Republic.
: which it operates. :
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5.3. Scanveed borenediation

Bioremediation involves using biological organisms under controlled conditions to degrade, neutralize, or remove
harmful contaminants from an area. Both freshwater and marine macroalgae can be used in this way in land-based
aquaculture facilities or in open-water ocean farms (see Table 31). The seaweed is grown in polluted or eutrophic water,
harvested, and removed from the system it is grown in. This can help remediate nutrient pollution, particularly nitrogen
and phosphorus pollution that results from the overuse and runoff of commercial fertilizers into coastal waters, or
direct discharges from nutrient-intensive industries such as wastewater treatment plants. In addition, seaweed can
be used for wastewater treatment and bioremediation around aquaculture sites (for example, for salmon or shrimp
farming) to help prevent eutrophication, which can cause harmful algal blooms and dead zones.

Bioremediation-focused, commercial seaweed cultivation is mostly performed in land-based systems for point-source
pollution, which originates from a single location. For example, abalone farms in South Africallaee been using

for ammonia removal in abalone effluent since 20@2 &CROR1). Integrated multi-trophic aquaculture (IMTA)

of land-basddlvaand abalone farms allows for partial recirculation of the water, reduced pumping costs, increased
abalone productivity, and a reduced environmental footpeinal(@0&%K). Ultimately, this application of seaweed

can provide the farmer with an economic benefit by reducing production costs and increasing the yields of the primary
aquaculture target (Clar&l£021).

Assimilation of nitrogen and phosphorus using ocean-based seaweed farming (not primarily focused on bioremediation)
and IMTA has also been investigated at length. According to Seaweed for Europe, by 2030 the European seaweed
industry could remove 6,000—20,000 tons of nitrogen and 600—2,000 tons of phosphorus from coastal waters every
year (Vincent, Stanley, and Ring 2020). This would significantly improve marine water quality. Nutrient removal at
this scale would be equivalent to removing 2—6 percent and 4—-13 percent of the estimated anthropogenic nitrogen
and phosphorus, respectively, that entered the Baltic Sea in 2014 ( Vincent, Stanley, and Ring 2020). For comparison,
Chinese seaweed aquaculture removes approximately 75,000 tons of nitrogen and 9,500 tons of phosphorus annually
(Xiacet al 2017).

One way this ecosystem service can be valorized is through the use of credit markets. Although not applied to seaweed,
in Australia, the Great Barrier Reef Credit Scheme is a market-based solution that aims to improve water quality in the
reef. Land managers generate a tradeable unit of pollutant reduction known as a “Reef Credit” by implementing
projects that reduce nutrients, pesticides, and/or sediments.

In general, pollution uptake can be quantified by measuring the concentration of nutrients in the seaweed tissue and
multiplying these by the harvested biomass. To estimate the nitrogen content of each farm’s crop, GreenWave
multiplies dry-weight values of farmed seaweed by 2 percent, resulting in pounds of nitrate removed (GreenWave
n.d.). Similarly, The Seaweed Company states that every ton of seaweed harvested has absorbed 120kg of CO , 2kg of
nitrogen, and 0.2 kg of phosphorus (The Seaweed Company 2023). The recovery value of nutrients can be calculated
from wastewater treatment facilities, which are $10-30/kg nitrogen and $4/kg phosphorus (Chopin and Tacon 2021).
According to Costa-Pierce and Chopin (2021), the economic value of nutrient bioremediation services provided by
the world’s seaweed aquaculture production is between $1.1 billion and 3.4 billion for nitrogen and $51.8 million for
phosphorus (Costa-Pierce and Chopin 2021).

In addition, converting seaweed into end products allows the recycling of these nutrients, creating a circular
bioeconomy. This is particularly important in the case of phosphorus, which is a finite resource. Developing seaweed
into end-use products such as fertilizer replacements supports resource efficiency and helps create a circular economy
for phosphorus use.
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TABLE 3A selection of case studies investigating seaweed in bioremediation strategies

Route to Organization

Description Recent milestones

Bioremediation (HQ Location)

Macroalgae : Pacific Bio
cultivation ! (Australia)
land-based .
bioremediation :

Macroalgae : AgriSea

: The company’s technology, : Pacific Bio recently raised $3.5 million
: RegenAqua, uses macroalgae to in a friends-and-family round. This

: strip wastewater of environmentaliear, they hope to increase their

: harmful pollutants that municipal: revenue to over $15 million. Pacific

: wastewater treatment plants and Reef Fisheries, a major producer of

: aquaculture farms create before tsagtainably farmed black tiger prawns
- enter the ecosystem. This technolagyorth Queensland, is their primary
“is then used to create nutrient-riglsource of revenue and produces more
: products for plants and animals. : than 1,000 tons annually (LaFrenz

: 1 2022).

: AgriSea is working with the UniveTsity New Zealand government,

cultivation : (New Zealand) of Waikato on atvagrowing : through the Ministry of Primary

land-based :
bioremediation :

Macroalgae : Aqua Curo

: trial in Kopu marine precinct in théndustries’ Sustainable Food and Fibre
: Coromandel. : Futures Fund, is contributing almost
: : $453,000 to cultivetdvain three

: The seaweed will be used to : ponds, totaling 60 square meters.

remediate the nutrients that
: freshwater plants are currently
: unable to absorb.

: Aqua Curo is a long-term trial in : Aqua Curo has partnered with the

cultivation : (New Zealand) harnessing bioremediation to rembwiversity of Waikato and Western Bay

land-based  :
bioremediation :

: New Zealand's most common : of Plenty District Council to develop
: pollutants from wastewater. : the largest alternative water treatment
: : facility in the southern hemisphere.
: The pilot trial in the Bay of Plenty has
: yielded positive results (BOP Business
: News 2022).

Macroalgae : GreenWave (US) As mentioned in Table 18, : GreenWave’s Kelp Climate Fund hopes

cultivation
coastal i
bioremediation :

Macroalgae  : Australian
cultivation : Seaweed
coastal  Institute
bioremediation : (Australia)

: GreenWave's model is deployed:ttw reach annual seed subsidies of

: restore ocean ecosystems, captu®l million. At this scale, the fund is

: blue carbon and nitrogen, and suppmsjected to support minimum annual
: commercial farming. GreenWave'sitrogen removal of 8 tons.

: Kelp Climate Fund is a subsidy for

: ocean farmers to support a bundle

- of environmental impacts, including

: carbon, nitrogen, and reef restoration.

: The solution involves deploying : ASI plans to have seaweed biofilters
: a network of cultivated seaweed: operating at scale within the next 10
: biofilters in targeted locations acrgesrs. This includes developing 15,000
: the Great Barrier Reef catchmenthectares of seaweed to significantly
: that will remove nitrogen ang CO address the nitrogen problem and
: loads that are damaging coastal: help protect the reef. ASI will conduct
: ecosystems and the Reef. : field trials in 2023 and aim for proof
: : of concept by 2024. The company is
: aiming to scale up commercially, begin
: selling seaweed products, and start
: claiming nitrogen credits by 2025.
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5.4. Mehane reduction

A further ecosystem service provided by seaweed products is methane reduction in farmed animals. Studies have
shown that macroalgae, sudksparagopsis taxiforman reduce methane j@rhissions from ruminants. This

has motivated startups to pursue methane reduction supplements using seaweed. And — if emission credit schemes
are expanded to include enteric methane emissions from ruminants — this would open a revenue stream for farmers.
This application is explored in detail in the methane-reducing feed supplement chapter, but is highlighted here for

comparison with other provisioning, supporting and regulating ecosystem services.

TABLE 32 selection of case studies investigating seaweed in methane-reducing supplements

Route to methaneOrganization

. . Description Recent milestones
reduction (HQ Location) P
Licenser : FutureFeed : FutureFeed exists to support the: Over the past 24 months, FutureFeed has
i (Australia)  : use ofAsparagops#s a natural  : licensed its technology to 9 businesses in

:ingredient for livestock to significaAthgtralia, New Zealand, the US, Europe
: reduce carbon emissions. FuturefaatiCanada.

: owns the rights to the patents for.

: usingAsparagopses a methane- :

: reduction additive. The company: has

: licensed its technology to several

: teams around the world. :

Land-based CH4 Global CH4 Global is developing In June 2021, the company made its

macroalgae : (US) - internationasparagopsfarms  : first commercial saleAsparagopsis
cultivation/ : : to reduce methane emissions fronbased cattle feed supplements in
methane-reduction : ruminant livestock. : Australia. It is now building a large-scale,
supplements : : : commercial production plant (EcoPark)

: : : forAsparagopsis New Zealand.
Land-based : Symbrosia  : Symbrosia is a Hawaii-based startymbrosia recently partnered with Carman
macroalgae 1 (US) : that reduces methane emissions: Ranch, a leader in regenerative agriculture,
cultivation : : usingAsparagopsis : and with Neutral Foods, America’s first

carbon neutral foods company. The
: company raised $7 million in 2022.

Ocean-based : Greener : Greener Grazing's goal is to proviGreener Grazing has successfully

macroalgae : Grazing : the necessary knowledge and : developed techniques to create, harvest,
cultivation : (Vietnam) : tools to begin large-scale farming and seed vital spores for ocean-based
: : of Asparagopsis taxiformishe : farming. Unlike other startups, this
- ocean and assist producers in quiokfjanization is growisparagopsis
: - building a supply. - through its complete lifecycle in the ocean.
Ocean-based : Alga : Alga Biosciences uses a low-cost The company has been exploring
macroalgae : Biosciences : chemical process to create a kelpopportunities for large-scale seaweed
cultivation : (US) : basedA. taxiformisquivalent. : farming in Iceland, Vietnam, and other

: : . parts of Southeast Asia.
Land-based and : Sea Forest : Sea Forest is the first company inThe company has invested more than $20

ocean-based : (Australia)  : the world to cultivadsparagopsis : million in developing infrastructure as it
macroalgae : : on a commercial scale through bogiears up for commercial production of

cultivation : : marine and land-based aquacultufeed supplements to help reduce methane
: : : emissions from ruminant livestock.
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5.5. Seanveed for bodiversity and wider
ecosystem sewrces

According to research by the World Economic Forum, over 50 percent of the world’s GDP is generated by industries
that are highly ($13 trillion) or moderately ($31 trillion) dependent on nature (Russo 2020). There are estimates
that implementing nature-positive policies could generate more than $10 trillion in new annual business value and
395 million new jobs by 2030 (Lazard 2022). Seaweed offers several nature- and climate-positive benefits, including
coastal protection and the enhancement of biodiversity through habitat provisioning. Among these nature-positive
benefits, biodiversity enhancement is particularly promising and is gaining recognition from environment-focused
investors.

Seaweed ecosystems provide a habitat for living marine organisms. Organisms can be attracted by the food, or shelter
of kelp forests. There is some evidence suggesting that seaweed farms positively affect ecosystems by providing

additional food and habitats, although much more work is needed to verify these accounts. In recent years, habitat

provisioning and biodiversity enhancement from macroalgal cultivation has been evaluated on a local scale using

a variety of approaches, including cameras and eDNA sampling. These measurement projects could enable the
valorization of these services through payment schemes such as credit markets.

TABLE 33\ selection of case studies investigating seaweed for biodiversity and habitat provisioning

Ecosystem
Services

Macroalgae : Kelp Blue/KFF/ : NatureMetrics is a world- : 1. NatureMetrics is collaborating with
cultivation/ : NatureMetrics : leading provider of biodiversitythe Blue Marine Foundation’s Sussex

Organization(s) Description Recent Milestones

seaweed ! : monitoring data. The companyKelp project to gather important eDNA
products/ 1is using environmental  :  paseline data for monitoring and tracking
measuring : DNA (eDNA) surveys and :  changes in the biodiversity of recently

biodiversity : : m_etabarcodlng in collaborayonIorotected kelp forests.
- : with several teams to -

: - . : 2. NatureMetrics have an ongoing

: understand biodiversity L

: enhancement using seaweed partnership W|th Kelp Blue and the Kelp

* cultivation. ¢ Forest Foundation and are currently

: working on the Kelp Blue Namibian
Project. The collaboration seeks to
monitor the increase in biodiversity
resulting from the establishment of a pilot
offshore kelp farm in Namibia. The initial
focus includes using eDNA to assess

the impact of this type of mariculture

on biodiversity. They are also working
together to create assays and products to
determine whether, and to what extent,
the kelp farm is contributing to carbon
sequestration in ocean sediments.

(Table Continued)
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TABLE 3&ontinued

Ecos_ystem Organization(s) Description Recent Milestones

Services

Macroalgae: Cascadia : Cascadia Seaweed is the : 1.Cascadia has built 21 KelpCams that
cultivation/ : Seaweed - largest kelp cultivator in ~ :  help monitor the farms for salmon
seaweed : : Canada. Itwas recently  :  and other fish. Beyond this, remotely-
products/ - awarded $1.335 million from  gperated vehicles (ROVs) and divers have
measuring : : the British Columbia Salmon

been used to survey and evaluate fish
communities in the farms (Johnson and
Bates 2022).

biodiversity : : Restoration and Innovation:
H - Fund (BC SRIF) to plant
: 3.5 hectares of seaweed to:
- study the relationship between
: kelp farms and fish biodiversity.

Ecosystem : GreenWave EnviroStrat is leading a thréek. The CQnutrient, and biodiversity

services Aotearoa : year, regenerative, ocean- :  impacts of farmifig radiatare being
impacts of : (New Zealand) : farming pilot (in collaboration measured over a three-year period.
seaweed : : with GreenWave) to establish This includes identifying the biodiversity
farming : :a seaweed supply chain in :  benefits from the co-location of mussels
: New Zealand. © with seaweed farms.
: 2. EnviroStrat is adapting the Kelp Climate
: Fund concept developed by GreenWave
to enable its seaweed farmers to receive
monetary compensation in recognition
of the environmental benefits being
: : :  generated.
Kelp forest : Kelp Forest : Kelp Forest Alliance isa : 1. Launched and created a platform for
restoration : Alliance : collaborative initiative that :  collaboration and tracking restoration.
and : : brings together people and:  Mapped out 500 people working in this
protection/ : : organizations to enhance, @ grea.
seaweed  protect and restore kelp 5 | aunched a kelp restoration guidebook
products/ : : ecosystems. :

which showcases the methods and
feasibility of restoration projects.
: 3. Launching a target of 1 million hectares
¢ of kelp restored and 3 million hectares
protected by 2030.

measuring :
biodiversity :

Seaweed farming can also provide cultural ecosystem services that significantly enhance the quality of life for coastal
and rural communities. When combined with processing, there is potential to create inclusive value chains that benefit
local people. In emerging nations, women have played a significant leadership role in the growth of the seaweed

industry. Numerous case studies have demonstrated how the sector has greatly aided women’s empowerment in
ocean communities (Msuya and Hurtado 2017). Additionally, seaweed farming offers opportunities for diversifying
sources of income, particularly for commercial fishermen facing job insecurity because of declining fish stocks.
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5.6. (hallerges for ecosystem sewrice
applications

There are multiple challenges that need to be addressed before macroalgae cultivation can be integrated in ecosystem
service credit or payment frameworks.

TABLE 34hallenges facing the incorporation of seaweed into blue carbon, bioremediation, biodiversity, and wider
ecosystem service markets

Technical and scienti c challenges

1. There is a pressing need for more effective tools to track the effects of macroalgae on ecosystems and gather
data for informed decision-making. Interviewees highlighted how difficult this can be because the impacts of
ecosystem services can vary greatly from location to location.

2. Estimates of the effect of climate change on macroalgae stocks are inadequate. Climate change affects marine
systems through changes in temperature, pH, and salinity. There is a need to better understand how macroalgae
will be affected by these changes.

3. There is disagreement in the science community on the validity and permanence of solutions due to the lack of
measurement, reporting, and verification (MRV) when using seaweed for carbon removal.

4. Still too few case studies showcasing (with data) how macroalgal management can positively contribute to
carbon sequestration, biodiversity, and nutrient remediation.

5. The scale required for seaweed to completely or significantly offset carbon emissions or absorb nutrients may be
too large to achieve realistically.

6. Large-scale seaweed farming may have unintended negative effects, for example, on nutrient levels (for
instance, in regions without excessive nutrients runoffs) or wild seaweed ecosystems (for instance, in areas
where a lot of seaweed is farmed). There is also high uncertainty or disagreement around the deep-ocean
sinking of seaweed and the risk of unintended impacts.

7. There has been insufficient investment in decarbonizing farming and processing operations that would reduce
scope 1 and 2 carbon emissions. Scope 1 emissions are direct emissions from company-owned and controlled
resources. Scope 2 emissions are indirect emissions from the generation of purchased energy, from a utility
provider.

8. There are not enough life cycle analyses publicly available to make it possible to determine the true emission
reduction potential of seaweed products.

Management, policy, legal, nance, social and business challenges

1. There is a lack of standardization among the certification processes for the emissions that are avoided through
seaweed because there are multiple approaches being developed simultaneously. Each approach needs
bespoke certification and verification. VERRA is seeking to develop a series of verified methodologies in the
coming years. The routes to certifying ecosystem services take years to formalize.

2. There is insufficient communication to harness public support, and inadequate cooperation and coordination
to prevent or at least markedly reduce competition for space with existing ocean stakeholders, particularly in
emerging seaweed regions.

3. There is a need for more legislation and governance to incentivize sustainable seaweed farming practices and
facilitate the approval of new seaweed farming licenses.

4. Globally, there is a need for more and better talent/human resources. In developed seaweed regions, several
interviewees noted a shortage of fresh talent entering academia.

5. Farmed biomass for carbon credits might end up being sold into other markets because of higher price points.
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5.7. Market outlodk

Qutlook for blue carbon

According to stakeholders interviewed for this report, the voluntary carbon market is the leading route to valorization.
This stems, in part, from the heightened appetite for carbon credits around the world. International demand for carbon
offsets is increasing as organizations and nations seek to reduce their greenhouse gas emissions. Although seaweed
has not yet been included in internationally recognized blue carbon credit schemes, multiple regions and organizations
are working on this and offering ways to pay people to farm or restore seaweed for carbon uptake and sequestration
purposes.

For example, China and South Korea have both included seaweed aquaculture as a blue carbon habitat. Additionally,
on November 21, 2022 the sea urchin ranching company Urchinomics became the first business to receive a
voluntary blue carbon credit for restoring kelp beds (Loew 2022). The credit was awarded by the Japan Blue
Economy Association (JBE).

Several other organizations have been developing frameworks to include seaweed in blue carbon markets. For
example, in 2021, the Kelp Forest Foundation engaged Carbonomics, a leading developer of carbon-offset projects,
to write and present a certification concept to Gold Standard. If approved, the concept note will be turned into a

methodology for carbon-crediting kelp ecosystems.

Oceans 2050 and GreenWave have also been calculating blue carbon produced from seaweed farming. The former
has submitted a proposal to VERRA to certify their methodology. Stakeholders interviewed for this report suggested
that, by 2025, it is highly possible that internationally recognized credit certification schemes for blue carbon seaweed
projects will exist, alongside more concrete methodologies for implementing both wild and cultivated seaweed in
voluntary blue carbon markets. Table 35 below shows how predictions vary between different methodologies.
Research undertaken for this report suggests that kelp forest restoration and seaweed sediments will likely be the
quickest to access international credit markets. However, insufficient MRV and slow certification procedures could stall
these predictions.
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TABLE 3% hallenges facing seaweed as an ecosystem service

Time to
establishment
of viable
monetization/
valorization
model (yr.)
Carbon EDeep—oceané 7 6 8 6 6 7 3-8

removal :sinking and : : : : : :
: sequestration:

Technical Regulatory Social Financial Political Overall
challenges challenges challenges challenges challenges challenge
(1-10) (1-10) (1-10) (1-10) (1-10) ahead

Ecosystem Valorization

Service  Strategy

: credits : : : : : :
‘Sediment i 4 i 4 i 4 i 4 i 4 i 4 <2
: credits : : : : : :
‘Naturalcarbon 5 : 4 4 5 4 5 3-8
 export credits: : : : : : :
‘Restoration : 4 i 2 1 2 4 4 3 <2
: credits : : : : : :
Methane gMethane 6 6 2 4 2 4 (already
emission : Reduction : ! ! ! ! ! :  deployed)
reduction : Supplements : : : : : : i
Bio- EPayment for 6 4 2 5 2 4 (already
remediationland-based : : : : : : ¢ deployed)
: bioremediation : : : : : :
‘Paymentfor : 4 i 4 4 4 4 4 3-8

- ocean-based :

: bioremediation : : : : : :
Wider  :Biodiversity : 5 i 4 i 3 4 4 5 3.8
ecosystem enhancement: : : : : : :
services :payment

Note: 1 = the least significant challenges, 10 = the most significant challenges

Time to global commercial scaleup is also noted, assuming that the major challenges are surmountable

Qutlook for borenmediation

The demand for bioremediation, particularly nitrogen removal, has been increasing worldwide as governments,
NGOs, and individuals seek to minimize eutrophication and harmful algal blooms, which can significantly impact
tourism and aquaculture operations. Point-source, land-based seaweed bioremediation operations have proven to
be commercially viable for a number of years. Recent market developments from regions such as Australia and New
Zealand (for example, Pacific Bio and Aqua Curo) are showcasing the scaleup potential of this application. These
organizations are piloting and commercializing the clean-up of wastewater from various industrial settings. Based
on interviews undertaken for this report, this application of macroalgae is expected to scaleup in the next 12 months.
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Valorizing the bioremediation potential of ocean farming and macroalgae-based IMTA is also gaining greater

awareness among regulators, corporations, and the public. Attention is shifting toward developing the service. A nine-
fold increase in annual publications in the Web of Science between 2010 and 2020 for the search string “seaweed”
and “bioremediation” underscores the heightened interest in the space (Web of Science, accessed Jan. 16, 2023).

Unfortunately, there is currently a lack of internationally recognized payment-for-nutrient-removal schemes and
credits that incorporate seaweed. However, stakeholder interviewees predicted that these could develop before the
end of 2026. A lack of awareness was highlighted as one of the major barriers. Meanwhile, various organizations are
already moving ahead by paying farmers for bioremediation through subsidy schemes. For instance, GreenWave's
Kelp Climate Fund supports farmers by providing a subsidy for nitrogen. In return for payments from GreenWave,
farmers provide key monitoring data. GreenWave aggregates these data to track acres planted, nitrogen removed,
and volumes harvested throughout North America.

Qutlook for methane reduction

See chapter 4, section 4 for market outlook.

Qutlook for bodiversity and wider ecosystem benefits

Several stakeholders interviewed suggested that biodiversity enhancement could become one of the more important
ecosystem service attributes of seaweed farming and restoration over the next decade. Given the important role
seaweed plays in habitat provisioning, various governments have funded research in this area to further explore its
potential. For instance, the Canadian government recently committed $104 million (CAD$142 million) to the British
Columbia Salmon Restoration and Innovation Fund (BC SRIF). Cascadia Seaweed received capital from this func
to plant 3.5 hectares of seaweed to study the interaction between kelp farms and fish biodiversity. EnviroStrat in
New Zealand has a $5 million seaweed farming pilot under way that includes quantifying the biodiversity impacts of
E. radiatdarming. In addition, wind farm developer Orsted recently partnered with SeaGrown to explore the use of
seaweed cultivation in improving ocean biodiversity.

Overall, there is increasingly greater global focus on biodiversity enhancement solutions. Several stakeholders
noted the important outcome of the United Nations Biodiversity Conference (COP15) in 2022, in which the Kunming-
Montreal Global Biodiversity Framework (GBF) was adopted to address the loss of biodiversity, restore ecosystems,
and protect indigenous rigB8K15 ends with landmark biodiversity agre@2®nBased on this interest, the

stakeholders interviewed for this report predicted that from 2023-2026, there will be significant investment in this
area. Credit schemes will be the likely route for valorization, but more time and effort are required for accurate MRV
and accreditation.

Alternative regulating or provisioning ecosystem services, such as coastal protection and enhanced coastal resilience,
have a lower profile, and governments or companies surveyed working in these areas are typically at the pilot stage.
It may take several years before we see commercial scaleup of these applications. However, interviewees indicated
that these services could be more quickly capitalized if they were bundled together into “ecosystem service credits”
that present blue carbon, bioremediation, biodiversity, and other ecosystem services in a single package.
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CONQUSON

This chapter ranks the different seaweed applications accoedinptenttal to become
significant short-, medium- or long-term markets. It also provides d gweimmesyeactive
adoption and growth drivers, challenges, market sizes and market gsewthatalie#\( in
the appendix for a more detailed comparison).
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FIGURE 3Predicted seaweed market size by 2030 ($M) with chance of market establishment indicated by color on a
high-level market horizon timeline
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6.1 Fou short-term markets (before 2025)

Biostimulantsanimal feed additiveandpet food marketsiere identified as the most promising short-term

emerging market opportunities for seaweed. In high-growth markets, they already offer a variety of products with
competitive value propositions and prices. Compared to other applications, they also present low processing complexity
and no severe challenges to further scaling because they can potentially be integrated into existing seaweed supply
chains to ensure raw material availd#lihane-reducing additivespresent a totally novel market. Even though

there are presently significant technological and regulatory challenges, there are stronger efforts to overcome those
challenges than in many other markets.

Of all the markets assessed in this report, seawedieltisrdantdiad the highest market share in 2022 —

30-40 percent. This was worth approximately $1 billion in an overall global biostimulants market valued at $2.5-3.5

billion in 2022. In a high-growth market (10 percent CAGR), seaweed-based biostimulants are expected to maintain
their market share and grow to a market value of $1.87 billion by 2030. Even though the global agriculture sector is
looking for solutions to support soil health in a changing climate, and fertilizer prices are increasing, seaweed-derived
biostimulants could offer a solid value proposition and competitive pricing. Farmed seaweed offers an opportunity to

grow the supply significantly because most current feedstock comes from wild-harvested seaweed.

In addition, there is a very high potential for seaweed-based biostimulants to become easy-to-process side-products
from the production of other seaweed-derived goods such as pet food and bio-materials. However, biostimulant

developers need to provide better evidence of the efficacy of their products and improve end-user education on how
to apply them.
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Althougtpet foodproducts based on seaweed are already available, no comprehensive data are available on the
market's current size. The global pet food market, which is based on bulk feeds and additives, was estimated at
$115.5 billion in 2022, with a CAGR of 5.11 percent from 2023 to 2030.

Promisingly for seaweed, the demand for functional pet foods that offer health benefits, and for vegan products
with an emphasis on clean labeling, transparency and sustainability, is forecast to increase. Seaweed-based products
fit into these categories and could capture a market value of approximately $1.078 billion by 2030. According to
interviewees, this is a potentially more attractive market for seaweed producers than animal feed, because the
products sell at higher price points, driven by the trend toward “humanizing” domestic pets as full-fledged members
of the nuclear family. However, manufacturers first need to conduct more research on the health claims of seaweed-
based pet foods, control the levels of minerals such as iodine, markedly reduce contamination from pollutants, and
ensure that seaweed-based ingredients are sufficiently palatable.

Seaweed is already used in the animal feed industeg aslditiveand feed ingredient, but no data on market

size are available. The global feed additive market was valued at $38.86 billion in 2022 and is forecast to grow at
3.9 percent CAGR between now and 2030. As the animal feed industry turns to natural alternatives in preference to
synthetic products, seaweed-derived feed additives are expected to gain significant market traction from 2023 to
2028 and reach a potential market size of $1.122 billion by 2030.

At an already competitive price point, the unique functional benefits these seaweed products claim to offer — such as
productivity gains, improved feed conversion ratios, and potentially less need for antibiotics — are all highly attractive
value propositions for farmers. However, these claims have yet to be confirmed in large-scale trials. A current challenge
is the availability of sufficient volumes of seaweed but there are no deal-breaker challenges in this market category.

Methane-reducing additivage a unique case in the new and emerging markets for seaweed, and have gained
substantial attention in recent years. Despite being an entirely new segment of the animal feed market, total global
methane-reducing additives were valued at $47 million in 2022. As a new market driven by strong demand for net zero
policies from corporations and governments, the forecast for a CAGR of 57 percent in the coming years looks feasible.

Seaweed-based products offer an excellent value proposition, with potential productivity gains and route to
monetization using carbon credit pathways, and stakeholders predict that commercial scaleup is only a couple of
years away. Seaweed-based, methane-reducing additives may reach a market value of approximately $306 million
by 2030. However, there are significant challenges because the cAkpatagopsis not widely practiced or

well understood, and scaling up production to provide the volumes needed may take time. At the same time, in many
geographies the need to gain regulatory approval could hamper market development. Nevertheless, there is clear
market demand and the sector is attracting significant investment to overcome these challenges. This momentum
may very well help companies to quickly overcome the challenges, as long as a genuine effort is made to avoid
unsubstantiated claims that could undermine credibility and trust.

6.2. Fou medium-tem, emeging market
opportunties 2024—2028)

Alternative proteins, nutraceuticals, bioplastindfabricsare four potential, medium-term markets for seaweed.
In recent years, innovative seaweed-based products have been introduced in all these markets, although the number
and scale are still limited and mostly restricted to niche applications.
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In all four of these submarkets, seaweed-based products will need further refinement in order to gain significant
traction in the market. It is expected that this will take a few more years. Those planning to sell seaweed-based
products in high-volume markets — such as alternative proteins, bioplastics, and fabrics — must first overcome
significant challenges relating to cost, production volumes, and competitive functionality, otherwise these products
will likely remain niche offerings.

Alternative proteinderived from seaweed are being sold commercially around the world. The global alternative
protein market was valued at $10.2 billion in 2022, and is expected to show a CAGR of 36 percent up to 2030. The
primary drivers of this industry include increasing interest in non-animal derived food products, increasing awareness
among consumers and product developers of seaweed’s multi-functional properties, and potential food supply chain
sustainability improvements. The industry could have a market value of $448 million by 2030, but it will have to
overcome challenges relating to competition from cheaper biomass alternatives with higher protein concentrations.

Although examples of seaweed-lmagexteuticalare already being sold commercially, no comprehensive data

are available on their current market size. The size of the overall global nutraceutical market in 2022 was estimated at
$450 billion, with a CAGR of 7.5 percent between now and 2030. The increasing prevalence of certain communicable
diseases, rising healthcare costs, aging country populations, and greater consumer awareness are all driving the
growth of this industry. As a high-value market, nutraceuticals present one of the most promising opportunities for

seaweed-based ingredients, with a potential market value of $3.9 billion by 2030. However, a number of challenges

make the exact timeline for wider commercial adoption uncertain.

It is reported that many clinical trials are under way, but interviewees submit that there is a need for much more clinical
work in order to provide safe products that deliver their claimed health and nutrition benefits. Since clinical trials
require time, the commercialization process for nutraceuticals is longer than for many other product segments, which
makes this a medium-term market opportunity. There are concerns around the availability and price of seaweed-
derived products in this sector, compounded by the complexity and expense of deriving the necessary compounds to
create targeted, reliable, and consistent nutraceutical products.

In thebioplasticsmarket, there are currently only niche applications, based on biofilms, which are in very early
stages of market adoption. The global bioplastics market is valued at $11.5 billion in 2022 and expected to increase
by a CAGR of 20 percent between 2022 and 2030, driven by global ambitions to reduce fossil-based consumption
and plastic pollution. The future market for seaweed-based bioplastics could be worth $733 million by 2030, but it
will have to overcome significant challenges to grow beyond niche applications. A significant section of this market —
consumer-packaged goods — could provide a beachhead for this category owing to the biodegradability of seaweed-
based bioplastics and the willingness of many consumers to pay a premium for sustainably sourced packaging.

In the short-term, seaweed-based bioplastic products may fulfil niche applications while remaining many times more
expensive than competitive bioplastics. Despite high R&D budgets and increasing venture capital investment, the
integration into existing plastic supply chains will for now remain complex unless their technical performance can
match incumbent products. There is evidence that innovators are working on compatible seaweed-based resins that
could be integrated into existing production systems, but this process will likely take 5-10 years of research and
development, and its success is not guaranteed. The second major challenge is to meet the production scale required
to bring prices down to competitive levels.

There is growing interest in producing seaweed-based textiles, although applications remain in the early research or
pilot product stages. Lyocell-based seaweed textiles (with a maximum seaweed content of 10 percent) are commercially
available, but the industry remains too small for precise market sizing.

Generally, the rising interest in seaweed-based textiles is part of a greater trend toward biosynthetic textiles.
Typically made from crops, and less frequently from forestry residues or agricultural waste, biosynthetic textiles are
intended to disrupt fossil-based synthetics. Valued at $17.18 billion in 2022, the global biosynthetic textile market
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currently accounts for less than 1 percent of the global textile market, yet is expected to grow at an annual rate of
10 percent between 2022 and 2030.

The market’s growth mirrors rising concern about the climate impact of the fashion industry, and seaweed’s
environmental value proposition aligns well with corporate sustainability targets. However, to reach a potential
$862 million market size by 2030, seaweed-based product developers will have to significantly improve
processing technology. Although it is likely that the market share of Lyocell with added seaweed extracts
will increase, for the higher percentage seaweed-based products to reach the market, there needs to be
performance improvements, together with increased regulatory and market pressure on corporations to adopt
more sustainable fabrics. Seaweed-based fabrics face stiff competition from alternative biomasses but they can
potentially be blended with other bio-based feedstocks to create products competitive with conventional options
such as cotton.

6.3. Wo long-temn, energing-market
opportunties (@fter 2028)

Pharmaceuticals and construction were identified as potential long-term market opportunities for seaweed. In both
markets, seaweed-based products are not yet commercially available and will have significant challenges to overcome
before they get to market.

Pharmaceuticals

Market projections in the seaweed-derived pharmaceutical space are difficult to make. No approved products
are currently on the market, and a single commercialized product could generate significant revenue. The market
for marine-derived drugs is currently estimated at $2.56 billion, with an annual growth rate of 5-10 percent up to
2030. The increasing demand for effective and innovative therapies continues to drive long-term growth in the
pharmaceutical area and seaweed-derived compounds offer promising functionalities. Since most trials on seaweed-
based pharmaceuticals are preclinical, it is expected that these will take at least 5-10 years before becoming
government agency-approved pharmaceuticals and will require significant financing to progress.

Gorstrudion

Seaweed construction materials show promise, particularly in niche applications such as fiberboard or bioplastic
panels in interior design projects. The global green construction materials market was valued at $312.5 billion in
2022 and is expected to maintain a CAGR of 10 percent until 2030. The seaweed construction market could be worth
$1.4 billion by 2030, but before this figure can be reached, significant challenges need to be overcome — specifically,
around the availability of biomass, the higher costs of seaweed-based materials compared to traditional bio-based
materials, and the industry’s resistance to change. Nevertheless, in regions where seaweed is abundant, such as the
Caribbean with i&argassurblooms, there is significant interest in scaling up seaweed construction operations,
driven by buyer demand.
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6.4. Adlitionral dondugons

Seaweed supply constraimsist on all new and emerging market applications and are strongest where market
value can be derived only from a specific species of seaweed, especially those that are currently available only in small
volumes. This bottleneck is compounded by a second constraint — namely, that much of the product development is
taking place in the West, where seaweed supply, especially from farmed sources, is particularly poor. In this context,
further investment in Asia is likely needed — as is the development of pre-processing capacity and technology in
order to stabilize biomass and improve its year-round availability, thereby increasing asset utilization in downstream
processing.

A third constraint is that current main markets, including seaweed for human consumption and hydrocolloids, are
growing steadily, so any new markets will have to compete for biomass with these established supply chains. This
emphasizes the need for significantly increased primary production of seaweed.

Thehigh price of seaweed-derived compouigls fourth constraint on several applications assessed in this

report. The more the application competes with commodity or commodity-derived products (for example, plastics or
construction materials), the greater is the pricing challenge. For market sectors with very high price challenges, it is
entirely possible that seaweed-based products will remain a specialty niche.

The need to develop and adopt new technologies imposes a fifth constraint, and is an important prerequisite for scaling
up the production of seaweeds and their derivatives. There is a consensus that the development and application of
a multi-produtiorefineryapproach will help create an economically viable process. Biorefineries are capable of
efficiently extracting a range of products, but most seaweed biorefinery systems are still at the laboratory or pilot level.
More seaweed needs to be produced to ensure that these facilities can reach commercial scale.

Current and future competition is another constraint. Although the markets in this report have been analyzed
individually as if they were neatly compartmentalized, it is important to bearconmpitititmaamong the
seaweed-baseproduct categoriesxists and can impact future market development and value significantly. It is

only to be expected that, once a higher-value market for a particular compound or product becomes more accessible,
producers will target that new market to maximize their profits, which in turn generates greater competition.

Anyregulatory hurdlethat some of the higher-value markets are presently facing will play an important role and
could change a market's trajectory significantly. In addition, it is often unclear under which regulatory category
seaweed-derived products fall — and therefore how they should be regulated. As a result, products often miss out on
supportive frameworks and subsidies.

Given that the majority of the applications analyzed are pre-commercial, finsictess sdsn as one of the

most substantial challenges. Most applications for seaweed-based products present a high market risk, because of
the significant scaling challenges described here, reducing their appeal to investors. Many early business models rely
on obtainingustainability premiumshich can be both an opportunity and a risk — while seaweed-based product
developers hope to justify a green premium, consumers might not be willing to pay those. In addition, there is a clear
need for LCAs across all applications to verify sustainability claims and to inform the decision making of investors.

A great deal of attention is currently being directecetmsgstem servicegenerated by farming seaweed —

such as blue carbon, bioremediation, and biodiversity — and the associated potential to improve the business case of
developing seaweed-based value chains. Seaweed clearly has the potential to provide significant ecosystem services
but the monetization of these will require the further development of certification and credit schemes, along with
robust monitoring, reporting and verification.
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To sum up, the seaweed sector has unquestionable potential for growth beyond its current markets, but it is important
to be realistic about the sector’'s scaleup challenges across various applications. Seaweed alone cannot by itself
solve the growing climate, food security, and biodiversity crises. Although the sector is nascent and on the rise in
the West, where it is has been met with enthusiasm and optimism, the current signs of decline in Asia’s already
industrialized seaweed sector points to the need to proceed with caution.

CONCLUSION53



n, , $ S
(‘H,' f\\ \\\\\\ A SIS
=, 2 A = :\\
D V. VI R
G 70 (T A
\\\ll,’ : \\\
l'.( ’,,’ \\\\\‘” ,:-H'"l)
g S AN
, M .
/////// AL
/“"
(\H\
"Q\ |
G
\\\‘ \\g
S \\"'

™
e

W
-’ \
=

(“q\n“

N

Porphyra

154 | GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



360ResearchReports. 2022. “Global Marine Derived Drugs Market Insights and Forecast to 268&?/0anuary 18.
www.360researchreports.com/global-marine-derived-drugs-market-19984868.

Aakre, I, Solli, D. D., Markhus, M. W., Maehre, H. K., Dahl, L., Henjum, S., Alexander, J., Korneliussen, P. A., Madsen,
and Kjellevold, M. 2021. “Commercially available kelp and seaweed products — valuable iodine source or risk of
excess intakePbod Nutr Res.6fitps://doi.org/10.29219/fnrv65.7584.

Abidov, M., Ramazanov, Z., Seifulla, R., and Grachev, S. 2010. “The effects of Xanthigen™ in the weight management
obese premenopausal women with non-alcoholic fatty liver disease and noiabétes, f@xiiesity and
Metabolisr2(1), 72-81.

Activesustainability. n.d.. “Sustainable Building Materials.” Sustainability for All. Accesséutpsaimddy2023.
.activesustainability.com/construction-and-urban-development/sustainable-building-materials/.

Acuff, H. L., Dainton, A. N., Dhakal, J., Kiprotich, S., and Aldrich, G. 2021. “Sustainability and Pet Food: Is There &
Role for Veterinarian&®terinary Clinics: Small Animal Pr&&(8g 563-58https://doi.org/10.1016/]
.cvsm.2021.01.010.

Acumen. 2022. “Green Construction Market.” Accessed Mayhitps:202@8w.acumenresearchandconsulting
.com/green-construction-market.

Adarme-Vega, T. C., Lim, D. K., Timmins, M., Vernen, F., Li, Y., and Schenk, P. M. 2012. “Microalgal biofactories:
promising approach towards sustainable omega-3 fatty acid pidaucbai.'Cell Factorigg1), 1-10.
https://doi.org/10.1186/1475-2859-11-96.

Alamsjah, M. A., Sulmartiwi, L., Pursetyo, K. T., Amin, M. N. G., Wardani, K. A. K., and Arifianto, M. D. 2017. “Modifyir
bioproduct technology of Medium Density Fibreboard from the seaweed waste Kappaphycus alvarezii and
Gracilaria verrucosaddurnal of the Indian Academy of Wood Siel€h;e32—4bttps://doi.org/10.1007
/s13196-017-0185-y.

Alemayehu, T. A., Geremew, A., and Getahun, A. 2018. “The Role of Functional Feed Additives in Tilapia Nutrition.”
Fisheries and Aquaculture Jo@@gaR). https://doi.org/10.4172/2150-3508.1000249.

Alexander, P., Berri, A., Moran, D., Reay, D., and Rounsevell, M. D. A. 2020. “The global environmental paw print of pet
food."Global Environmental Chdtgel02153. https://doi.org/10.1016/j.gloenvcha.2020.102153.

Allied Market Research. 2021. “2021 Functional Pet Food Market.” Accessed MatypstBy\wE2QA23.
.alliedmarketresearch.com/functional-pet-food-market-A11855.

Allied Market Research. 2022. “Seaweed Protein Market Research, 2030.” Accessedhtipy./ABWR023.
.alliedmarketresearch.com/seaweed-protein-market-A16894.

Alltech. 2022022 Alltech Agri-Food Outldakcessed May 15, 202s://www.alltech.com/press-release
/2022-alltech-agri-food-outlook-reveals-global-feed-production-survey-data-and-treNdsAmberg

REFERENJERS5



and Fogarassy, C. 2019. “Green Consumer Behavior in the Cosm&esoitad&8), 13https://doi
.0rg/10.3390/resources8030137.

A/O PropTech. 202Re Future Of Building In A Low CarbarAddmsded May 15, 288Bs://www.aoproptech
.com/insights/the-future-of-building-in-a-low-carbon-world.

Apple Newsroom (UK). 2019. “Conserving mangroves, a lifeline for the world.” Atpd:2&v20Epple.com
/uk/newsroom/2019/04/conserving-mangroves-a-lifeline-for-the-world.

ASSA022. “Community acceptance of low-methane meat.” Australian Sustainable Seaweed Alliance (ASSA), October
16, 2022. https://www.seaweedalliance.org.au/news/community-acceptance-of-low-methane-meat.

Aswathi M., A., Robert A., A., Greeshma, K., Yun, J.-H., Ramanan, R., and Kim, H.-S. 2022. “Algal biopolymers a:
sustainable resources for a net-zero carbon bioe&oi@sglir Techi3did, 12639 ttps://doi.org/10.1016/j
.biortech.2021.126397.

Azim, M. F. B. A. M. 2016. “Potential Application of Biocomposite from Seaweed as a green construction Material.” PhD
dissertation. Civil and Environmental Engineering, Universiti Teknologi Petronas. Seri Iskandar, Perak, Malaysia.
http://utpedia.utp.edu.my/id/eprint/17856/1/Azim%20Fitri%20Final%20Dissertation.pdf.

Baffes, J., and Koh, W. C. 2022. “Fertilizer prices expected to remain higher for longer.” World Bank Data (blog), May
11, 2022. https://blogs.worldbank.org/opendata/fertilizer-prices-expected-remain-higher-longer.

Baghel, R. S., Suthar, P., Gajaria, T. K., Bhattacharya, S., Anil, A., and Reddy, C. R. K. 2020. “Seaweed biorefinery:
sustainable process for valorizing the biomass of brown Seawesda? Cleaner Produ@gsy 121359.
https://doi.org/https://doi.org/10.1016/j.jclepro.2020.121359.

Balasse, M., Tresset, A., Obein, G. I., Fiorillo, D., and Gandois, H. 2019. “Seaweed-eating sheep and the adaptation
of husbandry in Neolithic Orkney: new insights from SkatatiBtagd3(370), 919-93Rttps://doi
.0rg/10.15184/aqy.2019.95.

Ball, A., Williams, S., and Pattinson, RS@§#8g study of the capital requirements for commercial production
of Asparagopsi®r methane reduction in cafiigriFutures Austratitips://agrifutures.com.au/wp-content
/uploads/2022/09/22-076.pdf.

Balunas, M. J., and Kinghorn, A. D. 2005. “Drug discovery from medidiieabplant#8(5), 431-44ftps://
doi.org/10.1016/j.1fs.2005.09.012.

Banach, J. L., Hoek-van den Hil, E. F., and van der Fels-Klerx, H. J. 2020. “Food safety hazards in the European
seaweed chainComprehensive Reviews in Food Science and Fod®(3gf&%2—36Https://doi.org/
https://doi.org/10.1111/1541-4337.12523.

Banach, J. L.,Koch, S. J. I., Hoffmans, Y., and van den Burg, S. W. K. 2022. “Seaweed Value Chain Stakeholder Perspectiv
for Food and Environmental Safety Hazaodsl’1(10), 1514. https://doi.org/10.3390/foods11101514.

Banerjee, P., Mandhare, A., and Bagalkote, V. 2022. “Marine natural products as source of new drugs: an updated
patent review.” July 2018-July Z3®Ert opinion on therapeutic pa2(33 317-368tps://doi.org/10.1080
/13543776.2022.2012150.

Barbarino, E., and Lourenco, S. O. 2005. “An evaluation of methods for extraction and quantification of protein from
marine macro- and microalgaainal of Applied Phycolat($), 447—-46tps://doi.org/10.1007/s10811-005
-1641-4.

Barker, E. 2022. “Are methane-reducing additives palatable for |étfgeatins?"Centralovember 8, 2022.
https://www.beefcentral.com/carbon/are-methane-reducing-additives-palatable-for-lotfeeders.

Bashi, Z., McCullough, R., Ong, L., and Ramirez, M. 2019. “Alternative proteins: The race for market share is on.”
McKinsey and Company.

Batlrk, A., Ceylan, M. M., Alaca, K., and Y Id z, G. 2021. “The Role of Selected Bioactive Compounds and Micronutrient
with Immune-enhancing Activity on the Prevention and Mitigation of SARSEavIhtirnal of Nutrition
& Food Safepp—59. https://doi.org/10.9734/ejnfs/2021/v13i1230468.

156 | GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



Bay of Plenty Times. 2022. “Seaweed used to clean up waterways in latest Kopu marindziéeraid trial.”

March 16, 2022tps://www.nzherald.co.nz/bay-of-plenty-times/news/seaweed-used-to-clean-up-waterways-in
-latest-kopu-marine-precinct-trial/Y63H2GIJRO7W6I TFHDWS4GGJOGM.

Bedford, E. 2022. “Leading pet food companies worldwide 2021, based Statesta@edber 27, 2022.
https://www.statista.com/statistics/627850/leading-pet-food-companies-worldwide-based-on-revenue.

Bellona. 201Pros and Cons Seaweed for BidfaelsheetBellona Europhttps://bellona.org/assets/sites
/3/2017/03/FACTSHEET-seaweed-for-energy.pdf.

Berglund, L., Nissil&, T., Sivaraman, D., Komulainen, S., Telkki, V.-V., and Oksman, K. 2021. “Seaweed-Derived Alginate
Cellulose Nanofiber Aerogel for Insulation Appligedi®nspplied Materials and Interf&{29), 34899—

34909. https://doi.org/10.1021/acsami.1c07954.

Bermejo, R., Buschmann, A., Capuzzo, E., Cottier-Cook, E., Fricke, A., Hernandez, |., Hofmann, L. C., Pereira, R., and \
den Burg, S. 2022. “State of knowledge regarding the potential of macroalgae cultivation in providing climate-
related and other ecosystem services.” Eklipse Expert Working GERIL 3&difisettps://epic.awi.de
fid/eprint/56382.

Berry, D. 2021. “It's a necessity: finding more sustainable ingredient sources for pet food and treats.” Pet Food
Processing, April 27, 20bttps://www.petfoodprocessing.net/articles/14678-its-a-necessity-finding-more
-sustainable-ingredient-sources-for-pet-food-and-treats.

Bi, D., Yang, X., Lu, J., and Xu, X. 2022. “Preparation and potential applications of alginate @igticaiccharides.”
Reviews in Food Science and Nutriti@n https://doi.org/10.1080/10408398.2022.2067832.

Bilal, M., and Igbal, H. M. 2019. “Marine seaweed polysaccharides-based engineered cues for the modern biomedical
sector’Marine Druds8(1), 7. https://doi.org/10.3390/md18010007.

Billerud. n.d. “The Plastic Packaging Prditigst//www.billerud.com/managed-packaging/knowledge-center
[articles/plastic-packaging-problem.

Billing, S.-L., Rostan, J., Tett, P., and Macleod, A. 2021. “Is social license to operate relevant for seaweed cultivation in
Europe?Aquaculturg34, 736203. https://doi.org/https://doi.org/10.1016/j.aquaculture.2020.736203.

BIM. 2020Scoping a Seaweed Biorefinery Concept for Ireland: Report for Bord las¢zaglhigilireraCo.

Cork, Ireland: Bord lascaigh Mhara Hst)/bim.ie/wp-content/uploads/2021/02/BIM-Scoping-a-seaweed
-biorefinery-concept-for-lreland.pdf.

Birgersson, P. S., Oftebro, M., Strand, W. |., Aarstad, O. A., Seetrom, G. |., Sletta, H., Arlov, &., and Aachmann, F.
2022. “Sequential extraction and fractionation of four polysaccharides from cultivate8dwolarinlgae
latissimandAlaria esculentalgal Resear@9, 102928. https://doi.org/10.1016/j.algal.2022.102928.

Bleakley, S., and Hayes, M. 2017. “Algal Proteins: Extraction, Application, and Challenges Concerning Production.”
Foods(5). https://doi.org/10.3390/foods6050033.

Blikra, M. J., Altintzoglou, T., Lavdal, T., Rogns3a, G., Skipnes, D., Skara, T., Sivertsvik, M., and Noriega Fernandez
E. 2021. “Seaweed products for the future: Using current tools to develop a sustainablérendsindustry.”

Food Science and Techndl@8y 765-776. https://doi.org/https://doi.org/10.1016/j.tifs.2021.11.002.

Bloomberg. 2022. “2022 Sustainable Aviation Fuel (BldookiergNEMRttps://about.bnef.com/blog/2022
-sustainable-aviation-fuel-outlook.

Blunt, J. W., Copp, B. R., Keyzers, R. A., Munro, M. H., and Prinsep, M. R. 2015. “MarindNa&tumal products.”
Product Repo2(2), 116-211. Doi: 10.1039/c4np00144c.

Bodde, R. 2022. “Bovaer is a game changer for dairy Adirdsbout Fee®ecember 28, 202&tps://www
.allaboutfeed.net/animal-feed/feed-additives/bovaer-is-a-game-changer-for-dairy-farming.

Bolt Threads. 2022. Bolt Technology — MékBditld hreadbttps://boltthreads.com/technology/mylo.

BOP Business News. 2022. “Sam Newbury: Senior investment manadeay@a&fsitg. Business Naugust
1, 202ttps://bopbusinessnews.co.nz/business-under-40s/sam-newbury-senior-investment-manager-quayside

REFERENJERS7



Borrello, E. 2023. “How a gas-busting pill could cut methane from cow burps by 90pc and move the needle on climate
change”ABC NewsFebruary 26, 202Bttps://www.abc.net.au/news/2023-02-26/how-science-is-slashing
-methane-from-cow-burps/10196844.

Bremmers, R. 2016. “How to determine which feed ingredients are ‘EUrapgdr&uedeyyune 16, 2016.
https://lwww.feedstrategy.com/business-markgissiaction-by-region/article/15438657/how-toiteterm
-which-feed-ingredients-are-eu-approved.

Briley, J. 202Q.onfronting Ocean Plastic Pollbtigs://www.pewtrusts.org/en/trust/archive/fall-2020/confronting
-ocean-plastic-pollution.

Burdock, G. A. 2000. “Dietary Supplements and Lessons to Be LearnedRegulaBiRAIoxicology and
Pharmacolog(1), 68—76. https://doi.org/https://doi.org/10.1006/rtph.1999.1369.

Buschmann, A. H., Camus, C., Infante, J., Neori, A., Israel, A., Hernandez-Gonzéalez, Met@l, Fakéda, S. V.,
“Seaweed production: overview of the global state of exploitation, farming and emerging research activity.”
European Journal of Phycdad), 391-406. https://doi.org/10.1080/09670262.2017.1365175.

Business Standard. 2017. “Indian Nutraceuticals industry to touch US$ 8.5 billion by 2022: stddygsApril 19, 2017.
www.business-standard.com/article/news-cm/indian-nutraceuticals-industry-to-touch-us-8-5-billion-by-2022
-study-117041900191_1.html.

Bussy, F., Matthieu, L. G., Salmon, H., Delaval, J., Berri, M., and Collen, P. N. 2019. “Immunomodulating effect of &
seaweed extract from lvaarmoricana in pig: Specific IgG and total IgA in colostrum, nviékesndriglood.”
and Animal Scientel00051. DOI:10.1016/j.vas.2019.100051.

Buxton, A. 2022. “2021 Record Year for Alt Protein Investment, with APAC Showing SignificanGFesding Growth.”
QueenMarch 2, 2022. https://www.greenqueen.com.hk/apac-alt-protein-funding-2021.

Byrne, J. 2022. “Cargill championing dietary nitrate product to bust methaneFesdssivigator.Com
November 22, 202xttps://www.feednavigator.com/Article/2022/11/22/Cargill-championing-dietary-nitrate
-product-to-bust-methane-emissions.

Buyukk | ¢, B. 2022. “Rumin8 to test methane reducing feed additiFeadBradiktditive Magaditvember
16, 2022. https://www.feedandadditive.com/rumin8-to-test-methane-reducing-feed-additive-in-brasil.

Cai, J., Lovatelli, A., Aguilar-Manjarrez, J., Cornish, L., Dabbadie, L., Desrochees ah22iffega®eeds
and microalgae: an overview for unlocking their potential in global aquaculture.dReslepFard and
Agriculture Organization (FAO). https://www.fao.org/documents/card/en/c/cb5670en.

Calderon, C., Geleen, J.; Jossart, J-M, and DecortBjd&r2028. Europe Statistical ReporB028els: Bioenergy
Europe. https://bioenergyeurope.org/index.php?option=com_attachments&task=download&id=2262:SR22
_Biogas_Sample.

Campbell, 1., Kambey, C. S. B., Mateo, J. P., Rusekwa, S. B., Hurtado, A. Q., Msuya, F. E., Stentiford, G. D., and Cotti
Cook, E. J. 2020. “Biosecurity policy and legislation for the global seaweed aquacullouenizidoftry.”

Applied Phycolog®(4), 2133—-2146. https://doi.org/10.1007/s10811-019-02010-5.

Cardozo, K. H. M., Guaratini, T., Barros, M. P., Falcdo, V. R., Tonon, A. P., Lopes, Kt &.,20ampos, S.,
“Metabolites from algae with economical inQuanparative Biochemistry and Physiology Part C: Toxicology
and Pharmacolog®6(1), 60—78. https://doi.org/10.1016/j.cbpc.2006.05.007.

Carrillo, S., Bahena, A., Casas, M., Carranco, M. E., Calvo, C. C., Avila, E., and Pérez-Gil, F., 2012. “The alga Sargass
spp. as alternative to reduce egg cholesterol oGotsam.Journal of Agricultural Sci&(2g, 181-186.

Cengiz, A., Kaya, M., and Pekel Bayramgil, N. 2017. “Flexural stress enhancement of concrete by incorporation
of algal cellulose nanofibe@dhstruction and Building Matetidé®s 289-29ittps://doi.org/10.1016/j
.conbuildmat.2017.05.104.

erna, M. 2011. “Seaweed proteins and amino acids as nutrabawtitads.’Nutr Rigs 297-312ttps://doi
.0rg/10.1016/b978-0-12-387669-0.00024-7.

158 | GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



Charoensiddhi, S., Conlon, M. A., Methacanon, P., Franco, C. M. M., Su, P., and Zhang, W. 2017. “Gut health benefi
of brown seaweed Ecklonia radiata and its polysaccharides demonstrated in vivo idaumaalnobdel.”
Functional Foodg, 676—684. https://doi.org/https://doi.org/10.1016/j.jff.2017.08.040.

Chaves Lopez, C., Serio, A., Rossi, C., Mazzarrino, G., Marchetti, S., Castellani, F., Grotta, L., Fiorentino, F.P., Papare
A., and Martino, G. 2016. “Effect of diet supplementation with Ascophyllum nodosum on cow milk composition
and microbiotaldurnal of Dairy Scie88¢8), 6285-6297. https://doi.org/10.3168/jds.2015-10837.

Chopin, T. and Tacon, A. 2021. “Importance of Seaweeds and Extractive Species in Global Aquaculture Production.”
Reviews in Fisheries Science & Aquaz@(R)re.39—-148. doi: 10.1080/23308249.2020.1810626.

Chopra, A. S., Lordan, R., Horba czuk, O. K., Atanasov, A. G., Chopra, |., Horba czuk,et. a2Q@Pwik, A.,

“The current use and evolving landscape of nutracBbéceiatol R&g5, 106001ttps://doi.org/10.1016/j
.phrs.2021.106001.

Chung, I. K., Sondak, C. F. A., and Beardall, J. 2017. “The future of seaweed aquaculture in a rapidly changing world.”

European Journal of Phycolo@l),5895-505. https://doi.org/10.1080/09670262.2017.1359678.

Claes, J., Hopman, D., Jaeger, G., and Rogers, Blug(d2#bon: The potential of coastal and oceanic
climate actionMcKinsey & Compahntgps://www.mckinsey.com/~/media/mckinsey/business%20functions
/sustainability/our%20insights/blue%20carbon%?20the%20potential%200f%20coastal%20and%20o0ceanic%20
climate%?20action/blue-carbon-the-potential-of-coastal-and-oceanic-climate-action-vf.pdf.

Clark, D., Newcombe, E., Clement, D., Magnusson, M., Lawton, R., Glasson, C., Major, R., StatRidams, S. 2021.
and characterization of Aotearoa New Zealand’s seaweed sector: Environmental effects of seaweed wild-harvest
and aquacultuf®ational Science Challenge).

Cobain, S. 2018. “The trial of nutraceuticalsceutical Business Revigps://www.nutraceuticalbusinessreview
.com/news/article_page/The_trial_of nutraceuticals/144753.

COPA-COGECA and FEFAERTIRIe of good labelling practice for compound feed for food producing animals
https://www.agindustries.org.uk/resource/eu-code-of-good-labelling-practice-for-compound-feed-for-food
-producing-animals.html.

Coppola, G., Gaudio, M. T., Lopresto, C. G., Calabro, V., Curcio, S., and Chakraborty, S. 2021. “Bioplastic from Renewal
Biomass: A Facile Solution for a Greener EnviartieSt/5tems and Environs(2n231—-23ittps://doi
.0rg/10.1007/s41748-021-00208-7.

Corbion. 2022. “Advancing pet food with reliable and sustainable omega-3s from algaehtgpménation.”
.corbion.com/en/Markets/Algae-ingredients/Pet-food.

Corino, C., Di Giancamillo, A., Modina, S. C., and Rossi, R. 2021. “Prebiotic Effects of Seaweed Polysaccharides in Pig:
Animald1(6), 1573. https://doi.org/10.3390/ani11061573.

Coriolis. 2014nvestment opportunities in the New Zealand Petfood htthstiwww.mbie.govt.nz/assets
/c099e55d8f/investment-opportunities-in-the-petfood-industry.pdf.

Costa, M., Cardoso, C., Afonso, C., Bandarra, N. M., and Prates, J. A. 2021. “Current knowledge and future perspective
of the use of seaweeds for livestock production and meat quality: A systendaticnavawinimal
Physiology and Animal Nutritidi$)1®75-1102. DOI: 10.1111/jpn.13509.

Costa-Pierce, B., and Chopin, T. 2021. “The hype, fantasies and realities of aquaculture development globally and in its
new geographiesVorld Aquacultus(2), 23-3hittps://www.researchgate.net/publication/352572613 The
_hype_fantasies_and_realities_of aquaculture_development_globally_and_in_its_new_geographies.

Council of the EU, 2022. “Council gives final green light to corporate sustainability reporting directive.” Press release.
European Council. November 28, BGpg://www.consilium.europa.eu/en/press/press-releases/2022/11/28
/council-gives-final-green-light-to-corporate-sustainability-reporting-directive.

Couteau, C., and Coiffard, L. 2020. “Phycocosmetics and Other Marine Cosmetics, Specific Cosmetics Formulated
Using Marine Resourddsiine Druds8(6), 322. https://doi.org/10.3390/md18060322.

REFERENJERS9



Critchley, A. T., Critchley, J. S. C., Norrie, J., Gupta, S., and Van Staden, J. 2021. “Perspectives on the global biostimula
market: applications, volumes, and values 2016 data and projectionsBm&@@Rlahts for Crops from
Seed Germination to Plant Development: A Practical, Aqgjitechdly Shubhpriya Gupta and Johannes
van Staden, 289-296. Amsterdam: AcademihtByessloi.org/https://doi.org/10.1016/B978-0-12-823048-
0.00012-5.

Cunha, L., and Grenha, A. 2016. “Sulfated seaweed polysaccharides as multifunctional materials in drug delivery
applicationsiMarine Drudsi(3), 42.

DeAngelo, J., Saenz, B. T., Arzeno-Soltero, I. B., Frieder, C. A, Long, M. C., Hamman, J., Davis, K. A., and Davis, S
2023. “Economic and biophysical limits to seaweed farming for climate changdanitig&ian(1),
45-57. https://doi.org/10.1038/s41477-022-01305-9.

D’Arpizio, C., Levato, F., Capellini, M., Flammini, B., Luthra, P., and Improta, G. 2022. “How Brands Can Embrace
the Sustainable Fashion Opportunity.” Bain & Company. Octobéittps;/@208%.bain.com/insights/how
-brands-can-embrace-the-sustainable-fashion-opportunity.

De Nys, R., Wright, A. D., Kénig, G. M., and Sticher, O. 1993. “New halogenated furanones from the marine alga Delise
pulchra (cf. fimbriatagtrahedrof9(48), 11213-11220.

Deepika, C., Ravishankar, G. A., and Rao, A. R. 2022. “Potential Products from Macroalge®ustai@akleiew.” In
Global Resources of Seaweeds Volume 1: Bioresources, Cultivation, Trade and Multifariedde8ipplications
by Ambati Ranga Rao and Gokari A. Ravishankar, 17-44. New York: Springer Internétitpsal/€haiblishing.
.0rg/10.1007/978-3-030-91955-9 2.

Desrochers, A., Cox, S.-A., Oxenford, H. A., and van Tussenbr&@dgBs080Jses Guide: A Resource for
Caribbean Researchers, Entrepreneurs and PolicCktakerf®r Resource Management and Environmental
Studies (CERMES) Technical Report No. 97. Rome: Food and Agriculture OrgtipizAtionn(EAGShIll
.uwi.edu/cermes/projeStgassufdocs/desrochers_et al _2820gassunuses_guide_advance.aspx.

Devine, P. N., Howard, R. M., Kumar, R., Thompson, M. P., Truppo, M. D., and Turner, N. J. 2018. “Extending the applicati
of biocatalysis to meet the challenges of drug develbatueatReviews Chemitp), 409-421.

Dillehay, T. D., Ramirez, C., Pino, M., Collins, M. B., Rossen, J., and Pino-Navarro, J. D. 2008. “Monte Verde: Seawee
Food, Medicine, and the Peopling of South AB&EDad20(5877), 784—78@tps://doi.org/doi:10.1126
/science.1156533.

Dongoski, R. 2021. “Protein reimagined: Challenges and opportunities in the alternativeEYfe@prihdystry.”
2021. https://lwww.ey.com/en_us/food-system-reimagined/protein-reimagined-challenges-and-opportunities-in
-the-alternative-meat-industry.

Dove, C. 2014. “The development of unfired earth bricks using seaweed [opelyoterscture V. WIT
Transactions on Ecology on The Built Envjrbathéritps://doi.org/10.2495/arc140201.

DSM. 2022. “Background information on Bovaer, the feed additive that enables farmers to achieve consistent
methane emission reductions by on average 30% for dairy cows and on average 45% for beef cattle.” Royal DSM
Corporation. September 21, 2a8#://www.dsm.com/content/dam/dsm/corporate/en_US/documents/media
-backgrounder-bovaer-feed-additive-methane-reduction-cows.pdf.

Duszka, K. 2022. “Versatile Triad Alliance: Bile Acid, Taurine and G&dsilida). https://doi.org/10.3390
/cells11152337.

Eccles, R., Meier, C., Jawad, M., Weinmllner, R., Grassauer, A., and Prieschl-Grassauer, E. 2010. “Efficacy and safe
of an antiviral lota-Carrageenan nasal spray: a randomized, double-blind, placebo-controlled exploratory study in
volunteers with early symptoms of the commdresplddtory Reseatdlfl), 10&ps://doi.org/10.1186/1465
-9921-11-108.

EFSA Panel on Dietetic Products, Nutrition and Aller§igienzifit @ pinion on the substantiation of health claims
related to iodine and contribution to normal cognitive and neurological function (ID 273), contribution to normal
energy-yielding metabolism (ID 402), and contribution to normal thyroid function and production of thyroid

160 | GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



hormones (ID 1237) pursuant to Article 13(1) of Regulation (EC). N6 38230206810), 1831-4732.
https://doi.org/10.2903/j.efsa.2010.1800.

Ehrenworth, A. M., and Peralta-Yahya, P. 2017. “Accelerating the semisynthesis of alkaloid-based drugs through
metabolic engineeringdture chemical bioldgy3) 249-258.

El Boukhari, M. E. M., Barakate, M., Bouhia, Y., and Lyamlouli, K. 2020. “Trends in Seaweed Extract Based Biostimulant:
Manufacturing Process and Beneficial Effect on Soil-PlantP&yasd({8,” 35%https://doi.org/10.3390
/plants9030359.

Elkordy, A. A., Haj-Ahmad, R. R., Awaad, A. S., and Zaki, R. M. 2021. “An overview on natural product drug formulation
from conventional medicines to nanomedicines: Past, present dodrivdlicé.Drug Delivery Science and
Technolog§3, 102459.

Ellamie, A. M., Fouda, W. A., Ibrahim, W. M., and Ramadan, G. 2020. “Dietary supplementation of brown seaweed

(Sargassum latifolium) alleviates the environmental heat stress-induced toxicity in male Barki sheep (Ovis aries).”
Journal of Thermal Biol88y102561. https://doi.org/10.1016/j.jtherbio.2020.102561.

Ellsworth, M. 2022. “The CPG Industry is Moving to Sustainable\Wesehdpay, January 26, 2022ps://
blog.wiser.com/the-cpg-industry-is-moving-to-sustainable-packaging.

Elumalai, V., Trobec, T., Grundner, M., Labriere, C., Frange, R., Sepi, K., Hansen, J. H., and Svenson, J. 2022.
“Development of potent cholinesterase inhibitors based on a marine phar@ayapbd&eBiomolecular
Chemistr20(28), 5589-5601. https://doi.org/10.1039/D20B01064J.

Emblemsvag, J., Kvadsheim, N. P., Halfdanarson, J., Koesling, M., Nystrand, B. T., Sunde, J., and Rebours, C. 202(
“Strategic considerations for establishing a large-scale seaweed industry based on fish feed application: a
Norwegian case studjdurnal of Applied Phycol8gg6), 4159—4161tps://doi.org/10.1007/s10811-020
-02234-w.

Embling, R., Neilson, L., Randall, T., Mellor, C., Lee, M. D., and Wilkinson, L. L. 2022. “Edible seaweeds’ as an alternativ
to animal-based proteins in the UK: Identifying product beliefs and consumer traits as drivers of consumer
acceptability for macroalgkedd Quality and Preferelr@ 104613tps://doi.org/https://doi.org/10.1016/j
.foodqual.2022.104613.

Enerdata. 2022. World Energy and Climate Statistics — Yearkomdrdianitps://yearbook.enerdata.net
/electricity/share-electricity-final-consumption.html.

Ershow, A. G., Skeaff, S. A., Merkel, J. M., and Pehrsson, P. R. 2018. “Development of Databases on lodine in Foods al
Dietary Supplementsgutrientd 0(1). https://doi.org/10.3390/nu10010100.

EUR-Lex. 2018. “Use of additives in feedingkiRfiséMay 29, 201&tps://eur-lex.europa.eu/EN/legal-content
/summary/use-of-additives-in-feedingstuffs.html.

European Bioplastics Conference. Boilastics Market Development Update a@&t//docs.european
-bioplastics.org/publications/market_data/2021/Report_Bioplastics_Market_Data_2021_short_version.pdf.

European Food Safety Authority. n.d. “Food suppERr&Mstessed May 14, 2628s://www.efsa.europa.eu
/en/topics/topic/food-supplements.

European Commission. 203fhgle-use plastichttps://environment.ec.europa.eu/topics/plastics/single-use
-plastics_en.

European Union. 2@ammission Implementing Regulation (EU) 2017/2470 of 20 December 2017 establishing the
Union list of novel foods in accordance with Regulation (EU) 2015/2283 of the European Parliament and of the
Council on novel fooHsiropean Union. Retrieved from https://eur-lex.europa.eu/eli/reg_impl/2017/2470/0j.

European Union. 20R2gister of feed additives pursuant to Reg@&tjdwo. 1831/2003. Annex I, List of additives
(release date 06.12.2022). EU Publications Office. https://data.europa.eu/doi/10.2875/110483.

The Exploded View. n.d. “Pressed seaweed tiles: BlueBlocks, Blue City/Sea-Wood Materials.” Accessed March 214,
2023. https://theexplodedview.com/material/pressed-seaweed-tiles.

REFERENJERS1



Evans, F. D., and Critchley, A. T. 2014. “Seaweeds for animal prodmatical asépplied Phycolkgf?),
891-899. https://doi.org/10.1007/s10811-013-0162-9.

Fact.MR. 2022. Zootechnical Feed Additives Mugnkétvww.factmr.com/report/zootechnical-feed-additives
-market.

Faisal, S., Zaky, A., Wang, Q., Huang, J., and Abomohra, A. 2022. “Integrated Marine Biogas: A Promising Approact
towards SustainabiliBefrmentatio8(10), 520.

FAO. 2003A guide to the seaweed induftome: Food and Agriculture Organizatiorht{ps@)\vwww.doc
-developpement-durable.org/file/Culture/culture-algues/algoculture/A%20guide%20t0%20the%20seaweed %20
industry%20FAQ.pdf.

FAO. 2018he global status of seaweed production, trade and utilization: Globefish Research Programme Volume
124 Rome: Food and Agriculture Organization (FAO). https://www.fao.org/documents/card/en?details=CA1121EN.

FAO. 202Report of the Expert Meeting on Food Safety for Seaweed Current Status and FutuRoRerspectives
Food and Agriculture Organization (FAO). https://www.fao.org/3/cc0846en/cc0846en.pdf.

FAO. 2022a. “Good hygiene practices and HACGRtessed May 12, 20s://www.fao.org/food/food
-safety-quality/capacity-development/haccp/en.

FAO. 20223.he State of World Fisheries and Aquaculture 2022: Towards Blue TraRefoem&mad and
Agriculture Organization (FAO). https://www.fao.org/documents/card/en/c/ccO461en.

FAO and WHO. 2@2port of the expert meeting on food safety for seaweed: Current status and future perspectives
Food Safety and Quality Series Report No. 13. Rome: FAGttasd/WitADiao.org/documents/card/en/c
/cc0846en.

Farghali, M., Mohamed, I. M. A., Osman, A. |., and Rooney, D. W. 2022. “Seaweed for climate mitigation, wastewater
treatment, bioenergy, bioplastic, biochar, food, pharmaceuticals, and cosmeticEnwiroeviental
Chemistry Lette?$, 97-152. https://doi.org/10.1007/s10311-022-01520-y.

FDA. 2022. GRAS Substances (SCOGS) bafbassvw.fda.gov/food/generally-recognized-safe-gras/gras
-substances-scogs-database.

Feed Navigator. 20E2ed is one of the target sectors for ambitious EU-funded seawektippriyectyv
.feednavigator.com/Article/2022/06/13/Feed-istbadavget-sectors-for-ambitious-EU-funded-seaweed
-project.

FEFANA. 2023. “Product classification.” FEFANA (Fédération Européenne des Fabricants d’Adjuvants pour la Nutritior
Animal) (EU Association of Specialty Feed Ingredients and thdittpéixtietas)a.org/our-industry/product
-classification.

Ferrell, M. 2022. “Why Seaweed Could Be the Future ofURIBEICIDEDIog), June 28, 202itps://
undecidedmf.com/episodes/why-seaweed-could-be-the-future-of-plastic.

Figuly, G. D., Gande, M. E., Kim, M., and Miller, Rl @&e2A2ased polymers and products, and their manufacture
WO02022040043A1. World Intellectual Propétg://patents.google.com/patent/W02022040043A1
/en?assignee=algiknit&oqg=algiknit.

Filbee-Dexter, K. 2020. “Ocean Forests Hold Unigue Solutions to Our Current EnvirdbnecBitR{E¥is.”

398-401. https://doi.org/10.1016/j.oneear.2020.05.004.

Fitton, J. H., Stringer, D.N., Karpiniec, S.S., and Park A.Y. 2019. “The manufacture, characterization, and uses of fucoidar
from macroalgae.”Enzymatic Technologies for Marine Polysaccédite@dy Antonio E. Trincone. Boca
Raton: CRC Press. https://doi.org/10.1201/9780429058653.

Fletcher, K. 2010. “Slow Fashion: An Invitation for SystenisaShmmgeracti@¢?) 259-26%ttps://doi.org/1
0.2752/175693810X12774625387594.

Fletcher, R. 2021a. “Restorative aquaculture: Ocean Reief6ishtSjtllarch 19, 20Ritps://thefishsite.com
[articles/restorative-aquaculture-ocean-rainforest.

162 | GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



Fletcher, R. 2021b. “Should seaweed be more widely used in shrithp féelsSjtdune 29, 202ittps://
thefishsite.com/articles/should-seaweed-be-more-widely-used-in-shrimp-feeds.

Fleurence, J. 1999. “Seaweed proteins: biochemical, nutritional aspects and poEmdsiusend Science &
Technologl0(1) 25-28. https://doi.org/10.1016/S0924-2244(99)00015-1.

Fleurence, J. 2004. “Seaweed proteirbdtins in Food Proceséimgt Edition), edited by Rickey Y. Yada,

245-262. Sawston, Cambridge, UK: Woodhead Publishing. DOI: 10.1533/9781855738379.1.197.

Fleurence, J. 2016. “Seaweeds as Food.” Chapter 5 in J. Fleurence and ISeavieedaad$igalth and Disease
Preventiofi149—-167). Academic Press. https://doi.org/10.1016/B978-0-12-802772-1.00005-1.

Fleurence, J., Morangais, M., and Dumay, J. 2018. “SeaweedRatigims ihlFood ProcegSegond Edition),
edited by Rickey Y. Yada, 245-262. Sawston, Cambridge, UK: Woodhead Publishing.https://doi.org/10.1016/B978
-0-08-100722-8.00010-3.

Forbord, S. 2022. “Upscaling and technological development projects by SINTEF Ocean.” Keynote paper presented at
the Seagriculture USA 2022 Conference, 7-8 September 2022, Portland, Maine.

Forrest, F. 2022. “H&M Group joins funding for seaweed yarn makieisAfikeitine 29, 202Rttps://www
Jjust-style.com/news/hm-group-joins-funding-for-seaweed-yarn-maker-algiknit.

Fortune Business Insights. 2022a. “Pet Food Market Size, Share & COVID-19 |Rpdohdmalgsiess
InsightsMarch 2022. https://www.fortunebusinessinsights.com/industry-reports/pet-food-market-100554.

Fortune Business Insights. 2022b. “Dietary Supplements Market Size, Share & COVID-1%brjoaet Analysis.”
Business Insighisinuary 2028ttps://www.fortunebusinessinsights.com/dietary-supplements-market-102082.

Fortune Business Insights. 2022c. “Immune Health Supplements Market Size, Share & COVID-19 Impact Analysis.
Fortune Business Insightay 202https://www.fortunebusinessinsights.com/immune-health-supplements
-market-103319.

Fu, X.-M., Zhang, M.-Q., Shao, C.-L., Li, G.-Q., Bai, H., Dai, G.-L., Chen, Q.-W., Kong, W., Fu, X.-J., and Wang, C.-Y. Z
“Chinese Marine Materia Medica Resources: Status and Nratewi&rugs4(3), 4éttps://www.mdpi
.com/1660-3397/14/3/46.

Gajaria, T. K., and Mantri, V. A. 2022. “Emerging Trends on the Integrated Extraction of Seaweed Proteins: Challenges
and Opportunities.”Snstainable Global Resources of Seaweeds Volume 2: Food, Pharmaceutical and Health
Applicationgdited by Ambati Ranga Rao and Gokari A. Ravishankar, 219-234. New York: Springer International
Publishing. https://doi.org/10.1007/978-3-030-92174-3 11.

Gajaria, T. K., Suthar, P., Baghel, R. S., Balar, N. B., Sharnagat, P., Mantri, V. A., and Reddy, C. R. K. 2017. “Integrat
of protein extraction with a stream of byproducts from marine macroalgae: A model forms the basis for marine
bioeconomyBioresour Technol 2887—873. https://doi.org/https://doi.org/10.1016/j.biortech.2017.06.149.

Galan-Marin, C., Rivera-Gomez, C., and Petric, J. 2010. “Clay-based composite stabilized with natural polymer and
fibre."Construction and Building Mat@dé8), 1462—-1468. https://doi.org/10.1016/j.conbuildmat.2010.01.008.

Galoustian, G. 2021. “Sargassum Now World’s Largest Harmful Algal Bloom Duinevtes Niesidarida
Atlantic University, May 24, 2021. https://www.fau.edu/newsdesk/articles/nitrogen-seaweed-study.php.

Ganesan, A. R., Tiwari, U., and Rajauria, G. 2019. “Seaweed nutraceuticals and their therapeutic role in disease prevention
Food Science and Human Well(@s852—-26Bttps://doi.org/https://doi.org/10.1016/j.fshw.2019.08.001

Geetha Bai, R., and Tuvikene, R. 2021. “Potential Antiviral Properties of Industrially Important Marine Algal
Polysaccharides and Their Significance in Fighting a Future ViraViPaseeB(8)." https://doi.org/10.3390
/v13091817.

Gegg, P., and Wells, V. 2019. “The development of seaweed-derived fuels in the UK: An analysis of stakeholder issues
and public perceptiorisdergy Polidg3, 110924. https://doi.org/10.1016/j.enpol.2019.110924.

Gerhardt, N., and Allen, S. 2022. "How Much Does Bamboo FloéranheSddtih&eptember 26, 2022.
https://lwww.forbes.com/home-improvement/flooring/bamboo-flooring-cost.

REFERENJERS3



Gerwick, W. H., and Moore, B. S. 2012. “Lessons from the past and charting the future of marine natural products drug
discovery and chemical biol@emistry Biolog9(1), 85-98.

Ghaderiardakani, F., Collas, E., Damiano, D. K., Tagg, K., Graham, N. S., and Coates, J. C. 2019. “Effects of gree
seaweed extract on Arabidopsis early development suggest roles for hormone signalling in plant responses to
algal fertilisersScientific Repof€l), 1-13.

Ghosh, S., Lee, S.-M., Jung, C., and Meyer-Rochow, V. B. 2017. “Nutritional composition of five commercial
edible insects in South Korlautnal of Asia-Pacific Entom@o(), 686—694titps://doi.org/10.1016/].
aspen.2017.04.003

Glasson, C. R. K., Kinley, R. D., de Nys, R., King, N., Adams, S. L., Packer, M. A., Svenson, J., Eason, C. T., a
Magnusson, M. 2022. “Benefits and risks of including the bromoform contairfsgaeaoepsid feed
for the reduction of methane production from rumitgaltsyesear@, 10267 Bittps://doi.org/10.1016/j
.algal.2022.102673.

Global Data. 20Market Value of Green Building in United States of America (2017-202ittp$: Milion)
.globaldata.com/data-insights/construction/market-value-of-green-building-in-united-states-of-america.

Globe Newswire. 2022. “Global Nutraceuticals Market to Reach $441.7 Bill&obsy I2626Wjrapril 19,

2022. https://www.globenewswire.com/en/news-release/2022/04/19/2424934/0/en/Global-Nutraceuticals
-Market-to-Reach-441-7-Billion-by-2026.html.

GM Insights. 2022. “Nutraceuticals Market Size By Product (...), By Form (...), By Condition (...), By Distribution Chanr
(...), Industry Analysis Report, Regional Outlook, Growth Potential, Competitive Market Share & Forecast 2022
— 2030."Global Market Insighasigust. https://www.gminsights.com/industry-analysis/nutraceuticals-market.

Gonzalez Pefia, O. |., Lopez Zavala, M. A., and Cabral Ruelas, H. 2021. “Pharmaceuticals market, consumption trend
and disease incidence are not driving the pharmaceutical research on water andnieastsvoatsr.”
journal of environmental research and publiclB&)th532.

Good Food Institute. 2@2&fining alternative protéfrl, July 12, 20@®ps://gfi.org/defining-alternative-protein.

Good Food Institute India. Z%hnological Review of Algae-based Proteins for Alternative Protein Applications
GFI Indiahttps://www.gfi.org.in/fwp-content/uploads/2021/02/Technological _Review_of Algae-based_Proteins
_for_AlternativeProteinApplications_GFI_India.pdf.

Government of Ireland. 26&hort of the food vision beef and sheep group to mitigate greenhouse gas emissions
from the beef sector (Food Vision.2030)

Grandview Research. 20#gestive Health Products Market Size, Share and Trends Analysis Report By Ingredient
(...), By Product (...), By Region, and Segment Forecasts 202&s:/208%.grandviewresearch.com
/industry-analysis/digestive-health-products-market.

Grassauer, A., Weinmuellner, R., Meier, C., Pretsch, A., Prieschl-Grassauer, E., and Unger, H. 2008. “lota-Carrageena
is a potent inhibitor of rhinovirus infedtiosidgy Journa{l), 1-13.

Gregersen, O., Bak, U. G., Zwaanenburg, L., Gunnarsdéttir, K. Y., and Borefelakillit90st0dy on Blue
Fashion using cultivated seaweed for textile proditamfiphyconomy.net/wp-content/uploads/2020/11
/seaweed-textile-feasibility-study.pdf.

GreenWave. nkelp Climate Fund MethodolBgyenWave. Accessed March 3hgpR3/www.greenwave.org
/methodology.

Gullén, B., Gagaoua, M., Barba, F. J., Gullén, P., Zhang, W., and Lorenzo, J. M. 2020. “Seaweeds as promising resourc
of bioactive compounds: Overview of novel extraction strategies and design of tailored freatprioducts.”
Food Science and Techndl6gy1-18.

Gupta, M., Hart, P., Krebsbach, S., Da Gama, L., Baungaard, C., Treweret, dl. 282le\e Future of Feed:
A WWF Roadmap to Accelerating Insect Protein in hip&dedsw.wwf.org.uk/sites/default/files/2021-06
[The_future_of _feed_July_2021.pdf.

164 | GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



GVR. 201Bjioplastics Market Size & Share Report 2022512080View Reseantips://www.grandviewresearch
.com/industry-analysis/bioplastics-industry.

Haefner, B. 2003. “Drugs from the deep: marine natural products as druganpDses/ery Today2),
536-544.

Hafting, J. T., Craigie, J. S., Stengel, D. B., Loureiro, R. R., Buschmann, A. H., Yarish, C., Edwards, M. D., and Critchley
T. 2015. “Prospects and challenges for industrial production of seaweeddioaativbBhycoldgl(5),
821-837.

Hamann, M. T., and Scheuer, P. J. 1993. “Kahalalide F: a bioactive depsipeptide from the sacoglossan mollusk Elysic
rufescens and the green alga Bryopsisispal of the American Chemical Sddétg), 5825-5826.

Hanna, E., Rémuzat, C., Auquier, P., and Toumi, M. 2016. “Advanced therapy medicinal products: current and future
perspectivesJournal of market access and health4(dljc$1036.

Hanry, E. L., and Surugau, N. 2020. “Characteristics and Properties of Biofiims Made from Pure Carrageenan Powder
and Whole Seaweed (Kappaphycu¥ospr)dl of Advanced Research in Fluid Mechanics and Thermal Sciences
76(2), 99-110. https://doi.org/10.37934/arfmts.76.2.99110.

Harnedy, P. A., and FitzGerald, R. J. 2013. “Extraction of protein from the macroalga PalvaraRmachata.”
Science and Technolbgyfl), 375—-382. https://doi.org/https://doi.org/10.1016/j.lwt.2012.09.023.

Harrison, R. K. 2016. Phase Il and phase lll failures: 2eit8rBEviews Drug discovEr®)1B17-8h8ps://
doi.org/10.1038/nrd.2016.184.

Hegarty R. S., Cortez Passetti R. A., Dittmer K. M., Wang Y., Shelton S., Emmet-Bootletlgl\2@l&aberg E.,

“An evaluation of emerging feed additives to reduce methane emissions from livestock.” (First Edition). Global
Research Alliancéttps://globalresearchalliance.org/wp-content/uploads/2021/12/An-evaluation-of-evidence
-for-efficacy-and-applicability-of-methane-inhibiting-feed-additives-for-livestock-FINAL.pdf.

Hegarty, R., Cortez Passetti, R., Dittmer, K., Wang, Y., Shelton, S., Emmet-Booth, &t &/ ierthrE.,
evaluation of evidence for efficacy and applicability of methane inhibiting feed additives for livestock.” Global
Research Alliance.

Hermans, S. 2021. “Seaweed Aquaculture’s Untapped PotézitiaReporOctober 12, 20Aitps://www
.proteinreport.org/seaweed-aquacultures-untapped-potential.

Hermans, S. 2021. “State of the Seaweed IndustBhg6@8admybecember 20, 20&ftps://phyconomy.net
/state-of-the-industry-2022/government.

Hermans, S. 2023. “2023 Seaweed State of the IRthystopndmy — Tracking the seaweed ec(nlog)y
January 7, 2023. https://phyconomy.net/articles/2022-seaweed-review.

Hernandez, V., Ibarra, D., Triana, J. F., Martinez-Soto, B., Faundez, M., Vasco, D. A., Gordillo, L., Herrera, F., Garci
Herrera, C., and Garmulewicz, A. 2022. “Agar Biopolymer Films for Biodegradable Packaging: A Reference Dataset
for Exploring the Limits of Mechanical PerforMater@ld5(11), 3954. https://doi.org/10.3390/mal5113954.

Hidawati, Nissa, R. C., Dawam, A. H., and Marganingrum, D. 2022. “Preliminary study on seaweed fermentation for
lactic acid productioiJP Conference Series: Earth and Environmental Bci¢h;e012018s://doi
.0rg/10.1088/1755-1315/1017/1/012013.

Hooper, K., and Dace, H. 20&1Protein Problem: How Scaling Alternative Proteins Can Help People and Planet.
Tony Blair Institute for Global Chdmtpes://institute.global/policy/protein-problem-how-scaling-alternative
-proteins-can-help-people-and-planet.

Hossain M. F., R. M., Burniston T., Wu M. A. W., Kettay@&L9A"Evaluation of Fucoxanthin Content in Popular
Weight Loss Supplements: The Case for Stricter Regulation of Dietary Supptsn&eiglit-Loss Medic
5:031. https://doi.org/doi.org/10.23937/2572-4010.1510031.

Hou, X., Hansen, J. H., and Bjerre, A.-B. 2015. “Integrated bioethanol and protein production from brown seaweed
Laminaria digitatBibresour Techyi®7, 310-3hi#ps://doi.org/https://doi.org/10.1016/j.biortech.2015.08.091.

REFERENJERS5



Houser, K. 2019. “Kanye West unveils Yeezy sneakers made of &lgaeidodrigs://futurism.com/kanye
-west-yeezy-sneakers-algae.

Howell, M. 2028 .kelp farmer’s guide to blue cafbenFish SjtAugust 26, 202&tps://thefishsite.com/articles
/a-kelp-farmers-guide-to-blue-carbon-mckinsey.

Hui, Y., Tamez-Hidalgo, P., Cieplak, T., Satessa, G. D., Kot, W., Kjeerulff, S., Nielsen, M. O., Nielsen, D. S., and Krych
2021. “Supplementation of a lacto-fermented rapeseed-seaweed blend promotes gut microbial- and gut immune-
modulation in weaner piglelstirnal of Animal Science and Biotechrii#t¢t)y 8bttps://doi.org/10.1186
/s40104-021-00601-2.

Hwang, E. K., Choi, H. G., and Kim, J. K. 2020. “Seaweed resourcBstahicardégtriné3(4), 395-405.
https://doi.org/10.1515/bot-2020-0007.

IEA (International Energy Agency). 2022. “Bioenergy: Energy systeliA@apiember, 203&tps://www
.iea.org/reports/bioenergy.

IFIF International Feed Industry Federation). 2021. “Global Feed Statistics.” https://ifif.org/global-feed/statistics.

Iha, M., and Fujii, R. 2021. “Production of Carotenoids from Cultivatedi8&agpaeddd Biab1, 21-2itps://
doi.org/10.1007/978-981-15-7360-6_3.

Imarc. n.dGreen Building Materials Market: Global Industry Trends, Share, Size, Growth, Opportunity and Forecast
2023-2028Accessed March 2, 2023. https://www.imarcgroup.com/green-building-materials-market.

Ingeo™ Fibre Apparel Product GuiddliaeseWorkshttps://www.natureworksllc.com/~/media/Technical
_Resources/Fact_Sheets/Fibers/FactSheet_Apparel_FibertoFabric_pdf.pdf.

Institute for Molecular Bioscience. n.d. “Solar Fuels.” Accessed May 14, 2023. Brisbane, Australia: University of
Queensland. https://imb.ug.edu.au/solar-fuels.

QI Petfood. 2022. “Seaweeds as a rich source of prebiotic dietary fibers and important nutrients for pet food.”
International Quality Ingredients (IQI) Petfoods, Decembehts2D@w.iqgi-petfood.com/whitepaper
/seaweeds-as-a-rich-source-of-prebiotic-dietary-fibers-and-other-important-nutrients-for-pet-food.

Ismail, N., Abdullah, A., and Suri, R. 2016. “Effects of drying methods, solvent extraction and particle size of Malaysian
brown seaweeBargassursp. On the total phenolic and free radical scavengingraetivéticnal Food
Research Jour2d, 1558-1563.

IUCN. n.dNature-based Solutiolmernational Union for Conservation of Nature (IUCN). Accessed March 3, 2023.
https://www.iucn.org/our-work/nature-based-solutions.

Jia, Y., Quack, B., Kinley, R. D., Pisso, I., and Tegtmeier, S. 2022. “Potential environmental impact of bromoform from
Asparagopsfarming in Australiétinospheric Chemistry and PIR3Xits), 76317 6dips://doi.org/10.5194
lacp-22-7631-2022.

Li, S., Yu, K., Huo, Y., Zhang, J., Wu, H., Cai, C., Liu, Y., Shi, D., and He, P. 2016. “Effects of Nitrogen and Phosphor
Enrichment on Growth and Photosynthetic Assimilation of Carbon in a Green Tide-Edvaimg Bpizies (
in the Yellow SeHBlydrobiologia76, 161-171. https://doi.org/10.1007/s10750-016-2749-z.

Lsbi. 2019. “Navigating regulations (EU novel foods, US GRAS) to deliver fodifeirsmeateriased
innovations (Lshiplog).https://www.Isbi.eu/blog/navigating-regulations-eu-novel-foods-us-gras-deliver-food
-innovation.

James Dyson Award. 2@2doBio James Dyson Award website. Last accessed May h8p028vw
.jamesdysonaward.org/en-CA/2021/project/algobio.

Jeong, Y., Lee, S. W., Kim, Y., Kim, K., Seo, U., and Bae, K. H. 2019. “Relationship of sociodemographic and
anthropometric characteristics, and nutrient and food intakes with osteoarthritis prevalence in elderly subjects
with controlled dyslipidaemia: a cross-sectionahsiadat J Clin Nu(28337—-84Https://doi.org/10.6133
/apjcn.201912 28(4).0021.

Jiménez, C. 2018. “Marine Natural Products in Medicinal 86&wadicinal Chemistry LO{(tED3, 959-961.
https://doi.org/10.1021/acsmedchemlett.8b00368.

166 | GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



Johnson, D. and Bates, C. 2022. “Using Kelp Farms to Help Fish BMdiv@csiyibgraplidog)https://
amloceanographic.com/blog/post/kelp-farms-help-fish-biodiversity.

Jordan, P., and Vilter, H. 1991. “Extraction of proteins from material rich in anionic mucilages: partition and fractionation
of vanadate-dependent bromoperoxidases from the brown algae Laminaria digitata and L. saccharina in aqueous
polymer two-phase systeBisthim Biophys Atia3(1), 98—1htips://doi.org/10.1016/0304-4165(91)90188-

m.

Joubert, Y., and Fleurence, J. 2008. “Simultaneous extraction of proteins and DNA by an enzymatic treatment of the
cell wall of Palmaria palmata (Rhodoplouaél of Applied PhycoRkfefit), 55-6https://doi.org/10.1007
/s10811-007-9180-9.

Kadam, S. U., Alvarez, C., Tiwari, B. K., and O’'Donnell, C. P. 2017. “Extraction and characterization of protein from Iris
brown seaweed Ascophyllum nodoBaod’Research Internati®8all021-102ittps://doi.org/https://doi
.0rg/10.1016/j.foodres.2016.07.018.

Kamunde, C., Sappal, R., and Melegy, T. M. 2019. “Brown seaweed (AquaArom) supplementation increases food intake
and improves growth, antioxidant status and resistance to temperature stress in Atlantic salmon, Salmo salar.”
PloS On&4(7), e0219792. https://doi.org/10.1371/journal.pone.0219792.

Keel Labs. “Kelsun.” Accessed May 13, 2023. https://www.keellabs.com/kelsun.
Kandasamy, S., Fan, D., Sangha, J. S., Khan, W., Evans, F., Critchley, A. T., and Prithiviraj, B. 2011. “Tasco, a Produc

Ascophyllum nodosum, Imparts Thermal Stress Tolerance in Caenorhabidiisreddgam®(11), Article
11. https://doi.org/10.3390/md9112256.

Kennedy, J. 2008. “Mutasynthesis, chemobiosynthesis, and back to semi-synthesis: combining synthetic chemistry
and biosynthetic engineering for diversifying natural phaducas Product Rep@8§€1) 25-34.

Kerchev, P., van der Meer, T., Sujeeth, N., Verlee, A., Stevens, C. V., Van Breusegem, F., and Gechev, T. 2020. “Molecul
priming as an approach to induce tolerance against abiotic and oxidative stresses Biateah ptdogy.”
Advance40, 107503.

Khoury, K. 2021. “6 feed additives that can reduce cows’ methane Emid3alysChu¢thlog). Darigold,
December 20, 2021. https://www.darigold.com/6-feed-additives-reduce-cows-methane-emissions.

Kim, S. K. (Ed.). 28Ahdbook of Marine Macroalgae: Biotechnology and Applied PlopailegyNew Jersey:
John Wiley and Sons.

Kinley, R., Tan, S., Turnbull, J., Askew, S., and Roque, B. 2021. “Changing the Proportions of Grass and Grain in Fee
Substrate Impacts the Efficaéysmdragopsigxiformis to Inhibit Methane Production inAvitenitan
Journal of Plant Scient2d 2), 1835-1858.

Kinley, R. D., Martinez-Fernandez, G., Matthews, M. K., de Nys, R., Magnusson, M., and Tomkins, N. W. 2020. “Mitigatin
the carbon footprint and improving productivity of ruminant livestock agriculture using almdsalaieed.”
Cleaner Productiah9, 120836. https://doi.org/10.1016/j.jclepro.2020.120836.

Koe, T. 2018. “Japanese fucoidan supplement manufacturer eyes Taiwan and South East Asia markets.” Nutralngredients
Asia, September 24, 20h8tps://www.nutraingredients-asia.com/Article/2018/09/24/Japanese-fucoidan
-supplement-manufacturer-eyes-Taiwan-and-South-East-Asia-markets.

Koesling, M., Kvadsheim, N. P., Halfdanarson, J., Emblemsvag, J., and Rebours, C. 2021. “Environmental impacts o
protein-production from farmed seaweed: Comparison of possible scenarioslonrhanetleaner
ProductioB07, 127301. https://doi.org/https://doi.org/10.1016/j.jclepro.2021.127301.

Kraan, S. 2012. “Algal Polysaccharides, Novel Applications and@ubobidrates: Comprehensive Studies
on Glycobiology and Glycotechnokttited by Chuan-Fa Chang. London, UK: Intelsti@pédoi
.0rg/10.5772/51572.

Krause-Jensen, D., and Duarte, C. M. 2016. “Substantial role of macroalgae in marine carbdlategquestration.”
Geoscienc®(10), 737-742. https://doi.org/10.1038/ngeo2790.

REFERENJERS7



Krause-Jensen, D., Lavery, P., Serrano, O., Marba, N., Masque, P., and Duarte, C. M. 2018. “Sequestration of macroalg
carbon: the elephant in the Blue Carbon Riolody Letter$4(6) 2018023bttps://doi.org/10.1098
/rsbl.2018.0236.

Kriegh, J., Magwood, C., and Srubar, W.&2Bah-Storing Materials: Summary.R&pybian Leadership Forum,
University of Washington College of Built Environttpsi¥earbonleadershipforum.org/carbon-storing
-materials.

LaFrenz, C. 2022. “Can seaweed save the Aumid®ian Financial ReyNawvember 16, 20B&ps://www.afr
.com/companies/agriculture/can-seaweed-save-the-world-20221114-p5by7g.

Lahteenmaki-Uutela, A., Rahikainen, M., Camarena-Gomez, M. T., Piiparinen, J., Spilling, K., and Yang, B. 2021
“European Union legislation on macroalgae préduastlture Internatiogal2), 487-508ttps://doi
.0rg/10.1007/s10499-020-00633-X.

Lambert, L. 2022. “Why lumber prices have nearly tripled again since cratering a fewFortuigs ago.”
December 1, 2022tps://fortune.com/2022/01/12/lumber-prices-skyrocket-again-weather-sawmill-production
-supply-chain

Larsen, K. 20%eaweed Architecture: Eelgrass as a Construction Isgtahtps://issuu.com/kathrynlarsen
/docs/seaweedarchitecture.

Laurens, L. M. L., and Nelson, R. S. 2020. “Sustainable technologies for seaweed conversion to biofuels and
bioproducts.” Chapter 21Sustainable Seaweed Technologies: Cultivation, Biorefinery, and Applications
(First Edition), edited by Maria Dolores Torres, Stefan Kraan, and Herminia Domingpgz/wEisevier.
.sciencedirect.com/science/article/pii/B9780128179437000226.

Laurienzo, P. 2010. “Marine polysaccharides in pharmaceutical applications: Maroveriievg8(9)
2435-2465.

Leatherhead food research. 2020. “The regulatory landscape for animal product lattiesoatives.”
leatherheadfood.com/wp-content/uploads/2020/12/Plant-based-animal-alternatives_whitepaper.pdf.

Leibbrandt, A., Meier, C., Kbnig-Schuster, M., Weinmullner, R., Kalthoff, D., Pflugfelder, B., Graf, P., Frank-Gehrke, B
Beer, M., and Fazekas, T. 2010. “lota-carrageenan is a potent inhibitor of influenza ARls8sdnéection.”
5(12), e14320. https://doi.org/10.1371/journal.pone.0014320.

Leong, Y. K., and Chang, J.-S. 2022. “Bioprocessing for production and applications of bioplastics from algae.” Chapter
6 inBiomass, Biofuels, and Biochenfitgde-Based Biomaterials for Sustainable Development — Biomedical,
Environmental Remediation and Sustainability Ass@Ssshetlition), edited by Huu Ngo, Wenshan
Guo, Ashok Pandey, Jo-Shu Chang, and Duu-Jong Ledttpdsduminghub.elsevier.com/retrieve/pii
/B9780323961424000087.

Li, X., Norman, H. C., Kinley, R. D., Laurence, M., Wilmot, M., Bender, H., de Nys, R., and Tomkins, N. 2018. “Asparagop
taxiformis decreases enteric methane production fromAstep.Production Scieb8 681-688.
DOI:10.1071/AN15883.

Li, Y.-X., Wijesekara, I., Li, Y., and Kim, S.-K. 2011. “Phlorotannins as bioactive agents fidrackssvn algae.”
Biochemistd6(12), 2219-2224.

Lim, C., Yusoff, S., Ng, C. G., Lim, P. E., and Ching, Y. C. 2021. “Bioplastic made from seaweed polysaccharides wit
green production methodstirnal of Environmental Chemical EngiBé€egy,ii§589bttps://doi.org/10.1016
/j.jece.2021.105895.

Lim, J.-Y., Hii, S.-L., Chee, S.-Y., and Wong, C.-L. 2018. “Sargassum siliquosum J. Agardh extract as potential materi
for synthesis of bioplastic filournal of Applied PhycoR@), 3285-329ttps://doi.org/10.1007/s10811
-018-1603-2.

Lim, Y. S, Lee, S. W., Tserendejid, Z., Jeong, S. Y., Go, G., and Park, H. R. 2015. “Prevalence of osteoporosis accordi
to nutrient and food group intake levels in Korean postmenopausal women: using the 2010 Korea National Health
and Nutrition Examination Survey BatiaRes Pref5), 539-546. https://doi.org/10.4162/nrp.2015.9.5.539.

168 | GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



Liu, D., Ouyang, Y., Chen, R., Wang, M., Ai, C., El-Seedi, H. R., Sarker, M. M. R., Chen, X., and Zhao, C. 202
“Nutraceutical potentials of algal ulvan for healthy lagidgBiol Macromt®4, 422-43ttps://doi
.0rg/10.1016/j.ijbiomac.2021.11.084.

Liu, D., Ouyang, Y., Chen, R., Wang, M., Ai, C., El-Seedi, H. R., Sarker, M. M. R., Chen, X., and Zhao, C. 202
“Nutraceutical potentials of algal ulvan for healthy lagidgBiol Macromit®4, 422—-43Attps://doi
.0rg/10.1016/j.ijbiomac.2021.11.084.

Loew, C. 2022. “Urchin farming company gets world first blue carbon cre8edtodiSpiircBecember
15, 202 ttps://www.seafoodsource.com/news/environment-sustainability/urchin-farming-company-gets-world
-first-blue-carbon-credit-for-kelp.

Lomartire, S., and Goncalves, A. M. M. 2022. “An Overview of Potential Seaweed-Derived Bioactive Compounds for
Pharmaceutical Applicatidvarine DrugX(2), 141. https://doi.org/10.3390/md20020141.

Lomartire, S., Marques, J. C., and Gongalves, A. M. M. 2022. “An Overview of the Alternative Use of Seaweeds to Produc
Safe and Sustainable Bio-Packagpdied Sciencd(6), 3123. https://doi.org/10.3390/app12063123.

Lépez Miranda, J. L., Celis, L. B., Estévez, M., Chavez, V., van Tussenbroek, B. I., Uribe-Marének, A., Cuevas, E.,
2021. “Commercial Potential of Pelagic Sargassum spp. IRrdtéieicsoin Marine ScieBichttps://doi
.0rg/10.3389/fmars.2021.768470.

Lépez-Hortas, L., Flérez-Fernandez, N., Torres, M. D., Ferreira-Anta, T., Casas, M. P., Balboa, E. M., Falqué, E., ai
Dominguez, H. 2021. “Applying Seaweed Compounds in Cosmetics, Cosmeceuticals ant¥htécosmetics.”
Drugsl9(10), 552. https://doi.org/10.3390/md19100552.

Lordan, R. 2021. “Dietary supplements and nutraceuticals market growth during the coronavirus pandemic —
Implications for consumers and regulatory ovdpsigihaNutritiob8, 10028ttps://doi.org/10.1016/j
.phanu.2021.100282.

Losada-Lopez, C., Dopico, D. C., and Faina-Medin, J. A. 2021. “Neophobia and seaweed consumption: Effects on
consumer attitude and willingness to consume sdateeeakional Journal of Gastronomy and Food Science
24, 100338. https://doi.org/https://doi.org/10.1016/].ijgfs.2021.100338.

Lgvdal, T., Lunestad, B. T., Myrmel, M., Rosnes, J. T., and Skipnes, D. 2021. “Microbiological Food Safety of Seaweeds
Foodg0(11) 2719. https://doi.org/10.3390/foods10112719.

Lozano Mufioz, |., and Diaz, N. F. 2022. “Minerals in edible seaweed: health benefits and foOdtSaéaty issues.”
Food Sci N82(6), 1592-1607. https://doi.org/10.1080/10408398.2020.1844637.
Lu, Z. X., He, J. F,, Zhang, Y. C., and Bing, D. J. 2020. “Composition, physicochemical properties of pea protein and its

application in functional foodstical Reviews in Food Science and Na@(itibn2593—260%tps://doi.or
0/10.1080/10408398.2019.1651248.

Macdonald, N. 2023. “Meet the Australian carrying the weight of Kiwi dairy farmers’ methane-busting hopes.” Stuff,
January 15, 2023tps://www.stuff.co.nz/environment/climate-news/130839805/meet-the-australian-carrying-
the-weight-of-kiwi-dairy-farmers-methanebusting-hopes.

Machado, L., Magnusson, M., Paul, N. A., de Nys, R., and Tomkins, N. 2014. “Effects of marine and freshwater
macroalgae on in vitro total gas and methane prolmHdaDrig(1), e85289.

Machado, M., Machado, S., Pimentel, F. B., Freitas, V., Alves, R. C., and Oliveira, M. B. P. P. 2020. “Amino Acid Profi
and Protein Quality Assessment of Macroalgae Produced in an Integrated Multi-Trophic Aquaculture System.”
Food9(10). https://doi.org/10.3390/foods9101382.

Macreadie, P. ., Costa, M. D. P., Atwood, T. B., Friess, D. A., Kelleway, J. J., Kennedy, H., Lovelock, C. E., Serrano,
and Duarte, C. M. 2021. “Blue carbon as a natural climat&atluidReviews Earth and Environment 2
https://doi.org/10.1038/s43017-021-00224-1.

Magnusson, M., Glasson, C. R. K., Vucko, M. J., Angell, A., Neoh, T. L., and de Nys, R. 2019. “Enrichment processes 1
the production of high-protein feed from the green deélzaeiedoi.’/Algal Researdli, 101555ttps://doi
.org/https://doi.org/10.1016/.algal.2019.101555.

REFERENJERS9



Magnusson, M., Vucko, M. J., Neoh, T. L., and de Nys, R. 2020. “Using oil immersion to deliver a naturally-derived,
stable bromoform product from the red seAsps@gopstsxiformisAlgal Researdi, 102065ttps://
doi.org/10.1016/j.algal.2020.102065.

Mahapatra, G. P., Raman, S., Nayak, S., Gouda, S., Das, G., and Patra, J. K. 2020. “Metagenomics approaches i
discovery and development of new bioactive compounds from marine actomgmeiditobiology
77(4), 645-656.

O’Mahoney, M., Rice, O., Mouzakitis, G., and Burnell, G. 2014. “Towards sustainable feeds for abalone culture: Evaluatin
the use of mixed species seaweed meal in formulated feeds for the Japartdakotibalmueishanhai
Aquaculturé30: 9-16. https://doi.org/10.1016/j.aquaculture.2014.02.036.

Mahrose, K. M., and Michalak, I. 2022. “Seaweeds for Animal Feed, Current Status, Challenges, and Opportunities.”
In Sustainable Global Resources of Seaweeds Volume 1: Bioresources, cultivation, trade and multifarious
applicationsedited by Ambati Ranga Rao and Gokari A. Ravishankar, 357—-379. New York: Springer International
Publishing. https://doi.org/10.1007/978-3-030-91955-9_19.

Manefield, M., Rasmussen, T. B., Henzter, M., Andersen, J. B., Steinberg, P., Kjelleberg, S., and Givskov, M. 2002
“Halogenated furanones inhibit quorum sensing through accelerated LuxMid¢twbhmleg§t48(4),

1119-1127.

Manlusoc, J. K. T., Hsieh, C.-L., Hsieh, C.-Y., Salac, E. S. N., Lee, Y.-T., and Tsai, P.-W. 2019. “Pharmacologic applica
potentials of sulfated polysaccharide from marin@algaer$1(7), 1163.

Mariana, M., Alfatah, T., Shawkataly, A. K., Yahya, E. B., Olaiya, N. G., Nuryawan, A., Mistar, E. M., Abdullah, C. k
Abdulmadjid, S. N., and Ismail, H. 2021. “A current advancement on the role of lignin as sustainable reinforcement
material in biopolymeric blendisirnal of Materials Research and Techhbl@p87—-2316ttps://doi
.0rg/10.1016/j.jmrt.2021.08.139.

Marinho, G., Nunes, C., Sousa-Pinto, I., Pereira, R., Rema, P., and Valente, L. M. P., 2013. “The IMTA-cultivate
Chlorophyta Ulva spp. as a sustainable ingredient in Nlleeticipiarhis nilotipdgets.” Journal of Applied
Phycology 25(5): 1359-1367. DOI:10.1007/s10811-012-9965-3.

Markets and Marke2922Biostimulants Market by Active Ingreautigst// www.marketsandmarkets.com/Market
-Reports/biostimulant-market-1081.html.

Market Reports World. 2023. “Global Omega 3 Products Market Status, Trends and COVID-19 Impact Report 2022.”
Market Reports Worlkeebruary 20, 2028Bttps://www.marketreportsworld.com/-global-omega-3-products
-market-22689983.

MarketWatch. 2022. “Fucoidan Market Insights 2022 With Top Leaders| Growth Opportunity with 3.41%
CAGR, Share and Growth till 20B8gs://www.marketwatch.com/press-release/fucoidan-market
-research-2023-2030-2023085

Marsham, S., Scott, G. W., and Tobin, M. L. 2007. “Comparison of nutritive chemistry of a range of temperate seaweeds.
Food ChettD0(4), 1331-1336. https://doi.org/https://doi.org/10.1016/j.foodchem.2005.11.029.

Martinez-Lépez, E., Pérez-Guerrero, E. E., Torres-Carrillo, N. M., Lépez-Quintero, A., Betancourt-Nufez, A., anc
Gutiérrez-Hurtado, I. A. 2022. “Methodological Aspects in Randomized Clinical Trials of Nutritional Interventions.”
Nutrientd4(12). https://doi.org/10.3390/nu14122365.

Material District. 2019. “A House Built with Seaweed.” Januahytfd:/20a@rialdistrict.com/article/house-built
-seaweed.

McCullough, C. 2019. “Harvesting seaweed for calik Adyenlit Feeduly 1, 2018tps://www.allaboutfeed.net
/all-about/new-proteins/harvesting-seaweed-for-cattle-feed.

McCusker, S., Buff, P. R., Yu, Z., and Fascetti, A. J. 2014. “Amino acid content of selected plant, algae and insect
species: a search for alternative protein sources for use in petifioadst'Nutritional Sciehdtps://doi
.0rg/10.1017/jns.2014.33.

170| GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



Mercer, L., Serin, E., Pearson, N., and Kyriacou, G. 2022. “What are nature-based solutions to climate change?” Londor
School of Economics (LSE) Grantham Research Institute on Climate Change and the Environment, November 15
2022. https:/iwww.Ise.ac.uk/granthaminstitute/explainers/what-are-nature-based-solutions-to-climate-change.

Michaelowa, A., Hermwille, L., Obergassel, W., and Butzengeiger, S. 2019. “Additionality revisited: guarding the
integrity of market mechanisms under the Paris Agi@kmatat.Polid®(10), 1211-18@@s://doi.org/10.1
080/14693062.2019.1628695.

Michalak, I., and Mahrose, K. 2020. “Seaweeds, Intact and Processed, as a Valuable Component of Poultry Feeds.”
Journal of Marine Science and Enging@)jngttps://doi.org/10.3390/jmse8080620.

Milledge, J. J., Smith, B., Dyer, P. W., and Harvey, P. 2014. “Macroalgae-derived biofuel: a review of methods of energy
extraction from seaweed biomBssrgieg(11), 7194—7222.

Miller, S., Landis, A., and Theis, T. 2007. “Feature: Environmental Trade-offs of BiobdsSedil@rodantain.”
Science and Technoldfyfl5), 5176-5182. https://doi.org/10.1021/es072581z.

Mintec Global Packaging In8821https://www.mintecglobal.com/top-stories/mintec-global-packaging-index-up
-68-year-on-year.

Monteiro, P., Cotas, J., Pacheco, D., Figueirinha, A., da Silva, G. J., Pereira, L., and Goncgalves, A. M. M. 2022. “Seawee
as Food: How to Guarantee Their QualBy@tdimable Global Resources of Seaweeds Volume 2: Food,
Pharmaceutical and Health Applicat¢idibsd by Ambati Ranga Rao and Gokari A. Ravishankar, 309-321. New
York: Springer International Publishing. https://doi.org/10.1007/978-3-030-92174-3_16.

Mordor Intelligence. 2021a. Pet Food Market — Growth, Trends, COVID-19 Impact, and Foreb#gis.f2021-2026).
www.mordorintelligence.com/industry-reports/global-pet-food-market-industry.

Mordor Intelligence. 2021b. Pet Food Nutraceutical Market Report (2022—2027) — Industry ShattpsS3ize, Growth.
www.mordorintelligence.com/industry-reports/global-pet-food-nutraceutical-market-industry.

Morgan, K. C., Wright, J. L., and Simpson, F. 1980. “Review of chemical constituents of the red alga Palmaria palmate
(Dulse) Economic BotaB4(1) 27-5bttps://www.academia.edu/58106267/Review_of chemical_constituents
_of _the_red_algaPalmaria_palmata_dulse.

Moroney, N .C., O'Grady, M. N., Robertson, R. C., Stanton, C., O'Doherty, J. V., and Kerry, J. P. 2015. “Influence c
level and duration of feeding polysaccharide (laminarin and fucoidan) extracts from brewinsemveed (
digitatd on quality indices of fresh pork.” Meat Science 99(Suppl. 3), 132-141. DOI:10.1016/j.meatsci.2014.08.016.

Morrissey, J., Kraan, S., and Guiry, M. B.q20@4 to commercially important seaweeds on the Iridhldogst
Ireland: Irish Bord lascaigh Mhara/lrish Sea Fisheriag3oardvw.academia.edu/1864462/A guide_to
_commercially_important_seaweeds_on_the_lrish_coast.

Moshood, T. D., Nawanir, G., Mahmud, F., Mohamad, F., Ahmad, M. H., and AbdulGhani, A. 2022. “Sustainability of
biodegradable plastics: New problem or solution to solve the global plastiCyrodintiBe®earch in Green
and Sustainable Chemistr300273. https://doi.org/10.1016/j.crgsc.2022.100273.

Msuya, F. E., and Hurtado, A. Q. 2017. “The role of women in seaweed aquaculture in the Western Indian Ocean anc
South-East Asigliropean Journal of Phycdi@@y), 482—494ttps://doi.org/10.1080/09670262.2017.13570
84.

Mukherjee, A., and Patel, J. S. 2020. “Seaweed extract: biostimulator of plant defense and plant productivity.”
International Journal of Environmental Science and TecHi9)dgh3—558tps://doi.org/10.1007/s13762
-019-02442-z.

Munda, I. M. 1977. “Differences in amino acid composition of estuarine and madpatfoddalars)

273-280. https://doi.org/https://doi.org/10.1016/0304-3770(77)90029-8

Murray, M., Dordevic, A. L., Bonham, M. P., and Ryan, L. 2018. “Do marine algal polyphenols have antidiabetic,
antihyperlipidemic or anti-inflammatory effects in humans? A systentatitaaviewéws in food science
and nutritioB8(12), 2039-2054.

REFERENJEE71



Nabti, E., Jha, B., and Hartmann, A. 2017. “Impact of seaweeds on agricultural crop production as biofertilizer.”
International Journal of Environmental Science and TelehBd)ddyl 9—1h89s://doi.org/10.1007/s13762
-016-1202-1.

Nagappan, S., Das, P., AbdulQuadir, M., Thaher, M., Khan, S., Mahata, C., Al-Jabri, H., Vatland, A. K., and Kumatr,
2021. “Potential of microalgae as a sustainable feed ingredient for ajoacdtuweBiotechnol@ghl,

1-20. https://doi.org/10.1016/j.jbiotec.2021.09.003.

Nakhate, P., and van der Meer, Y. 2021. “A Systematic Review on Seaweed Functionality: A Sustainable Bio-Basec
Material.Sustainability3(11), 6174. https://doi.org/10.3390/su13116174.

Nanda, N., and Bharadvaja, N. 2022. “Algal bioplastics: current market trends and techdieah aspects.”
Technologies and Environmental 24(8)y2659—-2679. https://doi.org/10.1007/s10098-022-02353-7.

Nanda, S., Patra, B. R., Patel, R., Bakos, J., and Dalai, A. K. 2022. “Innovations in applications and prospects of
bioplastics and biopolymers: A reiavironmental Chemistry Le2@(k), 379—39%tps://doi.org/10.1007
/s10311-021-01334-4.

Naseri, A., Jacobsen, C., Sejberg, J. J. P., Pedersen, T. E., Larsen, J., Hansen, K. M., and Holdt, S. L. 2020. “Mult
Extraction and Quality of Protein and Carrageenan from CommercigLSipgursardenticulajtiffoods
9(8), 1072. https://doi.org/10.3390/foods9081072.

National Center for Biotechnology Information. 2022. “PubChem Compound Summary for CID 5558, Bromoform.”
PubChemrmAccessed May 13, 2023. https://pubchem.ncbi.nim.nih.gov/compound/Bromoform.

National Institutes of Health 2022. “lodine: Fact Sheet for Health Proiéi§dmstalptiated April 28, 2022.
https://ods.od.nih.gov/factsheets/lodine-HealthProfessional.

Nestlé. 2019. “Nestlé to partner with Corbion for the development of microalgae-based ingredients for plant-based
products.”"Nestlé November 7, 2019. Accessed May 13htg@2Bwww.nestle.com/aboutus/research
-development/news/partnership-corbion-microalgae-plant-based-products.

Nestlé. 2022Waste Reduction: Reducing packaging and footlegigtéccessed May 13, 268Bs://www
.nestle.com/sustainability/waste-reduction.

Newman, D. J., and Cragg, G. M. 2016. “Drugs and Drug Candidates from Marine Sources: An Assessment of the
Current ‘State of Plagléinta Me82, 775—-789.

Newman, D. J., and Cragg, G. M. 2020. “Natural Products as Sources of New Drugs over the Nearly Four Decades fron
01/1981 to 09/20I8¢irnal of Natural Prod8&{8), 770-803. https://doi.org/10.1021/acs.jnatprod.9b01285.

Newman, J. C., Malek, A. M., Hunt, K. J., and Marriott, B. P. 2019. “Nutrients in the US Diet: Naturally Occurring or
Enriched/Fortified Food and Beverage Sources, Plus Dietary Supplements: NHANESu2@2093§2012."
Nutritior149(8), 1404—-1412. https://doi.org/10.1093/jn/nxz066.

Nickel, R. 2020. “Burps to burgers: food companies wrangle climate-warming cattkeet@isSiepieinber
18, 2020. https://www.reuters.com/article/us-climate-change-livestock-idUKKBN2691GJ.

Niego, A. G., Rapior, S., Thongklang, N., Raspé, O., Jaidee, W., Lumyong, S., and Hyde, K. D. 2021. “Macrofungi a
a Nutraceutical Source: Promising Bioactive Compounds and Maikeungil{Basalj5). https://doi
.0rg/10.3390/jof7050397.

Nieuwenhuizen, C. 2019. “Seaweed blends enhance digestion for pets.” Barentz. Accessettptay 15, 2023.
www.barentz.com/news-events/seaweed-blends-enhance-digestion-for-pets.

Niu, G., and Li, W. 2019. “Next-generation drug discovery to combat antimicroblaéneisstaBi@chemical
Scienced4(11), 961-972. DOI: 10.1016/j.tibs.2019.05.005.

Ocean Visions. 2023. “State of Techn@oggh Vision§ebruary 14, 2028tps://www2.oceanvisions.org
/roadmaps/macroalgae-cultivation-carbon-sequestration/state-of-technology.

O’Doherty, J. V., Dillon, S., Figat, S., Callan, J. J., and Sweeney, T. 2010. “The effects of lactose inclusion and seawee
extract derived fraraminarigpp. On performance, digestibility of diet components and microbial populations

172 | GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



in newly weaned pigé&himal Feed Science and Technb®t($—4), 173—1Bfps://doi.org/10.1016/]
.anifeedsci.2010.03.004.

Olsthoorn, S. E. M., Wang, X., Tillema, B., Vanmierlo, T., Kraan, S., Leenen, P. J. M., and Mulder, M. T. 2021. Brov
Seaweed Food Supplementation: Effects on Allergy and Inflammation and Its Clutsents3(&s.
https://doi.org/10.3390/nu13082613.

Onen Cinar, S., Chong, Z. K., Kucuker, M. A., Wieczorek, N., Cengiz, U., and Kuchta, K. 2020. “Bioplastic Productior
from Microalgae: A Reviavernational Journal of Environmental Research and Pullie(Hoal8842.
https://doi.org/10.3390/ijerph17113842.

Opperskalski, S., and Riley, K. PBREustainability of Biosynthetics: How biosynthetics can be part of the fashion
and textile industry’s journey towards a regenerative and circulaxfikuExchange, May 1, B@p2://
textileexchange.org/app/uploads/2022/05/Textile-Exchange_The-Sustainability-of-Biosynthetics.pdf.

@verland, M., Mydland, L. T., and Skrede, A. 2019. “Marine macroalgae as sources of protein and bioactive compounds
in feed for monogastric animataitnal of the Science of Food and Agri@Qitlye 13—-24ttps://doi
.0rg/10.1002/jsfa.9143.

Pacheco, D., Araujo, G., Silva, J. W. A., Cotas, J., Gongalves, A. M. M., and Pereira, L. 2022. “Red Seaweeds: Their U
in Formulation of Nutraceutical Food Prod&istainable Global Resources of Seaweeds Volume 2: Food,
Pharmaceutical and Health Applicagiditsd by Ambati Ranga Rao and Gokari A. Ravishankar, 253—-265. New
York: Springer International Publishing. https://doi.org/10.1007/978-3-030-92174-3 13.

Palangi, V., and Lackner, M. 2022. “Management of Enteric Methane Emissions in Ruminants Using Feed Additives:
A ReviewAnimald2(24). https://doi.org/10.3390/ani12243452.

Pangestuti, R., and Siahaan, E. A. 2018. “Seaweed-Derived CaBibactids S&aweeds for Food Applications:

Natural Ingredients for Healthy [Héts Edition), edited by Yimin Qin, 95-107. AcadehiipSfeasw
.sciencedirect.com/science/article/pii/B9780128133125000054.

Passive House+. 2021. “Denmark sets out phased embodied carbon targets for buildings.”Hitpsch 29, 2021.
passivehouseplus.co.uk/news/general/denmark-sets-out-phased-embodied-carbon-targets-for-buildings.

Patel, P. 2021. “In a big step towards sustainable fashion, scientists create a biodegradable, carbon-capturing textile
from algae.AnthropoceneMay 6, 202hitps://www.anthropocenemagazine.org/2021/05/algae-could-help
-make-the-fashion-industry-green.

PetCubes. 2023. Wholistic Digest-All Plus — Prebiotics and Probiotics for Dogs & Cats. PetCubes, accessed May 13
2023. https://www.petcubes.com/collections/wholistic-pet-organics-supplements/products/digest-all-plus.

PetFood Industry. 2019. “Tasco: Ahead of the seaweed trend.” ApfiktpS.//@0d9.petfoodindustry.com
[articles/8076-tasco-ahead-of-the-seaweed-trend.

Petruzzi, E. 2021. “Pleats of Matter,” C-Biom.A Thesis Studio, Institute for Advanced Architecture of Catalonia (IAAC
(blog), December 22, 20%ths://www.iaacblog.com/programs/pleats-of-matter-c-biom-a-thesis-studio-elena
-petruzzi.

Phyconomy. 2022. “Phyconomy tries to improve the flow of information in the seawesd .jploysindmy
.net.

Phyconomy. 2023. “2023 Seaweed State of the Industry.” https://phyconomy.net/articles/2022-seaweed-review/.

Plastics Europe. 2022. “Plastics — the Facts 2022.” Octohigp20pasticseurope.org/knowledge-hub/plastics
-the-facts-2022.

Polaris Market Research. 2022ket Research Repbitps://www.polarismarketresearch.com/industry-analysis
/bone-and-joint-health-supplements-market.

Polat, S., Trif, M., Rusu, A., Simat, V., agalj, M., Alak, G., Meral, R., Ozogul, Y., Polat, A., and Ozogul, F. 2021. “Rece
advances in industrial applications of seav@#ital' Reviews in Food Science and NutBmrhttps:/
doi.org/10.1080/10408398.2021.2010646.

REFERENJEE73



Polikovsky, M., Gillis, A., Steinbruch, E., Robin, A., Epstein, M., Kribus, A., and Golberg, A. 2020. “Biorefinery for the
co-production of protein, hydrochar and additional co-products from a grddivagawgil subcritical
water hydrolysisEnergy Conversion and Managel2&nt113380ittps://doi.org/https://doi.org/10.1016/]
.enconman.2020.113380.

Porse, H., and Rudolph, B. 2017. “The seaweed hydrocolloid industry: 2016 updates, requirements, and outlook.”
Journal of Applied PhycoR8($) 2187—-2200. https://doi.org/10.1007/s10811-017-1144-0.

Postma, P. R., Cerezo-Chinarro, O., Akkerman, R. J., Olivieri, G., Wijffels, R. H., Brandenburg, W. A., and Eppink, |
H. M. 2018. “Biorefinery of the macrdabgadactucaextraction of proteins and carbohydrates by mild
disintegrationJournal of Applied PhycoB&(®), 1281-1293. https://doi.org/10.1007/s10811-017-1319-8.

PR Newswire. (2022). “CH4 Global Announces First Commercial Sale of Proprietary Methane-Reducing Asparagopsis
Feed Supplement for Cattldittps://www.prnewswire.com/news-releases/ch4-global-announces-first
-commercial-sale-of-proprietary-methane-reducing-asparagopsis-feed-supplement-for-cattle-301567940
.html?tc=eml_cleartime.

Prabhu, M. S., Levkov, K., Livney, Y. D., Israel, A., and Golberg, A. 2019. “High-Voltage Pulsed Electric Field Preprocessi
Enhances Extraction of Starch, Proteins, and Ash from Marind MaotoaA€S Sustainable Chemistry
and Engineerin@20), 17453—-17463. https://doi.org/10.1021/acssuschemeng.9b04669.

Praveena, R., and Muthadhi, A. 2016. “A Review on Application of Seaweed in Consthutioatiodaktry.”

Journal of Emerging Technology and Advanced Endi(®eribg0—14https://dl.icdst.org/pdfs/filesl
/b65b2b51ed1743d22d4a29cc05aae509.pdf.

Purcell-Meyerink, D., Packer, M. A., Wheeler, T. T., and Hayes, M. 2021. “Aquaculture Production of the Brown Seaweed
Laminaria digitaemdMacrocystis pyrifefspplications in Food and PharmaceWotdsiile26(5). https://
doi.org/10.3390/molecules26051306.

Purdom, S., and Zou, K. R2inating on methane emissions: A gut check on reducing bdviinegbe ipsch
VC, June 24, 2022. https://climatetechvc.substack.com/p/-ruminating-on-methane-emissions.

Pyratex. 2022a. “Pyratex and ASICS: Shizuka Collection.” Accessed May 13, 2023. https://www.pyratex.com/asics.
Pyratex. 2022b. “PYRATEX seacell.” https://www.pyratex.com/seacell.

Qin, P., Wang, T., and Luo, Y. 2022. “A review on plant-based proteins from soybean: Health benefits and soy product
developmentJournal of Agriculture and Food Re&gd@®265. https://doi.org/10.1016/j.jafr.2021.100265.

Qin, Y. 2008. “Alginate fibres: an overview of the production processes and applications in wound management.”
Polymer InternatioBd|(2), 171-180. https://doi.org/10.1002/pi.2296.

Rabbat, C., Awad, S., Villot, A., Rollet, D., and Andrés, Y. 2022. “Sustainability of biomass-based insulation materials
in buildings: Current status in France, end-of-life projections and energy recoveRepoiatilalahd
Sustainable Energy Revieys 111962. https://doi.org/10.1016/j.rser.2021.111962.

Rajauria, G. 2015. “Seaweeds: a sustainable feed source for livestock and aquacultureSe@wapidr 15 in
Sustainability: Food and Non-Food Applicatibed by Brijesh. K. Tiwari and Declan J. Troy, 389—420.
Academic Press. https://www.sciencedirect.com/science/article/pii/B9780124186972000155.

Rajauria, G., Cornish, L., Ometto, F., Msuya, F. E., and Villa, R. 2015. “Identification and selection of algae for food, feec
and fuel applications.” ChapterS&aweed Sustainability: Food and Non-Food Appédégdrisy Brijesh.

K. Tiwari and Declan J. Troy, 315-345. Academic Press. https://doi.org/10.1016/B978-0-12-418697-2.00012-X.

Rayorath, P., Khan, W., Palanisamy, R., MacKinnon, S. L., Stefanova, R., Hankins, S. D., Critchley, A. T., and Prithivil
B. 2008. “Extracts of the brown seafdsegphyllum nodosimduce gibberellic acid (GA3)-independent
amylase activity in barldglrnal of Plant Gowth Regul2fi¢s), 370-378ttps://doi.org/10.1371/journal
.pone.0206221.

Razzag, Z. U., Khan, M. K. I, Maan, A. A., and Rahman, S. u. 2020. “Characterization of single cell protein from
Saccharomyces cerevisiae for nutritional, functional and antioxidantjoopaitesFood Measurement
and Characterizatita(5) 2520-2528. https://doi.org/10.1007/s11694-020-00498-x.

174| GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



Reddy, M. M., Vivekanandhan, S., Misra, M., Bhatia, S. K., and Mohanty, A. K. 2013. “Biobased plastics and
bionanocomposites: Current status and future oppoRuogiess in Polymer Sci8B8¢E0—-11), 1653—-1689.
https://doi.org/10.1016/j.progpolymsci.2013.05.006.

Rengasamy, K. R. R., Mahomoodally, M. F., Aumeeruddy, M. Z., Zengin, G., Xiao, J., and Kim, D. H. 2020. “Bioactiv
compounds in seaweeds: An overview of their biological properties BoddsafetyChemical Toxicology
135, 111013. https://doi.org/10.1016/j.fct.2019.111013.

Rey-Crespo, F., Lopez-Alonso, M., and Miranda, M. 2014. “The use of seaweed from the Galician coast as a minera
supplement in organic dairy cattéhaB(4): 580-586. DOI: 10.1017/S1751731113002474.

Research and Markets. 2020. “Global Cannabidiol (CBD) Oil Market Report 2020-2025: Market to Grow from $967.2
Million in 2020 to $5.3 Billion by 2025.” Globe Newswire, Septembénttps; /A0R0v.globenewswire.com
/news-release/2020/09/15/2093501/28124/en/Global-Cannabidiol-CBD-Oil-Market-Report-2020-2025-Market
-to-Grow-from-967-2-Million-in-2020-to-5-3-Billion-by-2025.html.

Reynolds, D., Caminiti, J., Edmundson, S., Gao, S., Wick, M., and Huesemann, M. 2022. “Seaweed proteins are
nutritionally valuable components in the humafAndéican Journal of Clinical Nuttifi6(4), 855-861.
https://doi.org/10.1093/ajcn/ngac190.

Rimmer, M. A., Larson, S., Lapong, ., Purnomo, A. H., Pong-Masak, P. R., Swanepoel, L., and Paul, N. A. 2021. “Seawe
Aquaculture in Indonesia Contributes to Social and Economic Aspects of Livelihoods and Community Wellbeing.”
Sustainability3(19), 10946. https://doi.org/10.3390/su131910946.

Rioux, L.-E., Beaulieu, L., and Turgeon, S. L. 2017. “Seaweeds: A traditional ingredients for new gastronomic sensation.
Food Hydrocolloifi8 255—-265. https://doi.org/10.1016/j.foodhyd.2017.02006\&8ary special issue) .

Ritchie, H., and Roser, M. 20228. “Plastic P@utigvdtld in Datatps://ourworldindata.org/plastic-pollution.

Roach, L. A., Meyer, B. J., Fitton, J. H., and Winberg, P. 2022. “Improved Plasma Lipids, Anti-Inflammatory Activity, anc
Microbiome Shifts in Overweight Participants: Two Clinical Studies on Oral Supplementation with Algal Sulfated
Polysaccharidéfarine Drug(8), 500. https://www.mdpi.com/1660-3397/20/8/500.

Rodriguez-Navarro, A. J., Lagos, N., Lagos, M., Braghetto, I., Csendes, A., Hamilton, J., Figueroa, C., Truan, D., Garci
C., and Rojas, A. 2007. “Neosaxitoxin as a local anesthetic: preliminary observations from affireat human trial.”
Journal of the American Society of Anesthesif)6¢2y{s339-345.

Roe, A. L., and Venkataraman, A. 2021. “The Safety and Efficacy of Botanicals with NGoinegit Effects.”
Neuropharmacolog(9), 1442—-1467. https://doi.org/10.2174/1570159x19666210726150432.

Rojas, P., Jung-Cook, H., Ruiz-Sanchez, E., Rojas-Tomé, I. S., Rojas, C., Lépez-Ramirez, A. M., and Reséndiz-Albol
A. 2022. “Historical Aspects of Herbal Use and Comparison of Current Regulations of Herbal Products between
Mexico, Canada and the United States of Amiedi€mnViron Res Public HE2(#8). https://doi.org/10.3390
/ijerph192315690.

Roque, B. M., Brooke, C. G., Ladau, J., Polley, T., Marsh, L. J., Najafgt\l, Patele¥ flect of the macroalgae
Asparagopsisxiformis on methane production and rumen microbiome asganméddditrobiormés).
https://doi.org/10.1186/s42523-019-0004-4.

Rosa, G. P, Tavares, W. R., Sousa, P. M., Pagés, A. K., Seca, A. M., and Pinto, D. C. 2019. “Seaweed secondary metabc
with beneficial health effects: An overview of successes in in vivo studies anduiinioaDriadis3(1), 8.

Rose, D., and Hemery, L. 2023. “Macroalgae aquaculture as a potential carbon dioxide removal strategy—Responsible
Seafood Advocate.” Global Seafood Alliance, January 3@fp2028~vw.globalseafood.org/advocate
/macroalgae-aquaculture-as-a-potential-carbon-dioxide-removal-strategy.

Rosenboom, J.-G., Langer, R., and Traverso, G. 2022. “Bioplastics for a cirdi&uer&emieyws Materials
7(2), 117-137. https://doi.org/10.1038/s41578-021-00407-8.

Ross, F., Tarbuck, P., and Macreadie, P. I. 2022. “Seaweed afforestation at large-scales exclusively for carbon
sequestration: Critical assessment of risks, viability and the state of knontledgm”Marine Sciehce
https://doi.org/10.3389/fmars.2022.1015612.

REFERENJEE75



Rossignolo, J. A., Felicio Peres Duran, A. J., Bueno, C., Martinelli Filho, J. E., Savastano Junior, H., and Tonin, F. G. 202
“Algae application in civil construction: A review with focus on the potential usesSdrtasgalagic
BiomassJournal of Environmental Manage388ni14258. https://doi.org/10.1016/j.jenvman.2021.114258.

Rupérez, P., and Saura-Calixto, F. 2001. “Dietary fibre and physicochemical properties of edible Spanish seaweeds.”
European Food Research and Tech2b¥§g), 349—354. https://doi.org/10.1007/s002170000264.

Russo, A. 2020. “Half of World’'s GDP Moderately or Highly Dependent on Nature, SaysiciacBeporic”

Forum(blog) https://www.weforum.org/press/2020/01/half-of-world-s-gdp-moderately-or-highly-dependent-on
-nature-says-new-report.

Rydne, N., and Neeringsliv, D. 2020. “DN: Kelp-based plastic teasesStmdegidridlutiomdarch 8, 2020.
https://seaweedsolutions.com/news/the-entrepreneur-was-served-an-organic-drink-with-plastic-straws-then
-came-the-idea-for-a-new-type-of-plastic.

S&P Global. 20Biostimulants 2022: Executive SumAeegssed May 14, 202ths://www.spglobal.com
/commodityinsights/en/ci/Info/1222/biostimulants-report-2022.html.

Sakai, R., Minato, S., Koike, K., Koike, K., Jimbo, M., and Kamiya, H. 2005. “Cellular and subcellular localization of kainic
acid in the marine red aligenea simpléell and Tissue Rese8a2(3), 491-50&tps://doi.org/10.1007
/s00441-005-0035-x.

Salehi, B., Sharifi-Rad, J., Seca, A. M. L., Pinto, D. C. G. A., Michalak, I., Trincone, A., Mishra, A. P., Nigam, M., Zam,
and Martins, N. 2019. “Current Trends on Seaweeds: Looking at Chemical Composition, Phytopharmacology, and
Cosmetic Applicatiohddlecule24(22), 4182. https://doi.org/10.3390/molecules24224182.

Sanchez-Machado, D. I., Lopez-Cervantes, J., Lopez-Hernandez, J., and Paseiro-Losada, P. 2004. “Fatty acids, tota
lipid, protein and ash contents of processed edible se&aeédStier85(3), 439-444titps://doi.org
/https://doi.org/10.1016/j.foodchem.2003.08.001.

Sands, J. 2022. “Seaweed as a Premium Natural Prebiotic foce@ngsiarvest Technaldgyps://
oceanharvesttechnology.com/natural-prebiotic-dogs.

Santini, A., and Novellino, E. 2017. “To Nutraceuticals and Back: Rethinkingoad8&(®etttps://doi
.0rg/10.3390/foods6090074.

Santini, C., Supino, S., and Bailetti, L. 2023. “The Nutraceutical Industry: trends and dynam@aseChapter 1 in
Studies on the Business of Nutraceuticals, Functional and SepéeBdydSristina Santini, Stefania Supino,
and Lucia Bailetti, 3—20. Sawston, Cambridge, UK: Woodheadh&pbligthingrg/https://doi.org/10.1016
/B978-0-12-821408-4.00006-7.

Santos, S. A,, Félix, R., Pais, A. C., Rocha, S. M., and Silvestre, A. J. 2019. “The quest for phenolic compounds frol
macroalgae: A review of extraction and identification methoBioiogikculeX(12), 847.

SargaCreto. 202.futuro de la construccién sosteAddessed May 14, 2023. https://sargacreto.com.mx.

Saricam, C., Erdumlu, N., Silan, A., Dogan, B. L., and Sonmezcan, G. 2017. “Determination of consumer awarenes
about sustainable fashit@P Conference Series: Materials Science and ErpA¢erndl 720B¢ps://
doi.org/10.1088/1757-899X/254/17/172024.

Schlander, M., Hernandez-Villafuerte, K., Cheng, C.-Y., Mestre-Ferrandiz, J., and Baumann, M. 2021. “How Much Doe
It Cost to Research and Develop a New Drug? A Systematic Review anBeseasotectrion86¢11),

1243-1269. https://doi.org/10.1007/s40273-021-01065-y.

Schleder, D. D., Blank, M., Peruch, L. G. B., Poli, M. A., Gongalves, P., Rosa, K. V., Fracalossi, D. M., Vieira, F. do
Andreatta, E. R., and Hayashi, L. 2020. “Impact of combinations of brown seaweeds on shrimp gut microbiota
and response to thermal shock and white spot disgaaseulturée19, 734778ttps://doi.org/10.1016/j
.aquaculture.2019.734779.

Schmitz, A. 2021. “Roundtable: Methane-reducing feed Bdulifiessive Da{ilog). AG Proud, May 24, 2021.
https://lwww.agproud.com/articles/35681-roundtable-methane-reducing-feed-additives.

176 | GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



Schroder, T., and Amadeo, S. 2022. “Decarbonising livestock: The challenges and opportunities of reducing methane
emissions.Penguin Perspectivgdog). South Pole, December 12, i#2#2//www.southpole.com/blog
/decarbonising-livestock-the-challenges-and-opportunities-of-reducing-methane-emissions.

Seadling. n.d. “PhycoBio: Animal health solutions from sustainable seaweed.” Accessehitttsy\idw2023.
.seadling.com/products.

The Seaweed Company. 2023. “Our Impact.” Accessed Mayhtids:2028v.theseaweedcompany.com/our
-impact.

Seaweed Insights. 2023. “Sales: Gracilaria.” Accessed May 14, 2023. https://seaweedinsights.com/sales-gracilaria.

Senni, K., Pereira, J., Gueniche, F., Delbarre-Ladrat, C., Sinquin, C., Ratiskol, J., Godeau, G., Fischer, A.-M.
Helley, D., and Colliec-Jouault, S. 2011. “Marine polysaccharides: a source of bioactive molecules for cell
therapy and tissue engineerivpiine Drug8(9), 1664-168tttps://www.technologynetworks.com
/drug-discovery/news/marine-polysaccharides-a-source-of-bioactive-molecules-for-cell-therapy-and-tissue
-engineering-200268

Shannon, E., and Abu-Ghannam, N. 2019. “Seaweeds as nutraceuticals for healtRaymblogi&a8os);
563-577. https://doi.org/10.1080/00318884.2019.1640533.

Shannon, E., Conlon, M., and Hayes, M. 2021. “Seaweed Components as Potential Modulators of the Gut Microbiota.
Mar Drug$9(7). https://doi.org/10.3390/md19070358.

Sheehan, J., Dunahay, T., Benemann, J., and RoessleroR.B&88at the US Department of Energy’s Aquatic
Species Program: Biodiesel from Algae; Close-OltRbladiinal Renewable Energy Labbtigsrdoi
.0rg/10.2172/15003040; https://www.nrel.gov/docs/legosti/fy98/24190.pdf.

Shields, R., and Lupatsch, I. 2012. “Algae for Aquaculture and AnimAITUReedsZeitschrifrf
Technikfolgenabsch 8tzung in Theorie und Rigx&3237. https://doi.org/10.14512/tatup.21.1.23.

Shrestha, S., Zhang, W., and Smid, S. D. 2021. Phlorotannins: “A review on biosynthesis, chemistry and bioactivity.”
Food Bioscien88, 100832. https://doi.org/10.1016/j.fbi0.2020.100832.

SiteStak. 2021. “SiteStak Study Lays Bare The Construction Industry’s Plastic Waste Problem.” November 1, 2021
Accessed May 14, 20RBps://www.sitestak.co.uk/news/sitestak-study-lays-bare-the-construction-industrys
-plastic-waste-problem.

Skrzypczyk, V. M., Hermon, K. M., Norambuena, F., Turchini, G. M., Keast, R., and Bellgrove, A. 2019. “Is Australia
seaweed worth eating? Nutritional and sensorial properties of wild-harvested Australian versus commercially
available seaweed#gurnal of Applied PhycoRBiq¥), 709—724. https://doi.org/10.1007/s10811-018-1530-2.

SmartFiber. n.d. “SEACELL: Value the power of nature.”3madfiiberaccessed May 14, 202ths://
smartfiber.de/en/seacell.

Soleymani, M., and Rosentrater, K. A. 2017. “Techno-Economic Analysis of Biofuel Production from Macroalgae
(SeaweedBioengineering(4), 92. https://doi.org/10.3390/bioengineering4040092.

Sondak, C. F. A,, and Chung, I. K. 2015. “Potential blue carbon from coastal ecosystems in the Republic of Korea.”
Ocean Science JouB(1), 1-8. https://doi.org/10.1007/s12601-015-0001-9.

Staudacher, H. M., Yao, C. K., Chey, W. D., and Whelan, K. 2022. “Optimal Design of Clinical Trials of Dietary
Interventions in Disorders of Gut-Brain InteractidrGastroentetdl7(6), 973—-9B#ps://doi.org/10.14309
/ajg.0000000000001732.

Stévant, P., and Rebours, C. 2021. “Landing facilities for processing of cultivated seaweed biomass: a Norwegian

perspective with strategic considerations for the European seaweedbimtastof.’Applied Phycology
33(5), 3199-3214. https://doi.org/10.1007/s10811-021-02525-w.
Steven, S., Octiano, |., and Mardiyati, Y.(28&806phoralgae cellulose and starch based bio-composite as an

alternative for environmentally friendly packaging matateiational Seminar on Advances in Metallurgy
and Materials (i-SENAMM 219).

REFERENJEE77



Story, L. 2007. “Lululemon Athletica ‘seaweed’ clothing is just cotton, fdets ¥bowTimddpvember 14,
2007. https://www.nytimes.com/2007/11/14/business/worldbusiness/14iht-seaweed.1.8330600.html.

Straits Research. 2021a. “Animal Feed Additives Market.” Accessed Mupsiist@iggesearch.com/report
/animal-feed-additives-market.

Straits Research. 2021b. “Functional Pet Food Market.” Accessed Matyps4/sR@R3research.com/report
/functional-pet-food-market.

Style, J. 2022. Sustainable fabrics start-up Pyratex secures ELIR6@0ddtps://www.just-style.com/news
/sustainable-fabrics-start-up-pyratex-secures-eur600000.

Sujeeth, N., Petrov, V., Guinan, K. J., Rasul, F., O'Sullivan, J. T., and Gechev, T. S. 2022. “Current Insights into the Molecu
Mode of Action of Seaweed-Based Biostimulants and the Sustainability of Seaweeds as Raw Material Resources.”
International Journal of Molecular Sci2®(@del, 7654. https://www.mdpi.com/1422-0067/23/14/7654.

Suprunchuk, V. E. 2019. “Low-molecular-weight fucoidan: Chemical modification, synthesis of its oligomeric fragments
and mimeticsCarbohydrate Resea48b, 107806. DOI:10.1016/j.carres.2019.107806.

Suutari, M., Leskinen, E., Fagerstedt, K., Kuparinen, J., Kuuppo, P., and Blomster, J. 2015. “Macroalgae in biofuel
productionPhycological Resead&i1), 1-18. https://doi.org/10.1111/pre.12078.

Svenson, J. 2013. “MabCent: Arctic marine bioprospecting i liytoatagthistry RevieM@¢3), 567-578.

Doi: 10.1007/s11101-012-9239-3.

Syed, Y. Y. 2020. “Sodium oligomannate: first apptm80(4), 441-444. DOI: 10.1007/s40265-020-01268-1.

Tan, S., Harris, J., Roque, B. M., Askew, S., and Kinley, R. D. 2022. “SheAdjfaistgbpisimaimoform in oil
and freeze-dried powdé&odtrnal of Applied Phycalbgyps://doi.org/10.1007/s10811-022-02876-y.

Tasco. 202Can Dogs Eat Seaweed? Yes! Here's Why You Need It ifr&budrgdy, 2020. Accessed May 14,

2023. https://tasco.ca/can-dogs-eat-seaweed.

Taylor, C. 2021. “The viability of feeding seaweed to cows: An assessment of the key opportunities and barriers facing
the commercialization of factory-prodismatagopsisxiformisas a methane-reducing additive for dairy
cows in Sweden.” Master Thesis, Lund University, International Institute for Industrial Environmental Economics.
https://www.lunduniversity.lu.se/lup/publication/9062072.

Teas, J., Pino, S., Critchley, A., and Braverman, L. E. 2004. “Variability of iodine content in common commercially
available edible seaweetdhyroid4(10), 836—841. https://doi.org/10.1089/thy.2004.14.836.

Textile Exchange. 20R&eferred Fiber & Materials Market Repst/textileexchange.org/app/uploads/2022/10
[Textile-Exchange_ PFMR_2022.pdf.

Textile Exchange. 2014. “Strength of Sed&wateddl DistricMarch 18, 20btps://materialdistrict.com/article
[/strength-seaweed.

Thomas, S. 2023. “Extracted alginate from harvested brown seaweed aid in the fire resistance and acts as a natural
binder of biocomposites made for sustainable building materials.” Paper presefitéaterniiorizd
Seaweed Symposium (ISS), Hobart, Tasmaniah#pstfeEs2023.net/2022/08/17/extracted-alginate-from
-harvested-brown-seaweed-aid-in-the-fire-resistance-and-aataral-binder-of-biocomposites-made-for
-sustainable-building-materials.

Thompson, A. 2008. “Ingredients: Where Pet Fooddiagsii Companion Animal Me@8{8¢, 127-132.
https://doi.org/10.1053/j.tcam.2008.04.004.

TIA. 2022. “Climate and hip pocket winners in seaweed research.” Tasmanian Institute of Agriculture, University of
Tasmania, Australia, June 30, BGR&://www.utas.edu.au/tia/news-events/news-items/2022/climate-and-hip
-pocket-winners-in-seaweed-research.

Tidd, O. 2022. “Demystifying Sustainability: Why Biodiversity Is Moving to Top of Mind for Investors.” Lazard Asset
Management (blog), February B&p2://www.lazardassetmanagement.com/references/sustainable-investing
/demystifying-sustainability/why-biodiversity.

178| GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



Tocaciu, S., Oliver, L. J., Lowenthal, R. M., Peterson, G. M., Patel, R., Shastri, M., McGuinness, G., Olesen, |., and Fitt
J. H. 2018. “The Effect of Undaria pinnatifida Fucoidan on the Pharmacokinetics of Letrozole and Tamoxifen in
Patients With Breast Canogefr Cancer THai(1), 99-105. https://doi.org/10.1177/1534735416684014.

Todeschini, B. V., Cortimiglia, M. N., Callegaro-de-Menezes, D., and Ghezzi, A. 2017. “Innovative and sustainable
business models in the fashion industry: Entrepreneurial drivers, opportunities, an8udiadisnges.”
Horizon$0(6), 759-770. https://doi.org/10.1016/j.bushor.2017.07.003.

Transparency Market Research. Ze2fveed Extract Markettps://www.transparencymarketresearch.com
/seaweed-extract-market.html.

UNCTAD. 2022ommodities at a glance: Special issue on bambod;&eevis United Nations Conference on
Trade and Development (UNCTAD). https://unctad.org/system/files/official-document/ditccom2021d3_en.pdf.

UNER2022.COP15 ends with landmark biodiversity agrédshEntiironment Programme (ID¢E&))ber, 20
2022. https://www.unep.org/news-and-stories/story/cop15-ends-landmark-biodiversity-agreement.

United Nations Global Compact. 2021. “Seaweed as a Nature-Based Climate Solution: Vision Statement.” Ocean
Stewardship Coalitibtips://ungc-communications-assets.s3.amazonaws.com/docs/publications/Seaweed%20
as%20a%20Nature-Based%20Climate%20Solution.pdf.

University of Huddersfield. 2021. “Anna’s seaweed science points way for sustainable textiles and fashion.”
Huddersfield, UK: University of Huddersiigid://www.hud.ac.uk/news/2021/january/seaweed-leather
-sustainable-textiles-fashion.

University of Melbourne. n.d. “Alternative proteins: Testing the claiménttpsisfistainablecampus.unimelb
.edu.au/sustainable-research/case-studies/alternative-proteins.

Valente, L., Gouveia, A., Rema, P., Matos, J., Gomes, E., and Pinto, I. 2006. “Evaluation Gfr fitikeiaeaweeds
bursa-pastorit/lva rigidandGracilaria corness dietary ingredients in European se®luasdgrérchus
labray juvenilesAquacultur252(1), 85-91. https://doi.org/10.1016/j.aquaculture.2005.11.052.

ValgOrize. 20I81.1.1 Study on existing market for algal food applications: Part 8tiSaavgeddordzeeboerderij
/ North Sea Farm Foundalitips://www.noordzeeboerderij.nl/public/documents/Valgorize-D4.1.1A_Study-on
-the-existing-market-for-seaweed-food-applications.pdf.

van den Burg, S. W. K., Termeer, E. E. W., Skirtun, M., Poelman, M., Veraart, J. A., and Selnes, T. 2022. “Explorin
mechanisms to pay for ecosystem services provided by mussels, oysters aBdcmeianddcvibds
101407. https://doi.org/10.1016/j.ecoser.2022.101407.

van Osdol, N. 2022. “Methane ‘Mootral’ GondiNeearch 17, 20B&ps://workweek.com/2022/03/17/methane
-neutral-cows-mootral

Veneza, R. 2021. “University of Waterloo students recognized for seaweed-inspireCfing Meardaglist
25, 2021. https://kitchener.ctvnews.ca/university-of-waterloo-students-recognized-for-seaweed-inspired-fire
-retardant-1.5561368.

VERRA. 2023eascape Carbon Initiatikitps://verra.org/programs/verified-carbon-standard/seascape-carbon
-initiative.

Vijn, S., Compart, D. P, Dutta, N., Foukis, A., Hess, M., Hristov, A. N., Kald2@20, KKéy,Considerations
for the Use of Seaweed to Reduce Enteric Methane Emissions Famti€edtia.Veterinary Sci@nce
https://doi.org/10.3389/fvets.2020.597430.

Vincent, A., Stanley, A., and Ring, J. 2020. “Hidden champion of the ocean: Seaweed as a growth engine for a
sustainable European fut@edweed for Europétps://www.seaweedeurope.com/hidden-champion.

Visioli, F. 2022. “Science and claims of the arena of food bioactives: comparison of drugs, nutrients, supplements, and
nutraceuticald?ood & Functi@B, 12470-12474. https://doi.org/10.1039/d2f002593k.

Wahlstrém, N., Harrysson, H., Undeland, I., and Edlund, U. 2017. “A Strategy for the Sequential Recovery of
Biomacromolecules from Red Macrdzdgpleyra umbilicakditzing.Industrial & Engineering Chemistry
Research7(1), 42-53. https://doi.org/10.1021/acs.iecr.7b03768.

REFERENJEE79



Walmart. 2023ustainabilithAccessed May 14, 2023. https://corporate.walmart.com/purpose/sustainability.

Wan, A. H. L., Davies, S. J., Soler-Vila, A., Fitzgerald, R., and Johnson, M. P. 2018. “Macroalgae as a sustainabls
aquafeed ingredierRéviews in Aquacultiit€3), 458—-492. https://doi.org/10.1111/raq.12241.

Wang, J., Li, X., and Zhang, C. 2020. “Recent advances on bioactivity of seaweed pdigdmicbdrEkesatch
3(4), 200003.

Wang, X., Sun, G., Feng, T., Zhang, J., Huang, X., Wane, dl. 2RE9.ZSodium oligomannate therapeutically
remodels gut microbiota and suppresses gut bacterial amino acids-shaped neuroinflammation to inhibit
Alzheimer’s disease progressiail. Resear@9(10), 787-803. https://doi.org/10.1038/s41422-019-0216-X.

Ward, O. P., and Singh, A. 2005. “Omega-3/6 fatty acids: alternative sources &rqpredsdBimthemistry
40(12), 3627-3652. https://doi.org/10.1016/j.procbio.2005.02.020.

Wassef, E. A., El-Sayed, A.-F. M., and Sakr, E.Rtr@fadigRhodophyta) adta(Chlorophyta) as feed
supplements for European sedbassitrarchus labiax fry.Journal of Applied Phycoi($), 1369-1376.
https://doi.org/10.1007/s10811-013-9995-5.

Wasson, D. E., Yarish, C., and Hristov, A. N. 2022. “Enteric methane mitigsdjmarapomsghxiformis
supplementation and potential algal alterndhaggiers in Animal ScieBdettps://www.frontiersin.org
[articles/10.3389/fanim.2022.999338.

Watanabe, F., Yabuta, Y., Bito, T., and Teng, F. 2014. “Vitamin Be -containing plant food sources for vegetarians.
Nutrient$(5), 1861-1873.” https://doi.org/10.3390/nu6051861.

Waters, T. J., Lionata, H., Prasetyo Wibowo, T., Jones, R., Theuerkauf, S., Usman, S., Amin, ICeastdlman, M. 2019.
Conservation and Sustainable Livelihoods through Seaweed Aquaculture In Indonesia: A Guide for Buyers,
Conservation Practitioners, and FarAréngton, Virginia and Jakarta, Indonesia: The Nature Conservancy.
https://www.nature.org/content/dam/tnc/nature/en/documents/Indonesia_Seaweed_Guide_FINAL.pdf.

Watson, E. 2020. “Trophic explores potential of red seaweed protein concentrate as multi-functional ingredient
in plant-based meat, seafodthbdnavigator-USMay 22, 2020https://www.foodnavigator-usa.com
/Article/2020/05/22/Trophic-explores-potential-of-red-seaweed-protein-concentrate-as-multi-functional
-ingredient-in-plant-based-meat-seafood.WijeseRaragestuti, R., and Kim, S.-K. 2011. “Biological activities
and potential health benefits of sulfated polysaccharides derived from ma&ambodigdate Polymers
84(1), 14-21. https://doi.org/10.1016/j.carbpol.2010.10.062.

Wilcox, M. D., Cherry, P., Chater, P. I., Yang, X., Zulali, M., Okello, E. J., Seal, C. J., and Pearson, J. P. 2021. “The eff
of seaweed enriched bread on carbohydrate digestion and the release of glucodd-froot Famas,

104747. https://doi.org/10.1016/j.jff.2021.104747.

Williams, L. A. 2019. “The Growing Pet Food Market Reflects Human FoodPFRypéeeehéemtiMarch
19, 2021.https://www.preparedfoods.com/articles/122233-the-growing-pet-food-market-reflects-human-food
-preferences.

Winberg, P. C., Fitton, H. J., Stringer, D., Karpiniec, S. S., and Gardiner, V.-A. 2014. “Controlling Seaweed Biology
Physiology and Metabolic Traits in Production for Commercially Relevant Bioactives in Glycobiology.” Chapter 8 in
Advances in Botanical Research, Vol. 71 (SezdRthts) Nathalie Bourgougnon, 221-252. Academic Press.
https://doi.org/https://doi.org/10.1016/B978-0-12-408062-1.00008-1.

Winn, Z. 2019. “Water Innovation Prize goes to startups targeting methane and\aseyddiesSachusetts
Institute of Technology, April 23, 20ts://news.mit.edu/2019/water-innovation-prize-methane
-wastewater-0423.

Woof Whiskers. 2023. “2023 Cost of Dog Food\gtafiyWhiskersttps://woofwhiskers.com/2020-cost-of-dog
-food.

World Animal Protection. 2022. “EU bans the routine use of antibiotics in farmed animals.” Jattpary 28, 2022.
www.worldanimalprotection.org/european-union-bans-antibiotic-overuse-farmed-animals-animal-welfare.

180 | GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



World Bank. 202102 Emissions from Liquid Fuel Consumption (%0/ofttbBdnk data. Accessed May 14, 2023.
https://data.worldbank.org/indicator/EN.ATM.CO2E.LF.ZS

https://data.worldbank.org/indicator/EN.ATM.CO2E.LF.ZS

WorldGBQ019Bringing embodied carbon upfront: Coordinated action for the building and construction sector to
tackle embodied carbdviorld Green Building Council (WGBCh&®eguoworldgbc.org/advancing-net-zero
/embodied-carbon.

Wouthuyzen, S., Herandarudewi, S. M. C., and Komatsu, T. 2016. “Stock Assessment oPBerepSemlieeds (

Along the Bitung-Bentena Coast, North Sulawesi Province, Indonesia for Alginate Product Using Satellite Remote
SensingProcedia Environmental Scie3®e853-561. https://doi.org/10.1016/j.proenv.2016.03.107.

Wu, C. J, Yeh, T. P.,, Wang, Y. J., Hu, H. F., Tsay, S. L., and Liu, L. C. 2022. “Effectiveness of Fucoidan on Supplemer
Therapy in Cancer Patients: A Systematic Rée@thcare (BaselD(5). https://doi.org/10.3390
/healthcare10050923.

WWEF. 2020’he Potential for Seaweed as Livestock Feed: Workshop Repa@siogon, DC and Gland,

Switzerland: World Wildlife Funitps://www.worldwildlife.org/publications/the-potential-for-seaweed-as
-livestock-feed-workshop-report-2020.

Xiao, X., Agusti, S., Lin, F., Li, K., Pan, Y., Yu, Y., Zheng, Y., Wu, J., and Duarte, C. M. 2017. “Nutrient removal from Chin
coastal waters by large-scale seaweed aqua8dlieméfic Repo€l). https://doi.org/10.1038/srep46613.

Xue, Z., Zhang, W., Yan, M., Liu, J., Wang, B., and Xia, Y. 2017. “Pyrolysis products and thermal degradation mechanis
of intrinsically flame-retardant carrageenanR#@rAdvancéédl), 25253-2526dtps://doi.org/10.1039
/C7TRAO01076A.

Yang, M. S. 2016. “Regulatory Aspects of Nutraceuticals: Chinese PerspectivaNubiaaptard@rsinEfficacy,

Safety and Toxicigdited by Ramesh C. Gupta, 947-957. Academittgégavw.sciencedirect.com
/book/9780128021477/nutraceuticals.

Yang, Z., Wang, H., Liu, N., Zhao, K., Sheng, Y., Pang, H., Shao, K., Zhang, M., Li, S., and He, N. 2022. “Alga
polysaccharides and derivatives as potential therapeutics for obesity and related metalbaaddiseases.”
Functl3(22), 11387-11409. https://doi.org/10.1039/d2f002185d.

Y Id z, D. 2021. “Global Feed Additives Market and-&esh@sAdditive Magazihdy 13, 2021ttps://www
.feedandadditive.com/global-feed-additives-market-and-trends.

Yuan, H., Song, J., Li, X., Li, N., and Dai, J. 2006. “Immunomodulation and antitumor activity of s-carrageenan
oligosaccharide€ancer LettePgl3(2) 228-234. https://doi.org/10.1016/j.canlet.2005.11.032.

Zayed, A., Avila-Peltroche, J., El-Aasr, M., and Ulber, R. 2022. “Sulfated Galactofucans: An Outstanding Class of
Fucoidans with Promising BioactiWesiie Drug®(7). https://doi.org/10.3390/md20070412.

Zayed, A., and Ulber, R. 2019. “Fucoidan production: Approval key challenges andGawpohyditi&s.”

Polymerg211 289-297. https://doi.org/10.1016/j.carbpol.2019.01.105.

Zhao, Y., Li, B., Li, C., Xu, Y., Luo, Y., Liang, D., and Huang, C. 2021. “Comprehensive Review of Polysaccharide
Based Materials in Edible Packaging: A Sustainable Aoods68), 184bttps://www.mdpi.com/2304
-8158/10/8/1845.

Zhu, F. 2021. “Polysaccharide based films and coatings for food packaging: Effect of addé&dqgablyphenols.”
Chemist@59, 129871. https://doi.org/10.1016/j.foodchem.2021.129871.

REFERENJEE31



UlvalL atuca

182 | GLOBAL SEAWEED: NEW AND EMERGING MARKETS REPORT 2023



APPRIDIX

APPENDI|X183



TABLE ABreakdown of different markets investigated in the report

Application

B|ost|mulants

Animal feed

additives

Projected

seaweed
market

size (2030)

Short-term markets (before 2025)

Primary drivers Main challenges Outlook

1 Growing focus on

$1.8 b|II|on

$1122
billion :

. A significant increase’i

. High potential for

. Farmed seaweed offérs

. Productivity gains and

. Costs of seaweed-based

sustainable farming that
supports soil health inia

changing climate. Seaweed-based

'1 Low reputation :  biostimulants can
of biostimulants : expect to see vigorous
because of a lack: growth over the next
of clear evidence offew years, as additional

fertilizer prices.

integration with the
production of other

. . their efficacy. . investment goes into
seaweed-derived :
roducts and existing : 2. Complexity in : product deve_lopmept
P handling the : and R&D for improving

supply chains, owing to
compatible processing
requirements. :

product requires : efficacy, and as more
significant efforts in seaweed processors
end-user educatian.take advantage of this

: : side product.
an opportunity to grow

supply significantly;
currently most supply :
comes from wild harvést.

. Increasing public

concerns about meat
quality and safety, :
outbreaks of I|vestock

Seaweed-derived
diseases.

;1. Unavailability : feed additives are

i ey miviune. of sufficiently expected to outpace
b 3 o -~ large volumes of :  other applications
feed conversion ratios: :
are economic incentive e { WA EL
for farmers. § Lengthy customer  powerful drivers as
Uniaue functional onboardingand :  customers turn to
.bengfits of seaweed- | the high cost of : natural alternatives in
. demonstrating : preference to synthetic

based products that can
help reduce the need for
animal antibiotics.

results through : products. Improvements
large-scale trials. : in feed conversion ratios
: are especially promising.

products are already :
competitive with other:
feed additives.

(Table Continued)
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TABLE AContinued

Short-term markets (before 2025continued)

Pet food

Methane
-reducing
additives

‘1

$1.078 :

billion

$306
million

12,

‘1.

Increasing demand far
vegan products with : 2.
an emphasis on clean:
labeling, transparency: 3.
and sustainability.  :
Increasing preference
for functional pet foods
with augmented health
benefits. :

S 1.

12,

. Demand from consurhgr

for more sustainable :
meat and dairy .
products, coupled with
net-zero policies from:
corporations. :
Economic incentives::
potential productivity :
gains and route to ~ :

According to
interviewees, this is
a potentially more
attractive market for
seaweed producers

Unavailability
of sufficiently :
large volumes of :

seaweed. : :
: ... than for animal feed,
Highly consolidated . .
T particularly in areas
market.

where the price of

Insufficient : :
research to support farmmg seaweed

i : is high. Products
health claims,

are generally more
expensive than animal
feed, driven by the
trend toward the
"humanization” of
domestic animals and

excessively high :
levels of minerals:
such as iodine,
contamination from
pollutants, low

PEEIEI demand for healthier
alternatives.
Competition from
synthetics :
Availability of

sufficiently large Stakeholders predict
seaweed volumes. that commercial scaleup

For many : is only a couple of years

companies, there: away. There is clear
is single species : market demand for this
risk, as cultivation: product and the sector
of Asparagopsis : is attracting significant
is neither widely : investment to overcome
practiced nor . these challenges. This
deeply understood. momentum may allow

- . 4. In many . the challenges to be
monetization using : : f h
carbon crediting geographies, : overcome faster than

athwavs speed of regulatory for other markets, as
P ys. approval may : long as unsubstantiated
be slow, unless : claims are avoided.

more time is spent
on broadening
awareness.

(Table Continued)
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Medium-term, emerging- market opportunltles (2024-2028)

One of the most
promising high-
value opportunities
for seaweed-based
. ingredients. However,
: major challenges make

1

1 Rise in prevalence of
several communlcable

: :  diseases.
Nutraceuticals: $3.9 billiort 2. Rising healthcare cost
: : 3. Aging populations and
:  increased consumer :
awareness. '

: 1. Increasing interest in:
: non-animal-derived
protein products.

2. Quality and

Quality and
certification of
nutrition claims
require expensive:
and lengthy clinical
trials. :

the exact timeline
for wide commercial
adoption unclear. It
consistency of is. rgportgd that many
seaweed supply, | clinical trlgls are under
combined with the V&Y but |nte.rV|ewees
complexity and : report there is a need
:_for much more clinical
expense of derlvmng work to provide safe
:Q,emnpicuensdssg product§ that deliver
create targeted the cla|'n.1ed health
and measurable and nutrition benefits.
nutraceutical : Slrjce clinical trials
products : require at least '2 years,
' . often longer, this could
:  reduce the speed of
commercialization.

Development of
seaweed proteins

. Cost of productioEn as white-labeled
of high-protein  : ingredients to compete
concentrates.  : with other alternative

2. Competition from:  proteins, such as

: 2. Increasing awareness o_ther, cheaper : peaor soy, is being
i among consumers and b!omass tha_t has : explored_by a number of
. : product developers higher prot.eln : companies. It was a_llso
Alternative : $448 of the multi-functional: concentrations. : reported that protein
proteins  : million : 3. Technical . extracts from seaweed

properties of seaweed,
its balanced profile of :
essential amino acids;
and potential food supp[fy
chain sustainability
improvements.

challenges with : would only be part of
protein extraction; a wider biorefinery
Availability of @ approach, and may gain
sufficiently large § competitive advantage
seaweed volumes  only if some other
with consistent :  function — such as
protein contents. : binding or gelling — can
. be provided in a single-
:  source ingredient.
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Medlum-term emerging-market opportunltles (2024—-2028)ntinued)

: 1. Cost of productlom Although it is likely
2 Requires more : that the market
: sophisticated :share of Lyocell with
processing methods seaweed extract will
for higher seaweed increase, for higher-

1 Increased regulatory inclusion rates, : percentage seaweed-
: and market pressure on while improving : based fabrics to reach
fashion industry firms to performance. . market, performance
adopt more sustainable3. Competition :  improvements will
: $862 D : i : :
Fabrics million fabrics in their pr_odug'gs. from glternatlve : be necessary. One
: 2. Corporate sustainability sustainable : advantage is that
targets align with : materials with lowerseaweed-based fabrics
seaweed sustalnablllty price points and E can more easily be
value proposition. :  superior propertles blended with other
: 4. Availability of ~ : bio-based feedstocks
© sufficiently large :  to create products
seaweed volume at competitive with
consistent quality: conventional products
and low price. such as cotton.
: 1. Cost of production
: and process :
parameter :
. requirements. : There is evidence
: 2. Integration into : that innovators are
. existing plastic : working on compatible
supply chains seaweed-based
is complex, :  resins that could be
1 Globally, businesses areunless technical § integrated into existing
aiming to “Go Green”: performance can: production systems,
: : and achieve their 5 match incumbent§ but this process will
Bioplastics $733 mllllon carbon-neutrality goals. products. : take 5-10 years of R&D,
: : 2. High R&D budgets : 3. Competition :and success is not
. and substantial VC : from alternative : guaranteed. In the short
investments. :  bio-based plastics term, seaweed-based

with lower price : products may fulfil niche
points and better : applications while they

:  properties. :remain multiple times

;4. Availability of ~ : more expensive than

: sufficient seaweed competitive bioplastics.
volumes at

consistent quality:
and low price.

(Table Continued)
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Long- term emerging-market opportunltles (beyond 2028)

1 Several of the larger
seaweed-based :
bioactives currently
under investigation
suffer from batch-:
to-batch variability
and the associated
challenges of
preparing high
pharma-grade
(>98 percent pure)

Since most work
on seaweed-based
: pharmaceuticals is
N/A (due':

. : Y preclinical, it is expected
: 1. Increasing demand for material.
to lack of : : that these will be at least
Pharmaceutlcals effective and mnovatlveﬂ Long timelines to:
° available : ¢ 5-10 years away from
¢ therapies. ¢ perform clinical :
data) : becoming approved

trials and overcome
:  regulatory hurdles.
: 3. Capital :
. requirements of
R&D and cI|n|caI
¢ trials. :
1 4. Some competltlon
¢ from microalgae- :
derived compounés
— for example,
fucoxanthin.

pharmaceuticals.
Requires significant
financing to progress.

: Seaweed construction
H : materials show promise
1 Cost of productlon in niche applications

1. Demand for green § and availability of: where premium prices

:  buildings that reduce the supply. : can be charged. Recent
use of finite resources. 2. Resistanceto  : changes to bio-based

: 2. Potential for carbon : change from the : construction regulations
sequestration in the built industry. : have been favorable,

Cmsieren LS b||||0r? environment. : 3. Inherent properties but this is considered

: 3. Economic incentive from of seaweed, such: a longer-term market
the tourism industry ta  as its tendency : because companies in
deal with invasive algae to absorb water : developing seaweed
blooms. :in high humidity :  markets, such as

environments. : Europe, often face
limitations in terms of
biomass availability.
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TABLE AZources to Table 25: Market value of medically relevant seaweed-derived components of ranging purity

Company Compound Price €/kg
IFF (Norway) Sodium Alginate (GMP) : 114,000
: Sterile Ultrapure Alginates PRONOVA (research grade) 456,000
(SR elee Sterile Ultrapure Alginates PRONOVA (GMP) 924,000
pharma grade : "
: Peptide-coupled Alginates NOVATACH (research grade) 2,400,000

Alginate polysaccharides@msum
Alginate polysaccharides (€borda filum

35,000-200,000
59,000-400,000
59,000-400,000
35,000—-200,000
350,000-500,000
©590,000-1,650,000
© 2,755,000-3,500,000
© 590,000-850,000
590,000-850,000

ELICITYL (France)

Alginate polysaccharides (Bamillaea antarct)ca
Alginate polysaccharides (Foous vesiculojus
Alginate polysaccharides (Br@minaria japonjca

Fucoidan polysaccharide (@borda filum
Fucoidan polysaccharide (froresiculospus
Fucoidan polysaccharide (Parwillea antarctjca
Fucoidan polysaccharide (&konodosum

laboratory :
reagents for R&D
only, not human or

animal use. Fucoidan polysaccharide (Kit. 4 items each in 100 mg pzack size) 6,050,000
Fucoidan oligosaccharides (Cut-off < 10kDa from Chor@ia%jﬂO&OOO—lZ,OO0,000
. Galactofucan polysaccharide (frataria pinnatifipla 1,605,000-2,400,000
Ulvan polysaccharides feoeromorplep. (research / native grqf;\de160,500—240,000
: Ulvan polysaccharides foteromorptsp. (research / fine gra@®,575,000—3,850,000
Ulvan polysaccharides fddvasp. (research / native gradé)) 160,500-1,200,000
Ulvan polysaccharides fdvasp. (research / fine grade)g 1,113,000-3,850,000
Marlnoya Fucoidan polysaccharidied@ria pinnatifigadrFucus approx. 320,000—
(Australia/ .
. vesiculosis 900,000
Tasmania) .
Merck (German;f/)
/ Sigma-Aldrich ¥ Fucoxanthin (analytical standard,  95%) 49,400,000
Supelco
Fucoidan (froltacrocystisypfera, «85%) 390,000
Fucoidan (frodndaria pinnatifide95%) 518,000
Fucoidan (froRucus vesiculojus 760,000
Fucoidan (frofucus vesiculose95%) 518,000
Calcium alginate : 3,640
Alginic acidMacrocystisypfera (kelp), mixed polymer of% 304
mannuronic and guluronic acid) :
Sodium Alginate (bioreagent) 426
Carrageenan 708
L-()-Fucose 31,500

(Table Continued)
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TABLE AZontinued

Price €/kg

664
1,410

Company Compound

«-Carrageenan (commercial grade, type Il, mainly iota)
.-Carrageenan :

Supelco Carrageenan (blended from various seaweeds, for gel preparatlon) 708
Sodium Alginate 126
Sodium Alginate powder 412
Sodium Alginate (Pharmaceutical Secondary Standard; Certlfleﬁ85 000
Reference Material) :
5 Fucoxanthinol (analytical standard) 795,000,000
Yeastech (US)E Agar, pharmaceutical grade (USP) agar 300
Agarose (Molecular biology grade) 1,700—4,000
Grainger (US)E Agar agar (research grade) 200-500
: Agarose (analytical reagent) 2,000—4,000
Sodium Alginate (NF/research grade) . 150-400
; Carrageenan (iota- and kappa-type, research grad(;a) 250-350
PanReac Agar (USP-NF) pure, pharma grade : 975
AppliChem and Agar powdered pure, food grade 144
the ITW Reagents
Division (Spainl: Agar, technical (Ingredient) for microbiology 260
Germany/ltaly)g
: Agarose Basic 655
: Sodium Alginate (GMP) . 171
Speclljlj I(rargdler';ts Agar-agar powder, food grade E406 (produced in Eurjope) 38
Carrageenan Kappa, food grade E407 (produced in Eéjrope) 40
Carrageenan lota, food grade E407 (produced in Euriope) 40
. Sodium Alginate, food grade E401 (produced in Eur@)pe) 45
Selleck Chemicals Fucoidan (Purity: 99.90%) 940,000
Oth(%r;{gg/)erse Agar-agar powder, food grade E406 (red algae, produced in China) 50
Hangzhou Source
Herb Bio-Tech Cp Supply Kelp Extract Fucoidan 10%—-95% 48-480
Ltd. (China) :
Beijing Mesochelffn 99% Assay Raw Material Fucoidan Powder CAS 9072 19-9 10-100
Technology Co., Lgtd. Pharmaceutical Powder Fucoidan :
B)ig'tzrc;r;r %T)lﬂng d High-Quality Natural Seaweed Extract Powder Fucoidaz\n 85% 20-220
Shandong
n d“:;':‘y”:%g‘ﬂaée Sodium Alginate CAS 9005-38-3 : 3.5-10
Co., Ltd.
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