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SUMMARY

Prepared as part of Activity 1.12 — Macroalgae-Focused Entrepreneurship Programme under
the MACRO CLEAN Project, this report provides a multi-dimensional assessment of
macroalgae-based economic opportunities, emerging trends, and sectoral transformation in
the Black Sea Basin. Building on semi-structured interviews with stakeholders from academia,
the private sector, investors, and public institutions, the study offers a consolidated view of
the current landscape of macroalgae-based products and their future potential.

Macroalgae constitute a strategic biomass used globally across a wide range of applications,
including food, feed, fertilisers, bioplastics, biotechnology, and cosmetics. This rapidly
expanding sector is shaped by major trends such as sustainability, carbon sequestration
potential, alternative protein sources, and the circular economy. While Tirkiye has strong
production potential due to its biodiversity, climatic conditions, and extensive coastline, the
sector remains at an early stage of development.

This research identifies the key challenges and opportunities shaping the macroalgae
ecosystem in Turkiye. The interviews consistently point to limited cultivation capacity,
regulatory gaps, high capital requirements, constraints in technology and infrastructure, and
domestic feedstock supply bottlenecks as the most critical barriers to sector development. At
the same time, growing academic interest, the diversification of R&D efforts, early
commercial initiatives in fertilisers and bioplastics, and collaboration opportunities enabled
by European Union funding are generating strong momentum.

In particular, macroalgae accumulations observed along the Black Sea coastline are
increasingly seen both as an environmental challenge and an economic opportunity, offering
significant feedstock potential for fertiliser, bioplastics, and biotechnology applications.
Stakeholders emphasise that establishing a sustainable value chain will require a transition
from opportunistic collection to cultivation-based production, as only cultivation can ensure
reliable, traceable, and scalable feedstock volumes.

The report indicates that macroalgae-based products represent a nascent but growing
entrepreneurship and investment domain in Tirkiye. However, the interviews suggest that
investors remain cautious due to long R&D cycles, that the lack of proof of concept (PoC)
limits startups’ access to finance, and that public support—particularly in regulation,
incentives, and enabling infrastructure—is critical for sector scaling.

Overall, this study provides a comprehensive snapshot of Tiirkiye’s macroalgae ecosystem,
presenting the current context, structural barriers, international trends, and priority areas for
future development through an integrated lens. The findings serve as a strategic reference
for policy makers, researchers, entrepreneurs, and investors, supporting efforts to translate
macroalgae resources into sustainable economic value across the Black Sea Basin.
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INTRODUCTION

Macroalgae are increasingly recognised as a strategic resource with both ecological and
economic relevance at the global level. At a time when eutrophication is intensifying, the
impacts of the climate crisis are becoming more visible, and biomass fluctuations in marine
ecosystems are occurring more frequently, the sustainable utilisation of macroalgae has
become critical from both an environmental and an economic perspective. In this context,
the MACRO CLEAN Project—implemented through the joint efforts of three Black Sea Basin
countries, Tirkiye, Georgia, and Bulgaria—is a multi-partner initiative designed to investigate
macroalgae, support clean-up actions, enable their valorisation, and develop pilot
applications across the Black Sea Basin. The project establishes a comprehensive framework
to ensure the sustainable and effective collection, processing and utilisation, and the
conversion of macroalgae into value-added economic outputs.

This report has been prepared to provide an integrated analysis of current trends, the market
dynamics, commercialisation barriers, and future opportunities in the macroalgae sector.
Methodologically, the study applies a mixed-methods research design, combining a review of
academic literature with in-depth, multi-stakeholder interviews. Interviewees were selected
using a maximum variation sampling approach to ensure representation across the full
spectrum of roles within the ecosystem. Participants included: academics directly engaged in
macroalgae research; companies producing macroalgae-based products or involved in
feedstock supply, biotechnology development, and import/export; supply-chain actors;
investors; public institutions; municipalities; environmental management companies; and
R&D laboratories. This approach ensured that all segments of the value chain were covered
and enabled the generation of comparable evidence across stakeholder groups.

International literature and sectoral market research indicate that macroalgae-based
products are becoming a rapidly expanding economic domain worldwide. As of 2023, the
global commercial macroalgae market is estimated at USD 17-18 billion, with projections
suggesting it could exceed USD 30 billion by 2030. Approximately 95% of production takes
place in the Asia—Pacific region, while Europe is seeing growing demand—particularly in
bioplastics, biostimulants, fertilisers, functional foods, and cosmetics. By contrast, Tlrkiye
and the Black Sea Basin are still at an early stage of market development. However, the
region combines abundant natural biomass, increasing university-led R&D activity, and
emerging regional cooperation, positioning it as high-potential yet currently low in
commercialisation. International reports emphasise that the acceleration of an economically
viable value chain in the region will depend on strengthened R&D investment, regulatory
improvements, and enhanced local governance and implementation capacity.

Within this framework, the report presents global trends, sector needs, stakeholder insights,
and forward-looking perspectives on macroalgae-based products. The findings are intended
to inform regional policy development and to support new entrepreneurship and investment
initiatives aimed at the economic valorisation of macroalgae.
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We would like to thank all experts, academics, industry representatives, and investors who
contributed to this study. The knowledge, experience, and assessments shared during the
interviews have provided a valuable evidence base, helping to illuminate the future trajectory
of the macroalgae ecosystem in the Black Sea Basin and Tirkiye.

The content of this report is the sole responsibility of the authors. The views expressed do
not necessarily reflect the official position of the European Union. Reproduction is permitted
provided that the source is acknowledged and any modifications are clearly indicated.
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PART I
Global Market Size and Dynamics

The macroalgae sector has demonstrated notable growth in recent years, securing an
increasingly visible position in the global economy. As of 2024, the value of the global
commercial seaweed market is reported at different levels across market studies, yet all
estimates point to a substantial and expanding market. According to one report, the market
value in 2024 is approximately USD 12,7 billion, and is expected to reach USD 22,82 billion by
2034, growing at a compound annual growth rate (CAGR) of 6%. Another market analysis
estimates the market size at USD 17,14 billion in 2023 and USD 18,39 billion in 2024,
projecting an increase to USD 34,56 billion by 2032 with a CAGR of 8,20%. The variation
across these figures is likely attributable to the sector’s ongoing maturation and the fact that
data collection and market-scoping methodologies are not yet fully standardised. This
divergence should be interpreted as a characteristic of a new and rapidly evolving market,
rather than a contradiction.

Figure 1. Global Commercial Macroalgae Market Forecasts (2023-2033)

Global Macroalgae Market H Red Macroalgae
B Green Macroalgae
Size, by Type, 2023-2033 (USD Billion) Brown Macroalgae
20 189
171 18.0
18 163 :
147 15.5
16 14.0 ’

14 126 133

120
T4
1 I I I

2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033

[=

S N A O

The Market will Grow 5 2% The Forecasted Market
[ ]

At the CAGR of: Size for 2033 in USD:

Source: Fortune Business Insights,2024

Market growth is being driven by a set of factors that have become increasingly evident at
the global level. Rising environmental awareness and growing consumer demand for
sustainable products are among the primary drivers accelerating the uptake of macroalgae
cultivation. Macroalgae are widely regarded as a sustainable resource due to their rapid
growth rates, high nutrient content, and their role in carbon uptake through photosynthesis.
In parallel, increasing interest in vegan and plant-based diets is strengthening demand for
macroalgae as a nutrient-dense alternative, particularly given their richness in protein,
vitamins, and minerals. Overall, the market is observed to be responding to these trends.
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The use of seaweed as food dates back to the fourth century in Japan and to the sixth
century in China. Today, these two countries—together with the Republic of Korea—remain
the largest consumers of seaweed as a food product. Their demand underpins an industry
that harvests approximately 6.000.000 tonnes of fresh (wet) seaweed per year worldwide,
with an estimated value of around USD 5 billion.

Over the past fifty years, rising demand has exceeded the capacity of natural (wild) stocks to
meet market needs. Research into the life cycles of these algae has, in turn, enabled the
development of cultivation industries, which currently supply more than 90% of market
demand.

In the United States (US), astaxanthin derived from H. pluvialis is permitted for limited uses.
The US Food and Drug Administration (FDA) allows Haematococcus algae meal to be used as
a colour additive in animal feeds (e.g., salmonid feed). However, a GRAS (Generally
Recognized As Safe) status for the direct human consumption of H. pluvialis whole biomass
or oleoresin is not apparent in publicly available GRAS records. Similarly, no publicly available
GRAS approval or notification is available in a food context for Porphyridium species That
said, the literature notes that H. pluvialis and Porphyridium species—including P. cruentum—
have been referenced as part of a group regarded as GRAS by the FDA for specific
applications, such as pigment extraction (e.g., astaxanthin and phycoerythrin, respectively).
Acute and sub-chronic toxicity studies in rats indicate that H. pluvialis biomass and
astaxanthin-rich extracts are well tolerated, with reported LDso values exceeding 12 g/kg
body weight and no significant adverse effects on haematology or histopathology at dietary
inclusion levels of up to 20% over 90 days (e.g., LDso > 5,000 mg/kg; mild renal pigment
changes are described as not toxicologically relevant). In aquatic models, exopolysaccharide
(EPS) extracts did not cause mortality or developmental abnormalities in zebrafish embryo
assays at exposure levels of up to 15% over 96 hours.

In vitro cytotoxicity assays indicate that most EPS fractions exhibit low cytotoxicity, with the
exception of certain acidified preparations tested at very high concentrations. Despite their
high potential and multiple benefits, the uptake of macroalgae as a food ingredient remains
limited, largely due to undesirable sensory attributes—often described as “fishy” or
“seaweed-like” flavours and odours. These attributes are largely associated with volatile
organic compounds (VOCs), including aldehydes and ketones, produced through different
metabolic pathways over the macroalgal life cycle. To enable broader adoption and improve
consumer acceptance, macroalgae require interventions that enhance sensory appeal and
position them as viable feedstock alternatives for food applications. Accordingly, strategies
that can effectively modulate and improve the sensory profile of macroalgae are critical.
Microbial fermentation has emerged as a promising approach to transform and enhance a
wide range of food substrates without generating toxic residues.

China is the largest producer of edible seaweed, with approximately 5 million tonnes, a
substantial share of which is kombu produced from Laminaria japonica cultivated over
hundreds of hectares on suspended ocean longlines. The Republic of Korea cultivates around
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800.000 tonnes across three different species; approximately 50% of this volume is wakame,
derived from Undaria pinnatifida and grown in a manner similar to China’s cultivation of
Laminaria. Japan’s production is about 600.000 tonnes, of which 75% is nori produced from
Porphyra species. Nori is a high-value product, priced at approximately USD 16.000 per
tonne, compared with kombu at USD 2.800 per tonne and wakame at USD 6.900 per tonne.

In 2023, red macroalgae held a dominant market position, accounting for more than 48,9% of
the market. This segment benefits from broad applications across both the food industry and
biotechnology-related uses. Red macroalgae are valued for their nutrient profile and are a
key ingredient in a range of health and wellness products, which continues to support
demand growth.

Green macroalgae, known for their versatile applications in agriculture and aquaculture,
account for a significant share of the market. Their role in water treatment and as
biofertilisers supports a stable market presence, while growing interest in sustainable
farming practices continues to underpin demand growth for this segment.

Brown macroalgae—commonly used in the production of alginates and animal feed—also
represent an important share of the macroalgae market. In addition, their application in the
cosmetics industry, particularly in skin-care products due to moisturising properties,
contributes to maintaining market demand. This segment is further supported by the broader
increase in the use of natural ingredients across consumer goods industries (USA Market
Analysis).

Alginate, agar, and carrageenan are seaweed-derived thickening and gelling agents, and
these three compounds form the backbone of seaweed’s industrial applications. The use of
seaweeds as sources of these hydrocolloids dates back to 1658, when the gelling properties
of agar—extracted with hot water from red seaweed—were first discovered in Japan.
Extracts from another red seaweed, commonly referred to as Irish Moss, contain
carrageenan and became popular as thickening agents during the nineteenth century. By
contrast, the commercial production of alginate from brown seaweed extracts—and its sale
as a thickening and gelling agent—did not take place until the 1930s. After the Second World
War, industrial use of seaweed extracts expanded rapidly, although it has at times been
constrained by raw material availability.

Today, approximately 1.000.000 tonnes of fresh (wet-weight) seaweed are harvested and
processed to produce the three hydrocolloids referenced above. This results in around
55.000 tonnes of hydrocolloids, with a total estimated value of USD 585.000.000.

Alginate production (approximately USD 213 million) is derived entirely from wild-harvested
brown seaweeds, as cultivating brown seaweeds specifically to supply industrial feedstock is
considered too costly at scale.

Agar production (approximately USD 132 million) is sourced mainly from two red seaweed
species. One of these has been cultivated since the 1960s—1970s, but cultivation has
expanded at a much larger scale since 1990, enabling significant growth of the agar industry.
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Carrageenan production (approximately USD 240 million) was initially dependent on wild
seaweeds, particularly Irish moss, a small alga found in cold waters with a limited natural
resource base. However, according to FAO data, the industry has expanded rapidly since the
early 1970s, driven by the availability of other carrageenan-containing seaweeds that can be
successfully cultivated in warm-water countries with cost-competitive production conditions.
While there remains a small level of demand for Irish Moss and certain other wild species
from South America, most seaweed used for carrageenan production today is sourced from
aquaculture (McHugh, D. J., 2003).

In the 1960s, Norway pioneered the production of seaweed meal—made from dried and
milled brown seaweed—used as an additive in animal feed. Because drying is typically carried
out in oil-fired ovens, production costs are sensitive to crude oil prices. Approximately 50.000
tonnes of fresh (wet) seaweed are harvested annually to produce around 10.000 tonnes of
seaweed meal, which is sold for about USD 5 million. The total value of industrial products
derived from seaweeds is estimated at USD 590 million, while the overall value of all
products from the seaweed industry is estimated at approximately USD 5,6 billion.

1.1. Market Segmentation and Regional Dominance

In 2023, cultivated red macroalgae held a dominant market position, accounting for more
than 67,6% of the market. This segment benefits significantly from controlled cultivation
practices that enable high-quality and consistent yields. Supply reliability and uniform
product characteristics strengthen demand, particularly from sectors such as
pharmaceuticals and nutraceuticals, where standardisation and quality consistency are
critical.

Wild-harvested (naturally collected) macroalgae represent a significant segment of the
market. They are valued—particularly for being perceived as organic and minimally
modified—which supports demand in markets that prioritise “natural” attributes, such as
organic foods and natural cosmetics. At the same time, concerns related to sustainability and
environmental impacts tend to moderate growth, as market expansion must be balanced
against ecological considerations.

In 2023, dried red macroalgae held a dominant market position, accounting for more than
38,9% of the market. This form is preferred due to its extended shelf life and ease of
transport, making it well suited for global distribution. Its versatility across culinary and
industrial applications further strengthens its market appeal.

Raw (fresh) macroalgae constitute a more niche market, preferred for their freshness and
minimal processing. This form is particularly common in regional markets close to harvesting
areas, where proximity supports rapid “farm-to-table” use and where coastal communities
maintain established culinary traditions.

Powdered macroalgae are gaining traction due to their convenience and ease of integration
into dietary supplements and smoothies. This fine, versatile format enables incorporation
into everyday diets, helping to broaden the consumer base.
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Liquid extracts derived from macroalgae are increasingly used in cosmetic and
pharmaceutical formulations. This form is valued for its concentration of nutrients and
bioactive compounds, offering functional benefits—such as anti-ageing claims—attractive to
product developers seeking high-impact formulations.

In 2023, the food and beverage sector held a dominant position in the macroalgae industry,
accounting for more than 44,2% of the market. Growth in this segment is driven by the rising
global popularity of seaweed as a nutrient-dense and flavour-enhancing ingredient.
Applications range from everyday meals to premium dining, supporting wider adoption and
deeper market penetration.

In agriculture, macroalgae are primarily used as biofertilisers and soil conditioners. Their
organic content can support soil fertility and plant health, which has encouraged uptake
within organic and sustainable farming practices. As environmental awareness increases,
demand for these applications continues to expand.

In the pharmaceutical sector, macroalgae are valued for their bioactive compounds with
potential health-related properties. This segment draws on the therapeutic potential of algal
compounds—often discussed in the literature in relation to antiviral and anticancer activity—
making it a key area for research and product development.

The cosmetics and personal care industries use macroalgae extracts for functional properties
associated with hydration and skin conditioning, and for product positioning linked to anti-
ageing claims. The broader shift toward natural and sustainable beauty products further
strengthens this segment, where macroalgae are increasingly incorporated into skin-care
formulations.

One of the main challenges in positioning seaweed as a staple food is making seaweed-based
food products accessible, attractive, and affordable for billions of people. A further difficulty
is avoiding consumer confusion about whether seaweed-based foods are nutritionally
comparable to the foods they regularly consume (Forster & Radulovich, 2015). As with any
novel food product, broad societal and global acceptance takes time—and in many regions,
seaweed remains a relatively new food ingredient. Therefore, achieving consumer adoption
on a scale comparable to other primary agricultural food products will be a significant
challenge. Moreover, the apparent health benefits of seaweed may not apply uniformly
across all users and products, as the benefits of certain species appear to depend on
digestibility (Forster & Radulovich, 2015).

The presence of anti-nutritional factors—such as trypsin inhibitors and certain
polysaccharides—appears to limit the digestibility of seaweed protein in Palmaria palmata.
Seaweed polysaccharides used as thickening and gelling agents in processed foods may offer
several health-related benefits; however, they provide little to no digestible dietary energy
(Forster & Radulovich, 2015). A comparative study on nutrient utilisation from wakame
(Undaria pinnatifida) and nori (Neopyropia tenera, formerly Porphyra tenera) found that
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these seaweeds can serve as an excellent source of dietary fibre, but may also alter the
digestibility of minerals and proteins in the diet (Urbano & Gofii, 2002).

Figure 2: Global Macroalgae Market (2023)

Global Macroalgae Market a
l.
Share, by Application, 2023 (%)

W Food & Beverages

11.48B

M Agriculture Total Market Size
(USD Billion), 2023

Pharmaceuticals

5.2%

W Cosmetics & CAGR
Personal Care 2024-2033

Ml Others

Source: Fortune Business Insights,2024

Like terrestrial plants, seaweeds do not deliver the same nutritional benefits to everyone:
maximum nutritional value can vary substantially depending on the species, individual
dietary needs, and the characteristics of those who consume them. For this reason, alongside
cultivation and product-development research, species-specific nutrition studies should also
be undertaken. In this context, it is worth noting that in Japan—where seaweed species have
been consumed for centuries—some individuals appear to digest seaweed more efficiently
than others (Forster & Radulovich, 2015). This has been linked to the presence of specific gut
bacteria, which have acquired genes enabling them to produce enzymes that break down the
polysaccharide found in Porphyra (nori) (Forster & Radulovich, 2015). These genes are
believed to have originated, plausibly, from marine microorganisms ingested together with
nori (Ledford, 2010). Consequently, individuals introducing seaweed into their diets for the
first time may experience digestive tolerance issues during the adaptation period.

Another nutrition-related concern relates to the high mineral content of seaweeds: excessive
consumption may have adverse health effects. For example, iodine levels in certain seaweed
species may lead to elevated thyroid-stimulating hormone levels, and cases of
carotenoderma (yellowing of the skin) have been reported when seaweed is consumed
regularly in significant amounts (Nishimura et al., 1998). Seaweeds cultivated or harvested in
polluted waters may also accumulate contaminants—most notably heavy metals. Toxins can
accumulate in certain seaweed species (Giusti, 2001; Sudharsan et al., 2012) and may pose
toxicological risks to human health. In addition, the development of value-added, seaweed-
based functional food products for human consumption has been constrained by a lack of
human trials and clinical data to substantiate evidence derived from animal and cell-based
studies (Brown et al., 2014; Hafting et al., 2015). Finally, regulatory restrictions on seaweed
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species without a history of human consumption remain one of the main barriers to
integrating seaweeds into functional foods (Hafting et al., 2015).

From a climate-change perspective, one of the key challenges associated with seaweed
cultivation relates to halocarbon emissions from seaweed beds (Phang et al., 2015).
Chloroform and bromoform are naturally produced by certain seaweed species (Nightingale
et al., 1995; Pyle et al.,, 2011). Volatile halocarbons can contribute significantly to
atmospheric concentrations of halogen radicals, which play a role in the catalytic destruction
of ozone (Phang et al., 2015). In large-scale seaweed cultivation systems, various artificial
materials are used to provide a stable substrate. A substantial share of these materials
consists of combinations of synthetic polymers that are highly resistant to degradation.

If cultivation systems are not properly maintained, marine pollution may occur due to wasted
or lost materials (Campbell et al., 2019). Such losses can also increase plastic loads within
marine food webs (Andrady, 2011; Derraik, 2002). Another critical issue is competition for
sunlight: surface-based seaweed farming can shade underlying ecosystems and affect
autotrophic communities beneath the farm footprint (Campbell et al., 2019). Current
seaweed cultivation technologies—often based on relatively simple structures—can typically
be deployed only in sheltered areas, which constrains expansion to a limited subset of
suitable sites (Duarte et al., 2017). In addition, ocean warming may reduce fucoid canopies
through physiological stress, intensify grazing pressure from herbivores in warmer waters,
and interact with increased storm activity and declining nutrient availability, potentially
reducing cultivation opportunities (Harley et al., 2012; Callaway et al., 2012). The potential
consequences of expanding cultivation by introducing non-native (exotic) seaweed species
must also be considered (McLaughlan et al., 2014). Seagrass meadows are recognised carbon
hotspots and are therefore important for decarbonised ecosystems (Duarte et al., 2005,
2013; Fourqurean et al.,, 2012). They can be sensitive to human disturbance from
neighbouring seaweed farm operations, which may cause mechanical damage and shading
(Waycott et al., 2009). To avoid conflicts with other coastal users (e.g., navigation) and to
limit environmental impacts, spatial planning prior to farm establishment is essential. In
China, major challenges include competition with other uses for suitable sites and ensuring
sufficient profitability (Duarte et al., 2017). Finally, increasing seaweed output is often
presented as necessary to enhance the contribution of seaweed cultivation to climate-
change mitigation and adaptation; however, rapid increases in production may reduce
market prices and discourage farmers from continued participation (Duarte et al., 2017).

Intensive seaweed cultivation aimed at producing bioenergy or biofuels alongside carbon
capture and storage has been proposed as a potential strategy. While conceptually attractive
and worthy of continued research, significant implementation challenges remain. For
example, such approaches may require very large ocean areas, and the feasibility of
achieving the dual objectives of energy production and carbon uptake has been questioned
(Melara et al., 2020). Despite decades of research, seaweed-based biofuels have not yet
reached the market, and their commercial viability has not been demonstrated (Raven,
2017). Evidence also suggests that under ocean acidification, carbon uptake alone cannot be
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used as a sufficient indicator of seaweed responses (Britton et al., 2019). In addition, the
effectiveness of seaweed afforestation for CO, reduction is expected to be influenced by
planetary feedback mechanisms, which adds uncertainty and raises concerns about its role in
climate-change mitigation strategies (Bach et al., 2021).

A key challenge affecting women’s participation in seaweed cultivation is limited access to
technical skills and enabling resources. A field study on women seaweed farmers in Zanzibar
found that many women did not know how to swim and lacked access to boats (Hedberg et
al., 2018). As a result, women’s seaweed farming is often confined to very shallow waters.
While male farmers may be able to work daily, women’s activities can be restricted to
working during low tide—typically 3-5 days per week (Frocklin et al., 2014). Women may
therefore have a more limited role in establishing seaweed farms, particularly where farm
set-up requires substantial physical labour, such as placing bamboo stakes, tying lines, and
assembling the overall structure.

Many women are unable to use boats for transport. As a result, they often need to pay for
transportation and become dependent on men during farm set-up and harvesting activities.
Previous studies also indicate that women seaweed farmers may experience a range of
health problems associated with the work (Vestling & Forsberg, 2018).

Seaweeds are increasingly recognised as a potentially important component of global food
security, alongside their perceived roles in climate-change mitigation and women’s
empowerment. Recent studies have positioned seaweed cultivation as a possible alternative
to terrestrial agriculture, citing relatively simple cultivation methods, favourable nutrient
composition, and the potential to contribute to climate-change mitigation and adaptation
strategies. The seaweed industry is also expected to support many farmers—particularly
women—by increasing household purchasing power, strengthening social empowerment,
and contributing to poverty-reduction efforts. However, despite significant advances in
seaweed cultivation technologies over recent decades, major barriers remain to achieving
scaled and sustainable growth. These include the need for more sustainable production
technologies, diversified end-use applications, and broader social acceptance and market
uptake.

When it comes to cultivation, the first step should be the careful selection of suitable species
and appropriate coastal cultivation sites, in order to achieve sustainable production with
maximum benefits at a viable cost. Maintaining a market price that incentivises farmers to
participate in the production system is also essential. In parallel, the establishment and
enforcement of the necessary regulatory and quality requirements is critical to improve the
quality of seaweed species and derived products intended for human consumption. Defining
recommended daily intake levels for seaweed and seaweed-based products is also important
to support healthy dietary practices. Finally, developing a sustainable seaweed cultivation
industry requires stronger international cooperation and coordination among countries that
produce and use seaweed.
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Best management practices should be developed for seaweed cultivation technologies that
are economically viable, environmentally sound, and socially acceptable, and these practices
should be disseminated by national and international organisations across tropical and
subtropical countries. This should be done in a timely manner to help ensure that these
nutrient-rich aquatic foods can contribute to both planetary health and human well-being.

1.2. Global Commercial Macroalgae Markets

The market is segmented across multiple dimensions, including species, product form, and
geography.

® Geographical Distribution: The Asia—Pacific region is the clear market leader,
accounting for 77,07% of the global commercial seaweed market in 2023 (Fortune
Business Insights, 2024). China is among the primary countries driving production and
sales, supported by favourable climatic conditions. North America—particularly the
US—is experiencing notable growth, with an estimated CAGR of 6,5%, linked to
increasing culinary use of macroalgae and rising demand for plant-based products. The
European market is also showing steady growth (Fortune Business Insights, 2024).

® Product Type: Among macroalgae species, the red seaweed segment holds a leading
market position, supported by functional attributes such as relatively high protein and
vitamin content. This segment was valued at approximately USD 5,41 billion in 2024
and is projected to grow at a CAGR of 6,5%.

® Product Form: Macroalgae are most commonly used in flake form. This segment was
valued at approximately USD 4,86 billion in 2024 and is expected to grow at a CAGR of
6,8%.

The COVID-19 pandemic initially caused a short-term slowdown in the market due to reduced
demand for raw materials and falling prices. However, it is stated that the market recovered
and regained momentum in the post-pandemic period, with an increase in the compound
annual growth rate. With the World Health Organization (WHO) drawing attention to the
health benefits of macroalgae, this situation demonstrates the strategic importance of
macroalgae in the fields of health and nutrition.

1.2.1. Global Commercial Macroalgae Market Forecasts (2024-2034)

The macroalgae market is significantly influenced by growing demand for sustainable and
environmentally friendly products. In recent years, increasing consumer awareness of health
and environmental issues has contributed to greater use of natural ingredients in food and
beverages.

According to a report prepared by the Food and Agriculture Organization (FAQ), the global
seaweed market was valued at approximately USD 14 billion in 2020 and is projected to grow
at a compound annual growth rate of around 8,1% to reach approximately USD 21 billion by
2025. This growth is largely driven by the increasing popularity of macroalgae as a nutrient-
rich food source, particularly due to their content of vitamins, minerals, and antioxidants.
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Table 1: Global Commercial Macroalgae Market Forecasts (2024-2034)

Market Feature

Detail

Global Market Size (2024)

USD 12,7 billion

Global Market Size (2032)

USD 18,39 billion

Forecast Market Value (2024)

USD 22,82 billion

Forecast Market Value (2032)

USD 34,56 billion

Global CAGR (2024-2032) 6%

Global CAGR (2024-2034) 8,20%
Asia—Pacific Market Share (2023) 77,07%

Red Seaweed Segment (2024) USD 5,41 billion
Flake Segment (2024) USD 4,86 billion

Source: Fortune Business Insights, 2024

Macroalgae—especially varieties such as spirulina and chlorella—are well known for their
health benefits. Studies indicate that these algae are protein-rich and may contain up to 70%
protein on a dry-weight basis. Growing interest in plant-based diets and functional foods is
further increasing demand. This trend is particularly relevant for macroalgae, as they are
being incorporated into a wide range of products, including snacks, supplements, and
beverages.

1.3. Market Volatility and Price Fluctuations

Price volatility is also a critical issue. The macroalgae market can be exposed to fluctuations
driven by factors such as climate change, which may affect cultivation conditions and yields.
For example, a report by the International Seaweed Association notes that adverse weather
conditions can lead to significant declines in seaweed harvest volumes, resulting in higher
prices. In 2020, the price of dried seaweed increased sharply—by up to 30%—due to supply-
chain disruptions caused by the COVID-19 pandemic, once again highlighting the market’s
vulnerability.
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1.4. Technological Constraints

Technological constraints in cultivation and processing can limit market growth. While
progress has been made, many producers still rely on traditional methods that may not be
sufficiently efficient or sustainable. For example, yields in macroalgae cultivation can vary
significantly—ranging from 5 to 20 tonnes per hectare—depending on the cultivation
techniques applied. Inefficient practices can undermine profitability and make it difficult to
scale operations to meet rising demand.

1.5. Market SWOT Analysis
1.5.1. Opportunities
a. Rising Demand for Sustainable Food Production

One of the most significant growth opportunities for the macroalgae market lies in its
potential role in sustainable food production. As the global population increases and demand
for nutritious food rises, macroalgae offer a viable solution. According to the United Nations,
the world population is projected to reach approximately 9,7 billion by 2050, which is
expected to drive a 70% increase in food demand. As macroalgae are rich in essential
nutrients, they are increasingly used as a valuable ingredient across a range of food
products—from snacks to dietary supplements.

b. Growing Consumer Health Awareness

Growing consumer awareness of health and wellness is increasing demand for functional
foods. The health benefits of macroalgae—known for their high content of vitamins,
minerals, and antioxidants—are increasingly being recognised. A report prepared by the
WHO indicates that seaweed consumption can contribute to improved nutrition, particularly
in regions with limited access to diverse food sources. As consumers seek healthier dietary
options, the market for macroalgae-based products is expected to expand significantly.

c. Public Support Measures and Policy Initiatives

Government initiatives are also supporting the growth of the macroalgae industry. In many
countries, governments encourage sustainable agricultural practices to combat climate
change and environmental degradation. For example, the Green Deal prepared by the
European Union (EU) (NOAA Fisheries, 2024) highlights the importance of sustainable marine
resources and encourages investment in seaweed cultivation.

The EU plans to allocate up to EUR 1 billion by 2027 to promote sustainable aquaculture, and
a portion of this funding is expected to benefit the macroalgae sector. Such initiatives can
provide the financing and resources needed to drive the sector’s growth.

d. Innovation in High-Value Applications

Innovations in macroalgae applications offer another pathway for growth. Beyond food and
beverages, macroalgae are being explored across a range of sectors, including cosmetics,
biofuels, and bioplastics. The global bioplastics market is projected to reach USD 44,5 billion
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by 2026, and macroalgae can serve as a sustainable alternative to conventional petroleum-
based plastics. This shift toward environmentally friendly materials aligns with consumers’
demand for sustainable products and creates a significant opportunity for the macroalgae
market.

e. Contribution to Climate Change Mitigation Potential

Macroalgae’s role in climate change mitigation also offers growth expectations. Macroalgae
cultivation can contribute to efforts to combat global warming by sequestering significant
amounts of carbon dioxide. According to research conducted by the World Bank, seaweed
cultivation can sequester up to 1,5 billion tonnes of carbon dioxide per year. This carbon
sequestration potential not only strengthens macroalgae’s sustainability profile, but also
attracts investments from environmentally focused organisations and governments seeking
to meet climate targets.

1.5.2. Market Expansion

Expanding markets in the West further increase growth opportunities. The rising popularity
of plant-based diets in Europe and North America is driving higher demand for seaweed
products. In the United States, the edible seaweed market is expected to grow by 10% per
year, reaching approximately USD 2 billion by 2025. A major trend in the macroalgae market
is the increasing popularity of plant-based diets. As consumers become more health-
conscious and environmentally aware, their search for sustainable food sources is also
growing. Macroalgae—especially seaweeds—are regarded as nutrient-dense ingredients that
can enhance both flavour and health benefits in plant-based products. Macroalgae are rich in
vitamins, minerals, and antioxidants. For example, red macroalgae such as nori contain high
levels of vitamin B12, which is often lacking in vegan diets. This nutritional profile aligns with
the growing demand for functional foods.

According to a study published in the International Journal of Food Science, consuming
seaweed can improve gut health and strengthen the immune system. This awareness is
prompting more manufacturers to incorporate macroalgae into their products.

1.5.3. Government Support Measures

Governments are actively promoting macroalgae cultivation and consumption as part of their
sustainability objectives. The Green Deal highlights the importance of marine resources in
achieving climate targets. The EU plans to invest EUR 1 billion in sustainable aquaculture,
with a specific focus on macroalgae cultivation. This initiative aims to encourage local
production, reduce dependence on imported products, and improve food security.

1.5.4. Technological Advancements

Recent technological advances are improving the efficiency of macroalgae cultivation and
processing. Innovations such as automated harvesting and enhanced aquaculture techniques
are making it easier to produce high-quality macroalgae at scale. For example, a partnership
between the University of Southern California and the Norwegian company Ocean Farming
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aims to develop sustainable farming practices that could increase yields by up to 50%. These
developments not only improve the economic viability of macroalgae cultivation, but also
reduce environmental impacts.

Another trend is the growing use of macroalgae in environmentally friendly packaging
solutions. As plastic pollution becomes a global problem, companies are shifting towards
biodegradable alternatives. Macroalgae derived materials offer a sustainable alternative to
conventional plastics, appealing to environmentally conscious consumers.

The use of macroalgae in the cosmetics industry is also increasing. Many cosmetics
companies are incorporating seaweed extracts into their formulations due to their
moisturising and anti-ageing properties. This trend represents a profitable opportunity for
macroalgae suppliers.

1.6. Macroalgae Value Chain and Key Applications
1.6.1. Commercial and Industrial Applications

Macroalgae have become a strategic resource across multiple industries—not only in the
food sector—due to their nutritional value, bioactive compounds, and rapid growth rates.
This has enabled macroalgae to be increasingly viewed as a versatile biorefinery platform.

a. Food and Beverage Sector

Macroalgae have long been used for direct consumption worldwide, particularly in Asian
cuisines. Species such as nori (Porphyra spp.), wakame (Undaria pinnatifida), and kombu
(Laminaria japonica) are core ingredients in products such as sushi, salads, sauces, and
seasonings. Beyond traditional use, macroalgae are increasingly regarded as a rich resource
for functional foods and plant-based alternatives. Macroalgae are rich in protein, dietary
fibre, vitamins, minerals, and polyunsaturated fatty acids (PUFAs) that are essential for
human nutrition. As vegan and vegetarian diets continue to gain popularity, macroalgae are
being used more extensively to develop plant-based protein alternatives.

One of the most significant industrial uses of macroalgae in the food sector is the production
of hydrocolloids (agar, alginate, and carrageenan). These compounds are used as natural
additives for gelling, thickening, stabilisation, and emulsification in a wide range of foods,
including ice cream, jams, and baked goods.

b. Animal Feed and Aquaculture

Macroalgae are gaining increasing importance in the animal feed sector as a sustainable
alternative to conventional fishmeal and fish oil. These ingredients can provide omega-3 fatty
acids that are essential for animal nutrition, thereby reducing dependence on capture
fisheries. The use of seaweed meal as a feed additive—pioneered in Norway in the 1960s—
illustrates early innovation in this area. In addition, studies report that incorporating certain
seaweed species into animal feed at around 1% inclusion rates can reduce methane
emissions from cattle. This mitigation potential also positions the sector as relevant in the
context of climate-change action.
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c. Biostimulants and Biofertilisers

Macroalgae extracts are used in agriculture as biofertilisers and soil conditioners, supported
by their macro and micronutrient content. These inputs can improve soil physicochemical
properties and promote beneficial microbial activity. Macroalgae-based biostimulants can
accelerate crop growth, enhance tolerance to abiotic stresses such as drought and salinity,
and improve nutrient uptake. In Tirkiye, a project conducted at Mersin University examined
the production of biofertiliser from local macroalgae species and its effects on lettuce,
highlighting domestic potential in this field. The use of such local and natural fertilisers can
offer a more cost-effective option under rising input costs while also supporting organic
farming practices.

d. High-Value Applications

The highest value-added application areas for macroalgae are in industries such as
pharmaceuticals and cosmetics.

® Pharmaceuticals and Nutraceuticals: Macroalgae contain bioactive compounds with
antioxidant, anticancer, antimicrobial, and antidiabetic properties. These compounds
are regarded as a natural and sustainable alternative to synthetic drugs and show
potential in the treatment or management of various diseases. Certain compounds—
such as carrageenan oligosaccharides—have demonstrated anticancer activity and may
generate synergistic effects when combined with conventional medicines.

® Cosmetics: Natural, biocompatible, and renewable macroalgae-derived compounds are
gaining popularity in skincare. They are used in moisturisers, anti-ageing products, skin-
whitening formulations, and hair-care products (Commercial Seaweed Market Size,
2024).

® Algal materials prepared as pastes, powders, or flours are preferred in thalassotherapy
centres due to their mineral content (e.g., calcium, magnesium, sodium, potassium),
trace elements (e.g., iron, copper, zinc, manganese), and vitamins (Turan, 2007). Agar’s
gel-forming capacity is reported to be approximately ten times higher than that of
gelatin, which supports its widespread use in microbiological studies and in the
pharmaceutical industry (Yilsay et al., 2001).

® Due to their high water-retention capacity, seaweed-derived components have also
been used in the preparation of sulphamate-containing suspension mixtures (Glner &
Aysel, 2006).

® Agar gels are also used in various products, such as perfumed underarm creams,
sunscreens, and dermatological creams containing zinc oxide or penicillin.

® Studies note that alginates used in creams may provide a cooling and refreshing
sensation on the skin due to rapid evaporation effects.
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Table 2: Key Macroalgae Metabolites and Industrial Applications

Metabolite Class

Main Sources

Key Industrial Applications

Polysaccharides

Rhodophyta (red
algae), Phaeophyceae
(brown algae)

Food (thickening, gelling),
pharmaceuticals (drug delivery),
biotechnology, biofuels

Proteins

Various species,
especially red algae

Food (plant-based protein), animal
feed, nutrition

Phenolic Compounds

Phaeophyceae
(brown algae)

Antioxidant, anticancer,
antimicrobial cosmetics (antiageing)

Pigments (carotenoids,
phycocyanins)

Various species

Natural food colourants, cosmetics,
nutrition (dietary supplements)

Minerals and Vitamins

Various species

Food (nutrient supplementation),
animal feed, biofertilisers

These diverse applications demonstrate that macroalgae are not only a primary product, but

also a feedstock for an integrated biorefinery, enabling the production of multiple high-value

outputs from the same biomass. This approach aligns with a circular-economy model in

which the entire feedstock is utilised and supports a zero-waste objective (Adarshan et al.,

2023).

1.7. Cultivation and Processing Technologies

The macroalgae sector is evolving from traditional harvesting practices toward modern

aquaculture-based cultivation techniques. This transition aims to improve efficiency, reduce

costs, and support environmental sustainability.

Modern Cultivation Techniques

® 3D Ocean Farming: A technique that enables large-scale production by using the full

water column of seawater, without the land area and freshwater resources required for

terrestrial agriculture. Seaweeds suspended on longlines can grow to 10 metres or

more before being harvested in spring. This approach can generate high yields from a

relatively small footprint.
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® Integrated Multi-Trophic Aquaculture (IMTA): This approach involves the co-
cultivation of different species—such as finfish, shellfish, and macroalgae—in the same
system. Macroalgae absorb excess nutrients (nitrogen and phosphorus) originating
from the waste streams of other species, improving water quality and supporting
overall ecosystem sustainability. This integrated model can enhance economic
profitability while also delivering environmental benefits.

1.7.1  Biotechnology and Strain Improvement

Biotechnology and strain improvement are of major importance for the long-term growth of
the macroalgae sector. However, unlike microalgae, technological progress in this area
remains at an early stage. In microalgae, gene-editing tools such as CRISPR/Cas have been
successfully used to improve industrially relevant traits, including lipid and pigment content.
In contrast, the application of these tools to macroalgae has not yet been sufficiently studied,
and available evidence does not provide detailed insight into how industrial traits in
macroalgae can be improved through genetic engineering.

At present, the primary approach used for strain improvement in macroalgae relies on
conventional selective breeding and the development of stable strains by identifying and
propagating desirable traits from wild populations. This indicates a critical technological gap
for the sustainable growth of macroalgae cultivation. Addressing this gap highlights the
importance of investing in biotechnology and genetic research to maximise the sector’s
future potential.

1.7.2. Biorefinery and Processing

Developing biorefinery processes is critical to increasing the economic value of macroalgae.
These processes aim to produce multiple high-value outputs under a zero-waste principle by
fractionating biomass into its main components (e.g., proteins, carbohydrates, lipids), which
can then be valorised through different product streams.

However, macroalgae processing involves significant challenges. Drying harvested biomass is
an energy-intensive step that increases both costs and environmental impacts. In response,
research is being conducted on novel extraction approaches—such as wet processing
routes—that enable processing without prior drying. These innovations have the potential to
reduce production costs and lower the industry’s environmental footprint.

1.8. The Role of Macroalgae in the Blue Economy

The macroalgae sector offers not only economic potential, but also a range of environmental
and social benefits that fall under the concept of the blue economy. These benefits position
macroalgae cultivation as more than an industrial activity, and as a strategic field that can
contribute to planetary health.
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1.8.1. Blue Economy

Since the early 21% century, the concept of the “blue economy” has become increasingly
prominent. The international community has suggested that the blue economy encompasses
three economic forms:

e an economy addressing the global water crisis (McGlade et al., 2012),
e an economy of innovative development (Pauli, 2009), and
e the development of the marine economy (Behnam, 2012).

Academic research indicates that the blue economy literature is shaped around themes such
as sustainable development, ecosystem services, governance, and sectoral transformation.
Within this framing, blue economy models are understood to aim at shifting resources from
scarcity to abundance and at challenging prevailing production and consumption patterns
that generate environmental problems (Kathijotes, 2013). To support blue growth in coastal
areas, the development of management tools grounded in an ecosystem services approach
has been recommended (Mulazzani et al., 2016). Similarly, long-term sustainable blue growth
in the maritime sector has been linked to governance models based on cooperation,
inclusiveness, and trust (Soma et al., 2018). Studies focusing on the spatial dimension of blue
growth also underline the strategic importance of planning and space allocation, by
highlighting potential limits to growth in the maritime industry (Van den Burg et al., 2019).

In the management and governance literature, the sustainable development approach is
taken as a core foundation. In this context, a conceptual framework has been developed to
assess sustainable marine management (Keen et al.,, 2018). In addition, a blue growth
management model has been proposed that emphasises the need for joint efforts among
stakeholders to promote blue growth and achieve the Sustainable Development Goals
(Sarker et al., 2018).

Studies examining the role of stakeholders discuss the importance of inclusive governance
mechanisms for sustainable development (Howard, 2018). The convergence between the
blue economy and ecosystem management is also associated in particular with the
ecosystem accounting approach, drawing attention to the ecological foundations of blue
growth (Hayha & Franzese, 2014; Lillebg et al., 2017). The blue economy emphasises
overarching planning and coordinated development between the marine ecosystem and the
economic system of oceans and coastal zones. Taking these characteristics into account, we
define the blue economy as sustainable production, services, and all related activities that
both use and conserve coastal and marine resources. In doing so, there are numerous
challenges that concern all sectors of the economy—from the private sector and industry to
research and development, from NGOs to government policies. This complexity presents
both opportunities and barriers.

On 8 June 2018, various marine industrial parks and bases in the Yangtze River Delta region
signed agreements to implement regional strategic cooperation. The strategic cooperation of
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marine industries in the Yangtze River Delta involves five parks and bases in Nantong,
Zhoushan, Shanghai, Pudong, and Ningbo.

There are two main focuses for the establishment of these parks and bases:

e To strengthen industrial cooperation: to comprehensively manage industrial projects
and resources in order to facilitate needs-based choices; to establish service
functions to guide project implementation; and to promote the orderly transfer of
the marine industry within the region and the development of industrial clustering.

e To deepen cooperation in scientific innovation and talent development: to encourage
colleges and institutions, scientific institutes, and enterprises to establish joint R&D
institutions and shared centres for technology transfer; to ensure communication
and integration in attracting marine talent; to create joint mechanisms for training
and developing talent; and to establish common criteria for recognising talent (State
Council of China, 2014).

1.8.2. Blue Carbon Potential for Addressing Climate Change

Macroalgae are highly effective at absorbing carbon dioxide from the ocean. Based on
biomass alone, they can absorb more greenhouse gases than the combined total of
seagrasses, mangroves, and salt marshes, which are known for their carbon storage capacity.
This implies that macroalgae farms could help address local climate-related impacts such as
ocean acidification. While the term “blue carbon” traditionally applies to mangroves,
seagrasses, and salt marshes, it is increasingly being expanded to include macroalgae, as
macroalgae are also recognised as potentially making significant contributions to global
climate goals.

1.8.3. Bioremediation and Water Quality Improvement

Macroalgae can improve water quality by taking up excess nutrients such as nitrogen and
phosphorus during growth. When present in excessive amounts, these nutrients can trigger
harmful algal blooms and reduce oxygen levels in marine waters. Macroalgae farms can help
lower nutrient concentrations in adjacent waters and may therefore help prevent the
formation of hypoxic “dead zones”.

Macroalgae can also absorb heavy metals and other coastal pollutants, acting like a biological
sponge. Macroalgae cultivated for this purpose should not be consumed as commercial
products, and should be used solely to improve ecosystem health. Such farms offer
significant potential for bioremediation projects, particularly in coastal areas contaminated
by industrial discharges.

1.8.4. Ecosystem Services and Restoration

Macroalgae play important ecological roles by providing habitat and food resources for
marine life. To help restore declining kelp forests globally, an approach referred to as
“restorative aquaculture” is increasingly being adopted. In this approach, macroalgae
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cultivation is used to create shelter and feeding environments for commercial fish and other
marine organisms.

These environmental benefits are shifting interest in the macroalgae sector beyond
commodity markets. Ocean-based solutions often deliver multiple co-benefits, such as
ecosystem restoration, carbon sequestration, and job creation. This layered value
proposition is attracting a new class of blue-economy-focused investors who consider not
only financial returns but also measurable environmental and social impact. As a result, the
macroalgae sector is increasingly positioned as a long-term and sustainable investment area.
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PART Il
Comparative Analysis: Global Leaders and Tiirkiye

The macroalgae (commercial seaweed) sector has shown notable growth in recent years and
has secured an increasingly important place in the global economy. As of 2024, the value of
the global commercial seaweed market is reported with varying figures across different
sources, yet all point to a substantial market size. According to Fortune Business Insights
(2024), the market was valued at approximately USD 12,7 billion in 2024 and is expected to
reach USD 22,82 billion by 2034, growing at a 6% CAGR.

Another market analysis suggests that the market size was USD 17,14 billion in 2023 and USD
18,39 billion in 2024, and forecasts that it will increase to USD 34,56 billion by 2032, with a
CAGR of 8,20%. The differences between these figures reflect the fact that the sector is still
not fully mature and that data-collection methodologies have not yet been fully
standardised. This, in turn, is an indicator of the sector’s new and dynamic nature. According
to a recent World Bank report, the emerging global seaweed market has the potential to
grow to USD 11,8 billion by 2030. This market value is associated not only with seaweed’s
capacity to absorb carbon, sustain marine biodiversity, create employment opportunities for
women, and unlock value chains.

The Global Seaweed: New and Emerging Markets Report (2023) analyses commercial
opportunities for seaweed market applications with high growth potential. The report
provides insights for entrepreneurs, investors, and policymakers to help the seaweed sector
realise its potential both now and in the future. Today, most cultivated seaweed is used
either for direct human consumption or as fresh feed in aquaculture. In the future, seaweed-
based products could substitute fossil fuels in sectors such as textiles and plastics, enable
carbon capture, and generate income for vulnerable coastal communities. Since the current
market is dominated by a few Asian countries that produce 98% of cultivated seaweed,
significant growth opportunities exist across many other regions.

The report focuses on ten relatively new and emerging seaweed applications that have the
largest market opportunities beyond established sectors. In the short term, the most
promising emerging markets—including biostimulants, animal feed, pet food, and methane-
reducing additives—are projected to reach USD 4,4 billion by 2030.

Mid-term opportunities, such as dietary supplements, alternative proteins, bioplastics, and
fabrics, could reach a potential value of USD 6 billion. Long-term emerging markets for
pharmaceuticals and construction materials are projected to reach USD 1,4 billion, although
significant regulatory challenges and high product development costs are expected to persist.

The macroalgae market is experiencing substantial growth across regions, with Asia-Pacific
(APAC) emerging as the dominant region, accounting for approximately 43% of the global
market share, valued at USD 4,9 billion. This strong market presence can be linked to
increasing consumer awareness of health benefits and sustainable practices, which is driving
the growing use of macroalgae in food, pharmaceuticals, and biofuels.
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Market expansion in North America is expected, driven by growing demand for natural food
additives and increasing investment in algae-based biotechnology. The North American
macroalgae market is projected to reach USD 1,8 billion by 2025, growing at a 9,3% CAGR.
Europe follows closely, characterised by a strong market for macroalgae-derived bioplastics
and biofertilisers.

In the Middle East and Africa, although the market remains underdeveloped, there is a
notable shift towards sustainable agricultural practices, which is driving increasing interest in
macroalgae applications. In Latin America, growth is being observed particularly in countries
such as Brazil and Chile, where macroalgae cultivation is being integrated into local
economies.

2.1. Policy Frameworks and Support Mechanisms in Leading Countries

Global leaders in the macroalgae sector treat this field as a strategic national priority. Each
country’s approach is shaped by its own economic, social, and environmental objectives.

Asian countries such as China, the Philippines, Indonesia, Japan, and Korea are among the
leading regions where macroalgae are effectively cultivated at commercial scale worldwide.
Seaweed productivity—dominated by five main genera/species groups (Undaria, Pyropia,
Gracilaria, Eucheumatoids, Saccharina)—increased from 10,6 million tonnes in 2000 to 35
million tonnes in 2020. While both Phaeophyceae (3,1-16,4 million tonnes) and Rhodophyta
cultivation expanded (1-18,3 million tonnes), Chlorophyta seaweed production declined
(3,1-1,7 million tonnes). More than 95% of global macroalgae production was accounted for
by Laminaria saccharina (35,4%), Kappaphycus/Eucheuma (33,5%), Gracilaria (10,5%),
Porphyra/Pyropia (8,6%), and Undaria (7,4%). Europe’s seaweed production reached 287.033
tonnes, contributing approximately 0,8% of the global total in 2019.

According to a new World Bank analysis on ten emerging seaweed markets, the seaweed
sector could reach USD 11,8 billion by 2030. Despite this projection, much of the additional
value in the seaweed business remains untapped. Beyond current markets, the sector holds
for diversification and value addition. According to a World Bank report published in 2016,
increasing seaweed farming by 14% per year would lead to 500 million tonnes (dry weight) by
2050 and a 10% increase in food supply, income generation, and quality of life. Seaweed
farming remains concentrated in a limited number of countries dominated by East and
Southeast Asia.

In East Asian countries, the harvesting and use of seaweeds for human food and medicine
dates back at least 1500 years. Modern seaweed aquaculture in East Asia was established in
Korea, Japan, and China between the 1950s and 1970s. Since then, it has expanded rapidly,
and seaweed farms have gained popularity in other regions worldwide. In 2020, countries
outside Asia produced less than 2% of total farmed seaweed volume. Nevertheless, the
outlook for scaling seaweed production in other parts of the world remains promising. East
and Southeast Asian countries continue to produce most farmed seaweed globally; China,
Indonesia, the Philippines, North and South Korea, Japan, and Malaysia account for
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approximately 98% of total production. In 2019, 98 countries exported macroalgae (USD 909
million) and hydrocolloids (USD 1,74 billion), earning a total of USD 2,65 billion. According to
the UN Comtrade Database, exports of macroalgae and related products in 2019 generated

export revenues, as shown in Table 3.

Table 3. Exports of Seaweed and Seaweed-Based Hydrocolloids, 2019

Countries USD (million)
China 578
Indonesia 329
Republic of Korea 320
Philippines 252
Chile 209
Spain 145
France 124
United States 102
Germany 82
United Kingdom 78

Source: Birlesmis Milletler Comtrade Veri Tabani, 2019

2.1.1. People’s Republic of China

hina is an undisputed leader in macroalgae cultivation, and its dominance in this field stems

from long-term and integrated public policies. In line with its objectives of ensuring food

security and protecting marine resources, Chinese leaders emphasise the importance of

mobilising both terrestrial and marine resources.

Marine Ranching Strategy: China has pioneered the concept of “marine ranching”,
which transforms marine areas into managed underwater farms. Going beyond
conventional aquaculture, this concept seeks to create ecosystems that support the
restoration of marine biodiversity. In 2024, a single city—Shanwei—invested more than
USD 279 million in the construction of eight such marine ranching sites.

Blue Carbon Policies: China has highlighted “blue carbon” potential to support its goal
of achieving carbon neutrality by 2060. The government has established various
financial support mechanisms to encourage blue carbon projects, including macroalgae
cultivation, and supports the participation of private capital.

2.1.2. Japan

In Japan, the use of macroalgae has a long-established history dating back to the 4th century.

Japan’s policies view the sector not only as an economic activity, but also as part of cultural

heritage and ecosystem health.
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Restoration and Conservation: Japan’s Fisheries Agency has implemented policies to
restore declining seaweed beds (isoyake). Guidance documents have been published to
enable fishers to plan and implement seaweed-bed restoration themselves. These
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efforts are supported through a public subsidy scheme, and new technologies (e.g.,
unmanned aerial vehicles—drones) are used to monitor the status of seaweed beds.

2.1.3. Norway

Norway is a global leader in aquaculture (particularly salmon) and is integrating the
macroalgae sector into this existing infrastructure.

® Integrated Policy Approach: The Norwegian Parliament explicitly supports measures
within aquaculture policy to “scale up low-trophic aquaculture, including macroalgae
cultivation”. This policy approach is aligned with incentive schemes—such as the new
Environmental Technology Programme—which aim to reduce the environmental
impacts of fish farming and to develop a circular economy strategy.

2.1.4. United States

Although the U.S. macroalgae sector is still in a developmental phase, it is among thegrowing
aquaculture segments.

® R&D and Infrastructure Support: Government agencies such as the National Oceanic
and Atmospheric Administration (NOAA) support the sector by conducting research on
siting requirements, farm designs, and best management practices, with the aim of
enabling the expansion of macroalgae cultivation in an economically and
environmentally sustainable manner.

Figure 3: Asia-Pacific Commercial Seaweed Market Size, 2019-2032

Asia Pacific Commercial Seaweed Market Size, 2019-2032 (USD Billion)
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www.fortunebusinessinsights.com

Source: Fortune Business Insights, 2024

To fully realise the market potential of seaweed, the sector will need to overcome several
fundamental challenges. The most significant constraint is seaweed availability, driven by
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limitations in volume, supply consistency, and quality. As additional application areas for
seaweed continue to develop, pricing pressures and regulatory barriers may also emerge.

Despite these challenges, the climate and environmental benefits of seaweed cultivation are
expected to help accelerate the growth of emerging markets. As interest in “green” products
continues to rise, many product developers have indicated that they rely on sustainability
premiums to maintain profitability.

At a time when global resources are increasingly being depleted, it is particularly important
to make the best possible use of resources such as seaweed resources that can both renew
rapidly and potentially contribute to ecosystem regeneration.
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PART IlI
Current State of the Macroalgae Sector in Tiirkiye and Selected Ecosystems

Tirkiye has a favourable basis for macroalgae cultivation thanks to its long coastline,
geographic position, and biodiversity potential. However, this potential has not yet translated
into large-scale commercial activity.

3.1. Research and Development (R&D) Landscape

Academic research on macroalgae is being conducted in Turkiye. In particular, it is noted that
regions such as Canakkale, with geomorphological and salinity variations, may offer
cultivation opportunities for many commercially valuable algal species. One example is a
project carried out in the Gulf of Mersin on producing biofertiliser through fermentation
from certain naturally occurring macroalgae species. This project explores the potential use
of macroalgae in organic agricultural practices. At the governmental level, there also appears
to be growing interest in the sector. The Ministry of Agriculture and Forestry, in cooperation
with the FAO, organised a workshop on “Alternative Feeds for Carnivorous Fish in
Aquaculture and Macroalgae Cultivation”. This event brought together different
stakeholders—such as the feed industry, academics, and policymakers—to discuss the future
of the sector.

3.2. Policy and Legal Framework

In Turkiye, permits for aquaculture are granted by taking into account factors such as
environmental sensitivities and the tourism sector. The regulatory framework includes
relatively high standards for environmental protection. General aquaculture regulations set
out specific rules and permitting requirements for wild harvesting activities and processing
facilities.

Support mechanisms are also available for R&D. The Scientific and Technological Research
Council of Tirkiye (TUBITAK) provides project-based support schemes for SMEs. Under the
Rural Development Investments Support Programme of the Ministry of Agriculture and
Forestry, grants of up to 50% are available for machinery and equipment purchases. These
support instruments could potentially encourage infrastructure investments required for
macroalgae cultivation.

3.3. Barriers to Current Production and Commercial Activity

Despite growing interest in academia and policymaking, the development of the macroalgae
sector in Turkiye has not yet translated into large-scale commercial production. Existing
initiatives remain relatively small-scale and localised. For instance, a seaweed greenhouse in
Seydikemer has been established to produce dietary supplements. Similarly, seaweed
collected in Yalova has been converted into fertiliser by the municipality and used in
greenhouses.

This situation indicates a “knowledge-to-action” gap in Tirkiye in moving macroalgae
potential towards large-scale commercialisation. Unlike global leaders, a concrete,
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integrated, and long-term national strategy for the sector has not yet been fully defined in

Tirkiye. This highlights the need to build stronger bridges between academic research, policy
objectives, and commercial implementation.

Table 4: Comparative Overview of the Macroalgae Sector:
Tiirkiye vs. Global Leaders

Criteria

China

Japan Norway Tiirkiye
. An emerging
. An emerging
Traditional market;
Global leader; market .
. consumer; a . . commercial-
Market dominant . . integrated into
pioneer in scale
Status producer and ] . the broader .
industrial production
consumer. L aquaculture
applications. has not yet
sector.
started.
A mix of .
. . Academic
Marine traditional and Integrated .
L. . projects and
Cultivation ranching and modern systems as part
. i . . small-scale
Approach intensive methods, with of low-trophic
) ) greenhouse
production. a restoration aquaculture. L
initiatives.
focus.
Academic
. Deep-rooted interest;
Food security, N .
p Y traditions, Aquaculture seeking
blue carbon”, . . N
. . isoyake sustainability, nature-based
Key Drivers national . . .
restoration, environmental solutions to
development ] o
| environmental technology. high input
ans.
P protection. costs (e.g.,
fertilisers).
Specific and L General
. . o Integration into
integrated Public subsidies aquaculture
o . aquaculture .
. state policies, for restoration . regulations;
Policy Focus . . policy and -
including and project-based
. . L technology
financial monitoring. . . R&D support
incentives.
support. schemes.
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Criteria China Japan Norway Tirkiye
Notable Large-scale Restoration Integration of Academic
Achievements production; of declining macroalgae research and
development of seaweed into fish pilot initiatives.
marine ranching beds. farming
sites. systems.

Key Gaps Coastal — — Lack of
pollution; gaps commercial-
in the scale
legal/regulatory production;

framework.

absence of a

dedicated
national
strategy

3.3.1. People’s Republic of China — Macroalgae Sector

As in many parts of the world, China is seeing increasing interest and intensive R&D efforts in
both existing and emerging microalgae and macroalgae products—ranging from high-value
specialised products (such as established foods for human consumption) to lower-value
commodity applications (such as feeds and fuels). This interest is driven by national targets to
reduce CO, emissions from fossil fuels—particularly coal-fired power plants—as well as by
demand for “green” energy and products that can be produced without freshwater inputs.

At the same time, the Chinese algae industry is facing more immediate challenges, including
public perceptions regarding the healthiness of algae-based foods and high production costs
that constrain both domestic and international markets.

3.3.2. Black Sea Basin

The Black Sea has been heavily polluted due to human activities such as maritime operations,
agriculture, and industry, which has affected the regime and characteristics of its waters
(Novac et al., 2020; Shypotilova et al., 2021). These activities have also led to damage to
civilian and industrial facilities, causing environmental pollution in Ukraine—particularly
across the waterways of the Black Sea Basin (Shchiptsov & Goncharov, 2023).

The significance of pollutants in the Black Sea is considerable, and a substantial share of
marine litter associated with maritime activities originates from the region (Novac et al.,
2020). In addition, the Black Sea’s weak water exchange and insufficient vertical circulation
further exacerbate the pollution problem (Novac et al., 2020). Pollution in the Black Sea has
severe impacts on the ecosystem and water quality. For example, the destruction of civilian
and industrial facilities as a result of armed conflict in Ukraine has contributed to
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environmental pollution in the Black Sea Basin (Shchiptsov & Goncharov, 2023). Moreover,
point-source emissions—such as nutrients, microplastics, Cryptosporidium, and triclosan—
originating from 107 rivers discharging into the Black Sea are expected to increase in the
future, underscoring the need for coordinated international efforts to minimise pollution
(Strokal et al., 2023).

Turkish provinces along the Black Sea coast—such as Trabzon, Samsun, and Zonguldak—
contribute significantly to regional pollution, primarily through agriculture and industry
(Akkoyunlu, 2018). Effective monitoring and water quality control strategies, alongside the
deployment of innovative technologies to reduce pollutant impacts, are necessary to protect
the marine environment. Addressing pollution in the Black Sea requires a multifaceted
approach, including the development of environmentally sensitive recommendations and
strategies, the establishment of robust monitoring and quality control systems, and the
application of innovative technologies to mitigate pollutant impacts (Shypotilova et al., 2021;
Shchiptsov & Goncharov, 2023). In addition, advanced wastewater treatment can help
minimise trade-offs between economic activity and pollution, and risk assessment is crucial
for limiting the impacts of biological hazard issues in the region (Strokal et al., 2023; Ratd &
Rusu, 2020).

Macroalgae in the Black Sea—particularly green and brown species—are of significant
interest due to their potential applications across a range of industries, including
pharmaceuticals, cosmetics, tissue engineering, wound dressings, and drug delivery systems
(Sirbu et al., 2020; Cadar et al., 2022; Rosioru, 2024). These algae are rich in bioactive
compounds, such as polyphenols with antioxidant and antibacterial activity. The biochemical
composition of Ulva lactuca and other macroalgae species, including Gongolaria barbata, is
influenced by environmental conditions and physiological status, which in turn affects their
utilisation potential (Cadar et al., 2022; Rosioru, 2024). For example, the total polyphenol
content and antioxidant capacity of Ulva lactuca may vary depending on the extraction
method and the specific conditions of the marine environment (Cadar et al., 2022). In the
Black Sea, the distribution and abundance of Ulva lactuca and Gongolaria barbata (previously
known as Cystoseira barbata) are affected by multiple factors, including coastal habitat
changes and anthropogenic pressures such as tourism development. Genetic diversity studies
on Ulva lactuca have also identified variations in the intertidal zone and have underlined the
need for conservation efforts (Hayati & Rahly, 2024). The use of Ulva lactuca and Gongolaria
(Cystoseira) barbata biomass for extracting bioactive substances depends on compound
purity, which is closely linked to the status of the marine ecosystem (Sirbu et al., 2020; Cadar
et al.,, 2022; Rosioru, 2024). Simplified profiles of antioxidant-active compounds can be
established using semi-quantitative tests, highlighting the importance of considering
sampling location and timing. Overall, the valorisation potential of species such as Ulva
lactuca (Sirbu et al., 2020; Cadar et al., 2022) and Gongolaria barbata (Rosioru, 2024) is high
due to their biochemical properties, making them suitable candidates for biotechnological
applications.
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The current species list of macroalgae (excluding Charales) in Russia’s southern seas includes
478 species in total: 362 species in the Black Sea, 46 species in the Sea of Azov, and 70
species in the Caspian Sea. Compared to data from 30 years ago, the species list has
increased by approximately 30% (with most of the increase attributable to 96 species
recorded in the Black Sea).

Warm-water Mediterranean and tropical-origin green and red macroalgae (e.g., Ceramium,
Polysiphonia, Laurencia, Ulva, and Chaetomorpha) and brown algae (e.g., Sargassum and
Cystoseira) are the main invasive taxa. Today, the highest species diversity is found along the
Crimean and Turkish coasts of the Black Sea, and the species list for the Turkish coast differs
markedly from all other surveyed regions of the Black Sea. Algae belonging to the warm-
water complex showed the strongest increase in the Black Sea during the 1990s and 2000s;
species of boreal—-tropical and subtropical origin are dominant. By contrast, no similar trend
was observed in the Sea of Azov or the Caspian Sea, although an expansion of habitats of
brackish-water green algae has been recorded.

The Black Sea is a brackish basin that is semi-isolated from the Mediterranean, and its
hydrology and phytobenthos concentrations differ from those of other seas in the same
region. Toxic elements (and nuclides) are transported via airborne pollutants, rivers, oil
pollution, or the direct discharge of industrial waste into the sea. Trace elements are carried
by seawater currents originating from the Danube and other rivers. Ecological conditions in
coastal areas are highly diverse, which causes element concentrations in algae to vary
depending on multiple factors, including species, geographic location, and season.

Green macroalgae are widely used to monitor marine pollution across different geographic
regions. They are common along Bulgaria’s Black Sea coast, and some species (Ulva rigida,
Enteromorpha intestinalis, Cladophora vagabunda) occur in almost all areas; therefore, they
are suitable for comparative assessments of pollutant concentrations across locations. Green
macroalgae species have been used as bioindicators in the Black Sea and in other marine
environments of neighbouring seas. Although researchers have measured trace element
concentrations in Black Sea green algae species, data on heavy and toxic metals along
Bulgaria’s Black Sea coastal zone remain limited and insufficient.

Macroalgae cultivation has strong potential in the shallow and sheltered coastal areas of the
Black Sea, particularly along parts of the coasts of Tiirkiye, Romania, Bulgaria, and Georgia.

Macroalgae are cultivated by attaching them to ropes and nets placed vertically or
horizontally in the sea. Fast-growing species such as Ulva and Enteromorpha can be readily
farmed by taking advantage of the nutrient-rich coastal waters of the Black Sea. In areas
where species such as Cystoseira occur naturally at high densities, controlled harvesting
methods can be applied to avoid harming the ecosystem. These species are important due to
their high iodine content and alginates.

Concern over trace element pollution in marine environments has been widespread for
decades, particularly because human activities—including tourism—can release significant
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amounts of toxic metals (Bat et al., 2009), raising public concern (Signa et al., 2020). These
pollutants, originating from industrial processes, agricultural runoff, and urban wastewater
discharges, disrupt the fragile balance of the Black Sea ecosystem (Bat et al., 2018) and pose
significant risks to both marine biota and human health (Bat & Arici, 2018). The Black Sea
receives substantial terrestrial pollution inputs primarily via rivers. In addition, pollution is
generated along its coasts by maritime transport, industrial activities, and municipal sewage
discharges (Bat et al., 2018). Therefore, biomonitoring studies using macroalgae such as Ulva
and Gongolaria (formerly Cystoseira spp.) are essential for assessing the extent of heavy
metal bioaccumulation (Bat et al., 2021; Nunes et al.,, 2023) and for understanding the
associated ecological impacts in this sensitive region (Neshovska et al., 2021; Rakib et al.,
2021).

Numerous studies have demonstrated the effectiveness of macroalgae as reliable
bioindicators of heavy metal pollution, owing to their sessile nature and high
bioaccumulation capacity (Bat et al., 2021; Rakib et al., 2021). This characteristic enables
macroalgae to reflect heavy metal concentrations in their surrounding aquatic environments
over extended periods, making them valuable tools for environmental monitoring (Rakib et
al., 2021). In particular, brown macroalgae exhibit a high sorption capacity, allowing them to
integrate and concentrate substantial amounts of surrounding pollutants, which makes them
especially useful for tracking metal contamination (Aboal et al., 2022). This bioaccumulation
process is driven by physiological mechanisms that facilitate the uptake and retention of
metals from the water column even at low environmental concentrations (Bat et al., 2021;
Nunes et al., 2023). Consequently, analysing metal concentrations in these organisms can
provide an accurate representation of pollutant bioavailability and ecological impacts within
marine ecosystems (Aboal et al., 2022).

The genus Ulva, in particular, is known for its exceptional capacity to accumulate lead,
concentrating it up to a thousand times more than the surrounding environment, which
highlights its usefulness as an environmental bioindicator for this metal (Filippini et al., 2020).
Conversely, Cystoseira spp. have shown variable heavy metal bioaccumulation capacities,
influenced by factors such as hydrodynamic conditions and the presence of epiphytes (Nunes
et al., 2023). Inter-species variability in heavy metal accumulation across different macroalgal
taxa—including Chlorophyta and Phaeophyta—further complicates direct comparisons and
requires species specific analyses to accurately reflect environmental pollution (Peng et al.,
2022; Nunes et al., 2023). This variability underlines the importance of selecting appropriate
species for biomonitoring studies, as different macroalgae exhibit different affinities for
specific metals (Bat et al., 2009).

A more detailed analysis of these findings helps to clarify the spatial distribution of pollutants
and the effectiveness of each species as a bioindicator for specific heavy metals, thereby
contributing to a more nuanced understanding of pollution patterns along the southern Black
Sea coast. This comparative assessment underscores the need to account for species-specific
considerations in biomonitoring programmes, as different macroalgae may exhibit distinct
bioaccumulation affinities for different metals (Rakib et al., 2021).
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It is also important to note that environmental factors such as temperature and salinity can
significantly influence heavy metal bioaccumulation rates in macroalgae (Signa et al., 2020).
In addition, morphophysiological traits—such as surface area and growth rates—may play a
more decisive role in metal bioaccumulation than species identity alone (Rakib et al., 2021).
Moreover, the combined effects of these physicochemical and biological factors require
further research to better understand their interactive influence on metal uptake and
retention in marine macroalgae, thereby improving their utility as robust biomonitors. Future
research should focus on controlled experimental settings to isolate the effects of individual
environmental variables and algal traits on metal accumulation.

3.3.3. White Sea (Russia)

The Kolvitsa Inlet of Kandalaksha Bay is an under-studied area of the White Sea. Field surveys
were conducted between 15 and 21 July 2016 in the intertidal and subtidal zones (using
diving equipment). In total, fifty macroalgal species were recorded: 9 Chlorophyta, 18
Phaeophyceae, and 23 Rhodophyta; the first records of Choreocolax polysiphoniae and
Coccotylus hartzii in Kandalaksha Bay were reported (Mikhaylova et al., 2017).

The red algal zone extends from 7 m down to 17-18 m depth, where high-diversity zonation
patterns and phytocoenoses were examined. The Odonthalia dentata community (7-8 m)
includes 31 seaweed species (biomass 282.1 + 37.6 g/m?; vegetation height 20 cm), with
Coccotylus truncatus and Polysiphonia stricta as subdominants. The C. truncatus community
(8-9 to 11-12 m) includes 35 species (157.4 £ 92.2 g/m?; height 10 cm). The C. truncatus—P.
rubens community (11-12 to 14-15 m) includes 26 species (41.9 + 1.1 g/m?; height 5-6 cm),
with Euthora cristata as a secondary dominant; a limited number of red cortical calcareous
algae occur at 15-18 m. Thirty-two epiphytic algal species were recorded; secondary
holdfasts on upright fronds of P. stricta suggest a specific attachment adaptation, and C.
truncatus may be a consortium-forming species in the lower photic zone, as epiphyte
biomass can be comparable to benthic seaweed biomass.
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PART IV
Opportunities, Recommendations, Investment Assessment

4.1. Strategic Opportunities for Tiirkiye and SWOT Analysis

4.1.1. Strengths / Opportunities

Extensive coastline and biodiversity — The Aegean, Mediterranean, and Black Sea
coasts provide a strong basis for hosting a wide range of seaweed/macroalgal
species.

Climate and natural endowments — Access to saline-water environments, solar
irradiation, and suitable temperature regimes create favourable conditions for
biological production.

Existing biotechnology and academic capacity — Universities host relevant
departments (biology, marine biology, biotechnology), laboratories, and ongoing
research projects.

Rising interest and public awareness — Awareness related to marine pollution,
microplastics, and sustainability is increasing, and narratives such as “valorising
seaweeds through the economy” are gaining traction.

Entrepreneurship ecosystem and grant schemes — Institutions such as TUBITAK,
Regional Development Agencies, and the Ministry of Industry and Technology show
a growing tendency to support R&D and sustainable technologies

4.1.2. Weaknesses and Key / Constraints Structural Barriers

44

Limited investment and early-stage financing constraints — There is limited
visibility on whether comparable seaweed/algae-focused startup investment cases
exist in Tlrkiye versus abroad. The initiatives observed are mostly at prototype stage
or remain small-scale.

Production costs and lack of economies of scale — Prototype outputs and biomass-
based solutions tend to be costly; scale-up is constrained by high costs for
processing, drying, and market access/logistics.

Technology and infrastructure gaps — Experience remains limited in key areas such
as controlled farming systems (offshore and nearshore), extraction technologies,
and quality standards.

Regulatory and permitting uncertainty — Regulations can be lengthy and
fragmented, including marine area permits, Environmental Impact Assessment
procedures, biodiversity protection rules, and authorisations for use/collection.

Market and demand uncertainty — Consumer awareness, industrial demand,
feedstock supply, and logistics are not yet clearly established; regardless of the
target product category (food, cosmetics, agriculture, feed, biomaterials), a robust
market strategy still needs to be built.
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Skills and know-how gaps — Limited international experience, technology transfer
capabilities, familiarity with national/international standards, and quality control
methodologies.

4.1.3. Investment and Entrepreneurial Potential in Tiirkiye

In Turkiye, investments in algae cultivation and the seaweed sector have accelerated in

recent years. In the sector, a growing number of production sites and several initiatives

operating in this field have recently intensified their activities, and —supported by the foreign

capital they have secured—have undertaken work targeting different industries.

Table 5: Key Macroalgae Startups in Tiirkiye

Venture Description

A Turkiye-based venture producing seaweed extracts.

SeaWean The company emphasizes its ambition to become “a

candidate for global leadership”.

Palgae

A bio-based material with seaweed content for
agricultural covers: developing an algae-based
product prototype.

Kybele’s Garden

Kybele’s Garden is both a technology provider and a
product supplier in the market.

In Turkiye, in the field of macroalgae / seaweed / algal biotechnology:

Current Opportunities: Advantages such as natural resources, climate, scientific
infrastructure, and the direction of sustainability-driven public policy.

Current Gaps: Investment volume, technological capacity, scale, regulatory clarity,
and proof of market demand & business model.

Potential First-Investor Roles: Public institutions (e.g., TUBITAK, Development
Agencies), private capital plus sustainability-focused angel investor networks, and
industrial collaborations (cosmetics, agriculture, food industry).

Strengths

Geographical and Ecological Diversity: Tirkiye is in a favorable position for
macroalgae cultivation with its different marine ecosystems and regions such as
Canakkale that have distinctive salinity differences (Scispace.com, 2024).

Advanced Aquaculture Sector: The existing and rapidly growing aquaculture
infrastructure provides a solid foundation for macroalgae cultivation to grow by
being integrated (IMTA) (TUDAV, 2020).

Academic and Institutional Interest: Ongoing work on macroalgae at universities
and institutions such as the Ministry of Agriculture and Forestry, and the
workshops that have been organized, indicate that a knowledge base and interest
base for the sector exist (Mersin University Department of Information
Technologies, 2020).
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Import—export dynamics of macroalgae are also important factors. Major
producers such as China, Indonesia, and South Korea supply large quantities of
macroalgae to markets in North America and Europe.

In 2020, the global seaweed export value was approximately USD 11 billion, and a
significant portion of this came from Asian countries. As demand for seaweed-
based products increases in Western markets, these countries are increasing their
production capacities, which leads to further growth in exports.

Weaknesses

Lack of Commercial Production: Despite the existence of academic and pilot
projects, large-scale commercial cultivation of macroalgae has not yet started in
Turkiye.

High Costs and Lack of Infrastructure: High cultivation and operational costs—
which are a global issue—also constitute a barrier to entry into the sector in
Tirkiye. The infrastructure and equipment required for large-scale marine farms
are not yet widespread.

Lack of a Specific Legal Framework: Although a general regulatory framework for
aquaculture exists, the absence of policies specific to macroalgae cultivation and
designed to incentivize it may hinder the sector’s rapid growth.

Opportunities
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Rising Global Demand in the Market: The rapidly increasing global demand for high-
value macroalgae-based products—such as food, pharmaceuticals, and cosmetics—
creates significant export potential for Tirkiye (Seaweed Market Share and
Statistics, 2024).

Blue Economy and Sustainability-Focused Investments: The sector’s contribution to
climate change mitigation (blue carbon) and environmental restoration is attracting
new funds and investors who combine financial returns with environmental impact.
Integration into the Agricultural Sector: Rising fertilizer prices and trends toward
organic agriculture present an opportunity to build a local market for macroalgae-
based biofertilizers and biostimulants (Mersin University IT Department, 2024).
Government initiatives promoting sustainable aquaculture and marine resource
management also support the macroalgae market. In 2021, the EU launched a “Blue
Economy” strategy aimed at supporting the sustainable use of ocean resources and
encouraging seaweed cultivation. This initiative aligns with the EU’s goal of
achieving a circular economy and encourages investments in macroalgae cultivation.
In addition, countries such as South Korea and Japan have introduced regulations
that support seaweed harvesting and processing, recognizing seaweed’s potential to
contribute to food security and address environmental challenges.

Investments in research and development for innovative cultivation and processing
techniques are increasing the efficiency of macroalgae production. Innovations in
aquaculture—such as automated harvesting systems and advanced nutrient
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management—are making macroalgae farming more sustainable and profitable.
This, in turn, creates new opportunities for producers and contributes to market
expansion.

Threats

e  Environmental Pollution: Water pollution caused by industrial waste increases the
cost of macroalgae cultivation and negatively affects product quality.

e Competition from Synthetic Alternatives: In some sectors, the preference for lab-
produced synthetic ingredients instead of macroalgae-based products is a potential
threat.

e Risk of Unsustainable Harvesting: Uncontrolled or excessive wild harvesting can
lead to biodiversity loss and ecosystem degradation.

e Regulatory challenges also hinder market growth. Different countries have
different regulations regarding the harvesting and processing of macroalgae, which
can complicate international trade. For example, in the European Union, strict
rules under the Marine Strategy Framework Directive aim to ensure the
sustainable use of marine resources.

e Compliance with regulations can be costly and time-consuming for producers. The
costs associated with meeting these standards can prevent small companies from
entering the market, thereby limiting the sector’s overall growth.

e One of the major constraining factors for the macroalgae market is the
environmental challenges related to cultivation and harvesting. Despite its
potential benefits, the industry faces scrutiny over its ecological impacts. For
instance, excessive harvesting of wild macroalgae can lead to biodiversity loss.

e According to the Food and Agriculture Organization, approximately 20% of global
seaweed production comes from wild harvest, increasing concerns related to
sustainability and ecosystem health. Unsustainable practices can disrupt marine
habitats and affect local fisheries, undermining the long-term viability of the
macroalgae sector.

e Another key constraint is competition from synthetic alternatives. As demand for
bio-based products grows, many industries are also exploring synthetic substitutes
for macroalgae. For example, in the food sector, some producers prefer lab-
produced ingredients that can mimic the properties of natural seaweeds and do
not carry sustainability-related concerns.

The analysis presented above indicates that Tirkiye needs a strategic roadmap that will bring
together its strengths and global opportunities. The sector can expand through sustainable
methods such as IMTA by leveraging the existing aquaculture infrastructure, and it can
overcome cost challenges by focusing on high-value products.

4.2. Contributions of Macroalgae Cultivation from a General Perspective

As the human population grows, achieving the UN Sustainable Development Goals (SDGs) on
time and at scale—and delivering the required transformational change—requires new,
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potentially disruptive strategies. In particular, there is a need to identify new biological
resources that can be sustainably cultivated with minimal requirements for arable land,
water, and energy; that support the net production of healthy food for humans and animals
grown on land and at sea; that support sustainable and cost-effective energy; and that
provide environmentally benign, sustainable materials while creating positive effects on
biodiversity and the environment.

Seaweed farming is a viable and sustainable aquaculture method that can contribute
significantly to the achievement of the SDGs. It has the potential to address SDGs related to
poverty eradication, food security, climate action, and sustainable consumption and
production. Seaweed farming generates numerous ecosystem services that provide direct
benefits for advancing a range of SDGs. Investing in environmentally friendly seaweed
farming can enable access to productive resources for poor and vulnerable people, women’s
participation in food production and consumption, free entrepreneurship in creating decent
jobs for men and women, local economic growth, and the empowerment of poor and
vulnerable coastal communities.

Currently, seaweed aquaculture is mainly concentrated in Asian countries, with minimal
activity elsewhere (Araudjo et al., 2019; Aradjo et al., 2021; Buschmann et al., 2017; Hughes et
al.,, 2012). Cultivating seaweed in EU waters could help the EU reach its ambitious
environmental targets, as set out in comprehensive policy initiatives such as the European
Green Deal (COM(2019) 640 final), Carbon Neutrality (EC, 2019), Farm to Fork (COM(2020)
381 final), and the upcoming Nature Restoration Law (COM(2022) 304 final). At present, 99%
of seaweed production in the EU relies on wild harvesting, whereas globally there is the
opposite trend, with 99% of production coming from aquaculture (Vazquez-Calderon et al.,
2022).

In view of these considerations, the European Commission (EC) is promoting seaweed
cultivation in marine regions (COM(2021) 236 final). However, fundamental knowledge about
the potential of this activity in European waters is still lacking. In November 2022, the EC
highlighted several challenges and proposed actions to encourage the algae industry to
become a resilient, sustainable, and regenerative sector capable of meeting growing EU
demand (EU Algae Initiative COM(2022) 592 final). Among the key issues identified are high
production costs and low production scale, hampered by a lack of scientific understanding of
growth potential across EU marine regions (Araujo et al., 2019; COM(2021) final; van den
Burg et al., 2016).

Seaweed cultivation capacity depends on environmental factors that regulate the growth
rates of different species. To assess aquaculture potential, the environmental characteristics
of EU marine regions need to be examined in detail. To date, studies on seaweed cultivation
potential in EU waters are limited. An assessment of seaweed aquaculture potential was
conducted along a 150 km stretch of coastline in Skagerrak on Sweden’s west coast (Thomas
et al, 2019).

48

Co-funded by
the European Union

interreyg

MACRO
NEXT Black Sea Basin CLEAN



A series of studies on the seaweed cultivation potential in the Baltic Sea was carried out using
modelled environmental data to calculate potential growth rates and nutrient removal
capacities (Kotta et al.,, 2022). A similar model-based approach was previously used to
identify the potential environmental impacts of existing seaweed facilities in Dutch and UK
waters (TUDAV, 2020).

Nevertheless, comprehensive EU-wide assessments of seaweed cultivation potential are still
lacking. The EU has invested heavily in monitoring and research to improve understanding of
environmental conditions in marine regions and their variability. However, existing data are
still insufficient to provide a comprehensive picture of marine environmental variables
(including spatial and temporal variability). In addition to these monitoring efforts, the EU
has made progress in developing numerical models that can provide a broad characterization
of environmental variables in EU waters.

4.3. Barriers to the Procedure for Producing Fuel from Algae

Algal crude oil has been produced in various pilot-scale facilities, but whether algal fuels can
be produced in sufficient quantities to meaningfully displace petroleum fuels has largely
been overlooked. The constraints hindering the commercialization of algal fuels need to be
understood and addressed for future commercialization.

Fuels derived from algae are expensive compared to fuels derived from petroleum, but this
may change. Unfortunately, improved production economics alone is not sufficient for
environmentally sustainable production or large-scale feasibility. In addition to other key
resources, algal fuel production requires a low-cost source of concentrated carbon dioxide.
The shortage of concentrated carbon dioxide is the greatest barrier to producing algal fuels
at significant scale. Production sustainability requires developing the ability to nearly
completely recycle the phosphorus and nitrogen nutrients required for algal cultivation.
Developing a nitrogen biofixation capability to support algal fuel production should be an
important long-term goal. At sufficiently large scale, limited freshwater availability will pose a
major constraint on production, even if marine algae are used.

To achieve a net positive energy balance in algal fuel, processes are required to recover
energy from the algal biomass remaining after oil extraction. The near-term outlook for
widespread use of algal fuels is not encouraging, but fuels for niche applications such as
aviation may be possible in the medium term. Genetic and metabolic engineering of
microalgae to increase fuel yield and facilitate recovery is necessary for the
commercialization of algal fuels. In the long term, algae will need to be genetically modified
for improved photosynthetic efficiency.

Algae are more efficient than terrestrial plants at converting sunlight into biochemical energy
(Stephenson et al., 2011). Green microalgae share the same basic photosynthetic mechanism
as C3 terrestrial plants. The maximum photosynthetic efficiency of C3 plants grown under
normal atmosphere is estimated to be 4.6% (Zhu et al., 2008), meaning that 4.6% of the total
solar energy received can be converted into biomass energy. In practice, the annual average
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efficiency typically does not exceed 2.4% (Zhu et al., 2008). By contrast, for algae growing in
an outdoor, CO,-supplemented culture, annual average photosynthetic efficiency has been
observed to be >5%, and the possible maximum for wild-type species has been estimated at
8.3% (Chisti, 2012).

Potentially, algae can provide fuel in several different forms (Kroger & Miiller-Langer, 2012):
algal biomass for combustion—either for direct combustion or to produce algal crude oil for
use in producing other transportation fuels such as diesel, gasoline, and jet fuel (kerosene)
(Lestari et al., 2009); biogas via anaerobic digestion of biomass (Zamalloa et al., 2011;
Markou et al., 2013); biohydrogen; bioethanol via fermentation of carbohydrates derived
from algae (Matsumoto et al., 2003; Ho et al., 2013); and bioethanol produced directly via
algal photosynthesis (Williams, 2009; LU et al., 2011).

Among the different fuel forms algae can provide, algal oil for making liquid transportation
fuels has been the main focus of interest, including commercialization efforts by many
companies. Of the several companies attempting to commercialize liquid fuels from algae,
most have focused on oils produced through photosynthesis. Others are attempting to
convert carbon dioxide and water photosynthetically directly into usable fuels. For example,
Algenol Biofuels is developing direct bioethanol production from carbon dioxide in
genetically modified algae, and Joule Unlimited, Inc. (www.jouleunlimited.com) is pursuing a
similar approach to produce other fuels. In contrast to the photosynthetic route, Solazyme,
Inc. uses plant-derived sugars to grow oil-rich algae.

Many algae accumulate oil (Banerjee et al., 2002; Chisti, 2007; Griffiths & Harrison, 2009;
Griffiths et al., 2012). The oil content of algal biomass usually increases substantially if a
nutrient-deficient cultivation stage, or another stress-inducing stage, follows a nutrient-
sufficient growth stage (Illman et al., 2000; Rodolfi et al., 2009; Mazzuca Sobczuk & Chisti,
2010; Griffiths et al., 2012; Dillschneider et al., 2013). At least in some cases, oil also
accumulates in a nitrogen-sufficient environment if excess carbon is supplied (Fan et al.,
2012).

Algal oil contains various components: in addition to triglycerides, it may contain terpenoid
hydrocarbons (Banerjee et al.,, 2002), polar lipids, oxygen-containing non-triglyceride
carotenoid oils, and chlorophylls. All of these compounds are rich in energy and carbon. Algal
crude oil has an energy content of about 35,800 kJ-kg™, or about 80% of the average energy
contained in petroleum (Chisti, 2012). Algal crude oil is a potential substitute for petroleum
to produce various transportation fuels (Journal of Biotechnology, 2013).

Crude algal oil tends to be rich in long-chain polyunsaturated fatty acids (Belarbi et al., 2000;
Ward & Singh, 2005; Guschina & Harwood, 2006; Harwood & Guschina, 2009; Nichols et al.,
2010) and therefore may not be as suitable as some other vegetable oils for biodiesel
production (Knothe, 2011; Stansell et al., 2012). Nevertheless, algal oil has been successfully
converted into gasoline, diesel, and kerosene fuels that are indistinguishable from their
petroleum-derived equivalents (Chisti, 2012). Liquid fuels derived from algae have shown
superior performance in tests (Johnson & Wen, 2009; Haik et al., 2010; Babich et al., 2011;
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Haik et al., 2011; Chen et al.,, 2012; Khan et al., 2012); therefore, although algal
transportation fuels are not currently affordable, they are a proven technology.

In the rush to commercialize, the serious barriers to large-scale production of algal fuels have
been overlooked. The obstacles to producing fuel from algae at a commercial scale are
mainly due to high operational energy inputs (harvesting and drying), high capital costs
(photobioreactors (PBRs) and processing facilities), and the inability to sustainably achieve
low-cost biomass yields. The future of this technology depends on a biodiesel biorefinery
model that subsidizes fuel costs through the sale of high-value algal co-products, and on the
development—uvia genetic engineering—of algal strains that produce oil efficiently. However,
unless these challenges are resolved, algal biofuels will not be able to compete with
petroleum in the global energy market.

The initial capital investment required to establish algal farms—especially closed PBR
systems—is very high compared to conventional agriculture or fossil-fuel facilities. PBRs
require complex piping, pumps, sensors, and temperature/pH control units. Algal growth also
depends on large inputs of nitrogen (N) and phosphorus (P), making nutrient supply a major
operating cost; while wastewater nutrient recovery could help, it requires additional
investment. Moreover, continuous monitoring, harvesting, extraction, and processing
demand qualified personnel and high maintenance.

Complex and costly methods are used to extract oil from algal cells: Cell Disruption (Lysis)—
mechanical (bead mills, sonication) or chemical (solvents) breaking of robust cell walls—
followed by Transesterification, where crude algal oil is converted into engine-usable
biodiesel using methanol and catalysts. The efficiency and cost of these steps directly
determine the final fuel price, and using algal biomass only as fuel undermines the overall
cost—benefit balance.

To offset costs, the “Biorefinery Concept” should be adopted: separating and marketing high-
value compounds remaining after oil extraction (proteins, carbohydrates, pigments) for
dietary supplements, cosmetics, and animal feed. This added revenue can bring biofuel costs
closer to petroleum, although additional processing increases complexity and upfront
investment.
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PART V
Macroalgae Investment & Financial Outlook

Investments in the macroalgae sector are increasingly growing globally under the main
headings of the “blue economy” and “biotechnology.” Although a dedicated investment
ecosystem for this field has not yet been formed in Tirkiye, the focus areas of existing funds
provide potential opportunities for macroalgae projects.

5.1. Global Investment Trends

Over the past five years, venture capital investments in the macroalgae sector have
maintained a stable level between USD 112-118 million during 2022-2024. These
investments indicate a shift from early stage innovation toward the commercialization and
scaling of market ready solutions. The geographical distribution of investments is still
concentrated in North America and Europe; however, the rise in Asia is noteworthy.

5.2. Profiles of Major International Investors

Hatch Blue & Blue Revolution Fund: This Ireland-based fund is a global firm focused on areas
such as sustainable aquaculture, regenerative farming, and “blue carbon” solutions. The Blue
Revolution Fund’s investment strategy explicitly includes investing in projects such as
“regenerative seaweed and shellfish farming.” Together with partners such as the European
Investment Fund (EIF) and The Nature Conservancy, it adopts an investment approach that
combines financial returns with environmental impact.

Other International Companies: Although they are not direct investors in the sector, large
companies that use macroalgae-based products stand out as potential business partners.
Corbion produces AlgaPrime™ DHA, a sustainable omega-3 source for animal feed. BASF, in
partnership with Acadian Plant Health™, has added biostimulants derived from seaweed
extracts to its agricultural products portfolio. DSM-Firmenich uses macroalgae derivatives
such as carrageenan in food and nutraceutical products.

5.3. Potential Turkish Investors

There is no venture capital fund in Tirkiye that is specifically focused on the macroalgae
sector. This situation requires local ventures to align their business models with broader
investment themes in order to attract investors. Below is a list of potential domestic
investors that could invest in macroalgae projects.

e Venture Capital Funds:

o Bogazici Ventures: As a fund focused on “deep tech” and “sustainable
innovation,” it may be interested in macroalgae projects in biotechnology
and agri-tech.

o Revo Capital: This fund invests in technology-focused B2B and B2C
ventures and may evaluate innovative macroalgae applications, particularly
in aquaculture and food technologies.
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o Diffusion Capital Partners (DCP): With a mission to invest only in deep tech

and ventures that “solve complex problems,” it is a suitable candidate for

macroalgae biotechnology and biorefinery projects (BaseTemplates, 2025).

e  Corporate Funds and Holding Companies:
o TEB Portfolio Health and Biotechnology Variable Fund (TBE): The fund’s
strategy of investing in domestic and foreign companies in health and

biotechnology suggests it could be a financing source for ventures focusing

on pharmaceutical and nutraceutical applications of macroalgae (TEB

Portfoy, 2025).

e Other Investors: Funds mentioned in a KPMG report that invest in areas such as

fintech and food technology (Kings Research, 2025), as well as the venture capital

arms of holding companies such as Alarko Ventures (BaseTemplates, 2025), may

show interest in innovative business models in the macroalgae sector.

e  Public and Development Finance:
o lIstanbul Venture Capital Initiative (iVCi): Established with EIF support, this
fund has contributed to the development of the venture capital ecosystem

in Tirkiye. Such internationally supported funds could be future financing

channels for projects in the “blue economy” domain.

If an investor is considering investing in the algae/macroalgae field in Tirkiye, focusing on the

areas below will accelerate this process:

Table 6: Areas for Investors to Focus On

Area

Why the Potential is High / Required Elements

Cultivation / Farm
Infrastructure (marine /
controlled systems)

To ensure a supply of high-quality raw material; costs of
controlled cultivation can be reduced; species selection;
seasonality issues must be managed.

Extraction / Processing
Technologies

Isolation of active compounds (polysaccharides,
polyphenols, etc.), removal of contaminants, conversion
into a stable product form. This stage requires investment-
intensive technological expertise and facilities.

Product-to-market (go-to-
market) Strategies

First products could be cosmetic ingredients, agricultural
biostimulants, and food additives. Areas such as
packaging/biomaterials involve high technical barriers and
require consumer acceptance.

Supporting Corporate +
Public Collaborations

R&D grants, university—industry collaborations,
contributions from marine research institutions; regulatory
support; coastal permits; infrastructure such as
environmental impact permits.

Sustainability &
Certification

Environmental impact, carbon footprint, impacts on
biodiversity, product safety/cleanliness—these factors
influence investment decisions.

Market Awareness &
Familiarity

Local consumers and industry must become more familiar
with sustainable algae products and biomaterial alternatives
branding, education, and communication are important.
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Tablo 7: Selected Blue Economy Investors (International & Turkish)

Investor Country Focus Area Relevant Sectors Description
Regenerative .
One of the most active
aquaculture, . .
firms globally in the
. aquaculture M Y
Sustainable . blue economy
Hatch Blue Ireland technologies, . L
Aquaculture p ,, domain. It explicitly
blue carbon,
. supports macroalgae
alternative roiects
seafood. Projects.
A fund managed b
Aquaculture, . g v
Blue » " Hatch Blue; it invests
. Early-Stage blue carbon, . .
Revolution Ireland with environmental and
Aquaculture seaweed and .
Fund ) social impact
shellfish farms. -
objectives.
Deep tech, Al, Focuses on deep tech
.. . financial ventures in Tirkiye; it
Bogazigi L Innovative . . .
Tirkiye technologies, may be interested in
Ventures Ventures .
agricultural aquaculture or
technologies. biotechnology projects.
B2B cloud, Al, Invests in technology-
Revo Tirkive Technology cybersecurity, based ventures in
Capital y Ventures financial Tlrkiye, Eastern
technologies. Europe, and the Baltics.
Invests in technology-
Life sciences, intensive startups that
Diffusion agricultural solve complex
Capital Turkiye Deep Tech technologies, problems. Itis a
Partners energy and suitable profile for
environment. macroalgae
biotechnology projects.
Could be a potential
financing source for
. Health and rojects focusing on
TEB L Biotechnolo . proJ . §
. Tirkiye biotechnology pharmaceutical and
Portfolio gy Funds . .
industry. nutraceutical
applications of
macroalgae.
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PART VI
Opinions on the Potential Application Areas of
Macroalgae-Based Products

Macroalgae, also referred to as seaweeds, are multicellular, aquatic, photosynthetic
organisms. They are abundant in oceans, particularly in coastal regions, where they may
attach to rocks and other hard substrates or exist as free-living forms. As one of the major
photosynthetic organism groups in marine environments, macroalgae are widely used in
various fields, especially in food and pharmaceutical production. Given their broad
distribution, easy accessibility, and high efficiency in fixing carbon dioxide through a carbon-
concentrating mechanism, they can produce substantial amounts of nutrients or metabolites.

Macroalgae can also accumulate high levels of bioactive compounds by assimilating nitrogen-
and phosphorus-based substances during wastewater treatment. This review mainly
addresses the distribution characteristics of macroalgae and their unique bioactive
applications in food, pharmaceuticals, and environmental remediation. Their functional
components and bioactive substances are useful in food production and/or drug
development. Integrating macroalgae into wastewater and waste-gas treatment alongside
resource recovery would provide a sustainable pathway for producing bioactive compounds.

In this context, we consulted Dr. Merve Kaya, a Lecturer at the Technical University of
Munich who conducts R&D projects on valorizing macroalgae as a raw material for
biostimulant production. She emphasized that, in Europe, algae are incorporated —directly or
indirectly—into many products, especially in areas such as fish feed and fertilizers, and that
extraction is one of the most critical factors for algae intended to be used in such mixtures.
Dr. Kaya noted that products of this type have already been commercially launched in various
countries, particularly Canada, China, Japan, and Thailand, and that when sector-appropriate
extraction can be achieved during commercialization, customer potential in these sectors is
high. When the Turkish market is considered, although the macroalgae sector in Tiirkiye is
still at an early stage, interest is increasing rapidly. Awareness is growing thanks to university
research efforts and small-scale ventures. It can be argued that the underlying drivers of this
shift in awareness include sustainability and carbon-footprint reduction, rising interest in
health and functional foods, and—linked to these—the upward trend toward circular
economy practices and bioplastics.

Dr. Merve Kaya, noting that Turkiye’s macroalgae sector is still at an early stage but clearly on
an upward trajectory, states that interest in algae has been increasing rapidly and that
awareness has been rising thanks to university research and small-scale initiatives. She adds
that the key global megatrends triggering developments in this field include sustainability
and the reduction of carbon footprint, the shift toward the circular economy and bioplastics,
as well as growing interest in health and functional foods. According to Dr. Kaya, Turkiye’'s
strengths in this sector lie in its rich coastal ecosystems, active research groups at
universities, and a young entrepreneurship ecosystem. Emphasizing that a lack of regulatory
clarity (for example, algae-based biostimulants are not yet clearly defined in the organic
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fertilizer regulation) and limited investor interest constitute major weaknesses of the sector,
Dr. Kaya also notes that in her current work they are focusing particularly on polysaccharide
extraction from brown algae (Laminaria, Sargassum).

Dr. Merve Kaya emphasizes that alginates derived from brown algae—given their increasing
use in the seed-coating industry—have relatively higher commercial potential. Regarding
algae-related work in Turkiye, she underlines that the country has a solid academic
knowledge base and that research projects are being conducted particularly along the
Aegean and Black Sea coasts; however, the number of products commercialized at an
international scale remains low. Dr. Kaya notes that although Tirkiye is strong in both the
quality and quantity of publications, it has not yet reached an adequate level in terms of
converting this output into patents and startups. She lists key steps that could unlock
progress in this field—across regulation, investment, entrepreneurship, and public policy—as
providing R&D incentives for entrepreneurs, public support for pilot production facilities, and
strengthening university—industry collaboration.

Dr. Merve Kaya notes that younger researchers are more open to the idea of
entrepreneurship and are showing interest in algae-based biomaterials and functional food
startups. She assesses that next-generation biotechnology ventures emerging from Turkiye
have the potential to expand into the European market and, if the necessary enabling
conditions are provided, can achieve high value-added successes. Emphasizing that
macroalgae-based products in Tiirkiye are likely to move beyond a niche research area and
evolve into a broader commercial ecosystem, Dr. Kaya states that rapid growth could be seen
particularly in sustainable packaging, animal feed, and functional food products, and that
public policies will also support this transformation.

According to Giilay Karagiille, a lecturer in the Department of Biology at Bolu Abant izzet
Baysal University, the development of the algae sector at both micro and macro scales has
accelerated over the past five years in proportion to the value added it creates. She states
that a concrete proof of this momentum is the fact that both TUBITAK and the Ministry have
been providing support in this area. Karagiille notes that although the climate crisis affects
the sector negatively, Tirkiye’s suitable climate for production is a significant advantage.
However, she adds that certain disadvantages—such as the limited number of academics
working in this field and the need to import many items from abroad, including various by-
products and machines used in production (e.g., reactors)—slow down the pace of sectoral
development. Karagiille emphasizes that species such as Gracilaria dura and Sargassum
acinarium are particularly valuable for functional foods, and she believes the sector will grow
in this direction. She also notes that, through the company she established within a
technopark, she is engaged in production; yet she observes that outputs remain relatively
weak compared to international examples due to the small number of academics in the field
and the lack of multidisciplinary work. Karagiille predicts that product diversity will increase
especially in the cosmetics domain and that algae will be used extensively in dietary
supplements. She also foresees growth—particularly on the microalgae side—in wastewater
treatment applications. Finally, stating that the biggest problem in the domains of
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entrepreneurship and public policy is not legislation but investment, she believes that
support mechanisms should be strengthened as a priority.

Prof. Dr. Recep Kotan, a faculty member at Atatiirk University, Faculty of Agriculture,
Department of Plant Protection, whose expertise includes bacteriology, insect control, and
plant disease management and who therefore works primarily on microbial fertilizers and
biopesticide production, states that a significant amount of seaweed enters Tiirkiye from
abroad, and that this seaweed is used by being blended into other fertilizers applied in
agriculture. According to Kotan, it is important to keep in mind that in this sector—driven by
factors such as sustainability and the climate crisis—there is no large-scale overharvesting,
and that cultivation remains very limited, largely restricted to the Aegean Region. He also
notes that the China case should be considered an important example: in China, 261.000 tons
are harvested from the wild, whereas cultivation-based production reaches nearly 14 million
tons of algae capacity. Kotan adds that in their own studies they generally use Clodielle and
Spirulina, and that these species are typically used to produce microbial fertilizers and
biopesticides. Comparing scientific output and projects in Tlrkiye with the international level,
Kotan argues that Tiirkiye has no major shortcomings in scientific research, but lags far
behind in areas such as developing marketable products, obtaining patents, and integrating
into industry. He further notes that, especially for pesticides, the regulatory framework can
be challenging at the stage of obtaining product licenses/registrations. Prof. Dr. Recep Kotan
emphasizes that the macroalgae sector is likely to develop over the next 5-10 years, as
sustainability and the climate crisis remain frequently on the agenda and organic agriculture
expands, and he underlines that this growth will be driven through microbial fertilizers and
biopesticides.

Dr. Nevzat Omer Saatgioglu, a faculty member in the Department of Architecture at
Istanbul Gelisim University who has carried out academic studies on both microalgae and
macroalgae across a wide range of projects, notes that algae—primarily used for
treatment/bioremediation in their earliest applications—have begun to be used increasingly
by metropolitan municipalities for purification purposes. However, he states that the same
level of development has not yet been observed in sectors such as food, construction,
materials, compost, and energy production, and that the transition from ideas to
implementation is delayed particularly due to the cumbersome and conservative nature of
the construction sector. Regarding the global megatrends driving developments in algae-
related applications, Dr. Saatgloglu emphasizes that city-scale implementations can be highly
valuable and promising in terms of water treatment, air purification, and energy generation;
yet, at the building/architecture scale, implementation becomes more difficult due to criteria
such as efficiency and upfront capital cost. According to Saatgioglu, in practice, a top-down
transformation of an entire city’s infrastructure should be carried out step by step, enabling
multi-dimensional gains to be realized locally. He argues that, as a result of such efforts, it
would be possible to prevent the seas—such as the Sea of Marmara—from being used as
places where sewage waste is discharged and accumulates. Stating that comprehensive
planning should be translated in phases into city- and region-specific approaches, Saat¢ioglu
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adds that the return on such investment would be more than worthwhile. Evaluating
Tirkiye’s strengths and weaknesses in this sector, Dr. Saatgioglu notes that factors such as
the lack of holistic, higher-level planning, the general lack of awareness of algae’s potential,
and an insufficient number of qualified technical personnel create disadvantages. He also
states that increasing use and scaled applications abroad have attracted the interest of
municipalities in Turkiye, leading to the creation of local, small-scale experimental—
observational-implementation pools; and that with the right guidance, algae could have high
commercial value particularly in pharmaceuticals and cosmetics. At the city scale, he adds
that despite the likelihood of high initial investment and operating costs, treatment and
energy production could still be economically advantageous.

Saatgioglu states that scientific output and projects in Tiirkiye remain limited and largely
small-scale, and that there is a need for large-scale, multidisciplinary research projects. He
emphasizes that, within the scope of such work, a significant portion of the infrastructure
and investment required for large treatment systems could be financed through European
Union R&D and implementation funds. However, he adds that this would require plans,
projects, and research activities to be designed through public-sector, university, and
municipal collaborations.

According to Saatgioglu, establishing algae production facilities—particularly in composting,
energy generation, and wastewater treatment—would make it possible to produce
differentiated “raw materials” tailored to different functions and use cases across multiple
sectors. He argues that algae-based treatment technologies represent a high-potential
solution that combines wastewater treatment, air quality improvement, and bioenergy
production within the same ecosystem. This approach reduces the carbon footprint, lowers
the wastewater load on seas, rivers, and groundwater resources, and enables the reuse of
treated water. The algal biomass generated in this process can be converted into compost
and utilized for energy production by being transformed into biogas/biofuels. Considering the
social and environmental returns, he concludes that these systems should be implemented
widely by municipalities and made mandatory within the relevant legislation.

Assoc. Prof. Dr. Murat Telli, a faculty member in the Department of Biology at Bolu Abant
izzet Baysal University who conducts research for the food sector and works on producing
functional foods using both microalgae and macroalgae, states that the number of
companies working with algae has increased significantly over the last five years. However,
he notes that the majority of these companies are small businesses or startups, and argues
that large companies operating in this field need to establish flexible, multidisciplinary
teams—because small firms do not have the capital required to carry out such work. For this
reason, he emphasizes that cooperation between startups and large firms must be
established. Regarding the global megatrends driving developments in this area, he says that
interest in algae increased after carbon-emission—related developments, noting that 1 gram
of algae (dry weight) can capture roughly 5 grams of CO,, and therefore algae rank first as a
solution. Telli also states that newly introduced incentives implemented in Tirkiye have had
a positive impact on the sector. He underlines that Turkiye’s climatic structure is particularly
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suitable for cultivating diverse strains/species, and identifies one of the sector’s key
weaknesses as the low number of people working in the field. According to Assoc. Prof. Dr.
Murat Telli, many by-products and machines to be used—such as reactors—are imported
from abroad. While this is perceived negatively in terms of costs, he argues it should also be
considered an advantage in terms of low competition. Another weakness of the sector, he
adds, is that investors are not familiar with the concept of R&D-based investment. In his
view, Spirulina and Chlorella stand out in the sector particularly in the food, medical, and
cosmetics domains.

Comparing Turkiye’s scientific output and projects with the international level, Telli notes
that there are not many academics working in the field, and stresses that because studies are
not conducted in a multidisciplinary manner, they remain weaker than international
examples. He believes that the macroalgae sector will see greater demand over the next 5—
10 years, stating that products are recognized by end consumers and that, as demand likely
increases, the investment ecosystem will also develop. He further notes that carbon emission
taxes will support the development of this field.

Prof. Dr. Levent Bat, who serves at the Faculty of Fisheries at Sinop University, conducts
studies on the identification and ecological stoichiometry of macroalgae species distributed
along the Sinop coasts, and has worked on determining heavy metal levels in dominant
macroalgae found on the Sinop coastline as well as investigating the usability of these species
as biomonitors. He focuses in particular on Cystoseira among brown algae and Ulva (sea
lettuce) among green algae. These studies include: comparing heavy metal concentrations
accumulated in algal tissues with metal concentrations in the surrounding water and
sediments; assessing their suitability for use as biomonitors; and conducting fertilizer and
bioplastic trials. According to Bat, carrying out projects and academic studies is important for
the valorization of the macroalgae present in Tirkiye. In this context, the MACRO CLEAN
Project is also highly significant, because it targets different application areas of macroalgae
(fertilizer and bioplastics) and will contribute to sectoral development. He notes that Turkiye
is a country with strong potential, and that cooperation between the private sector and
public institutions is essential to increase this existing potential. He also states that there is a
societal prejudice specifically regarding edible algae: due to factors such as appearance,
smell, and religious beliefs, people do not strongly prefer to consume them. Although there
are ongoing efforts in this area, this prejudice constitutes a barrier to the marketing and
wider adoption of edible macroalgae. Macroalgae are major carbon sinks, capturing large
amounts of carbon dioxide through photosynthesis. They offer a natural solution in the fight
against climate change and, in this way, play a role globally in reducing carbon emissions.
Macroalgae are fast-growing and rapidly developing organisms; as a result of their rapid
growth, they can contribute to eutrophication problems. Converting harvested macroalgae
into products such as bioplastics, fertilizers, and biofuels is one of the innovative approaches
that has recently come to the forefront. Algae are also considered natural, healthy,
functional, and innovative foods. Thanks to their high vitamin, mineral, and protein content,
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they are among the valuable raw materials preferred especially in the food and cosmetics
sectors.

According to Prof. Dr. Levent Bat, there is currently a shift toward environmentally friendly
products. With the growth of the world’s population, fossil resources are being depleted
rapidly. The relatively low cost of macroalgae is a key reason they are preferred as an ideal
raw material for sustainable production. Tirkiye being surrounded by seas on three sides
enables the presence of different macroalgae species along its coastal regions. Thanks to
developing technology and the increasing orientation toward eco-friendly products, private
and public institutions have intensified their efforts on the potential application areas of
macroalgae. Academic research, on the other hand, is largely focused on species
identification, ecological characteristics, and biotechnological applications. Carbon-sink
capacity, potential as an alternative food source, and usability in environmentally friendly
products are among Tirkiye’s strengths in this sector.

The conversion of macroalgae into end products has remained at the level of academic
research; it is not yet at commercial scale. For wider adoption, strong industrial investment
and advanced technology are required. However, Tirkiye currently lacks the necessary
investments and technologies. There are no established regulatory practices. Legislation and
public information/awareness efforts are among Tirkiye’s weaknesses in this sector, yet
these can be improved through appropriate regulations and raising public awareness.

Regarding products with higher commercial potential in biotechnology, environmental
applications, or the pharmaceutical and cosmetics sectors, academic studies indicate that red
algae species are the primary source for agar and carrageenan production and are therefore
preferred particularly as gelling agents. Brown algae are mostly used in bioplastics, biofuels,
and fertilizer production, while green algae—thanks to their high protein, vitamin, and
mineral content—can be considered as functional foods and as feed additives. Although
scientific output and projects in the macroalgae field in Turkiye are increasing, they primarily
concentrate on topics such as ecological monitoring and taxonomy. In France, New Zealand,
and Asian countries, certain regulations related to macroalgae exist. In Tirkiye, however,
there is no defined standardization regarding macroalgae-based ingredients.

Prof. Dr. Levent Bat states that, in Tirkiye, seaweed cultivation is not a statistically
established sub-sector; that nearly all macroalgae production is carried out by Asian
countries; and that, in terms of commercialization, Tiirkiye lags significantly behind countries
such as Norway, France, and Spain. In order to pave the way for this field in terms of
legislation, investment, entrepreneurship, and public policy, the following actions could be
considered:

e Alist of macroalgae species that can be utilized may be compiled (for example, the
Centre d'Etude et de Valorisation des Algues (CEVA) has regulatory coverage for 25
macroalgae species).

e Seaweed cultivation zones may be designated in coastal areas.

e National funding and incentive programs (e.g., TUBITAK, KOSGEB) may be launched.
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e Participation in EU funds may be supported.

e Credit/loan support mechanisms may be provided.

e  Public—private partnership projects may be encouraged.

e  Education and research capacity at universities may be strengthened.

e Consumer awareness and dissemination/outreach activities may be implemented.

Levent Bat states that his team is conducting pilot studies, and that fertilizer trials (in solid,
liquid, and compost forms) will be applied to strawberry and lettuce plants grown in the
greenhouse on the university campus. He notes that strawberry and lettuce were selected
because they are easy to cultivate and can yield results in a short time, and he adds that
preliminary bioplastic studies are also ongoing.

In his future projections, he emphasizes that the next 5-10 years will stand out in terms of
pilot implementations. According to Bat, Sinop could be considered a regional production
hub within the scope of the blue economy and blue growth, and if regulatory frameworks
and investment supports are provided, the sector could become a significant industry within
ten years.

In conclusion, macroalgae are important for the blue economy. They have high health,
ecological, and economic potential. In addition to being environmentally friendly products,
macroalgae are also important in terms of carbon sequestration, improving water quality,
and ecosystem services. Their areas of use are broad. Therefore, standardization should be
developed as a priority. Macroalgae should be explicitly addressed within legislation.
Entrepreneurship should be supported through funds and incentives. By increasing pilot
studies, Tlrkiye should be positioned as a production location for regional development.

Emre Yakup Aysan, co-founder of PETIMORE, a firm that provides consultancy—particularly
on the transition of algae-based scientific research into production for the feed industry—
states that algae are used in fish feeds as color and flavor enhancers, and that there are now
studies aimed at using them for their nutritional value as well. He notes that the most
important driver behind advancing this line of work is the climate crisis. Aysan adds that
because Tirkiye industrialized relatively late, its soil and water structure is cleaner than that
of many countries, meaning it has not yet lost many species, and that Turkiye’s climatic
conditions are highly suitable for cultivating many species. Stating that PETIMORE primarily
provides consultancy services and therefore does not face a supply-related problem, Aysan
emphasizes that the biggest challenge for producers is logistics: products are sourced from
the Far East or Canada, which results in both a larger carbon footprint and higher costs. He
underlines that the sector has growth potential in both feed and human food markets, and
notes that although there are not yet many production facilities operating on a truly large-
scale industrial model, the number of facilities is expected to increase over the next five
years, strengthening the sector’s potential in these areas.

According to Eyliil Er, co-founder of PALGAE—a company that develops algae-based plastic
raw materials using microalgae, produces bioplastic granules as its core output, sells its
products in powder form, and also uses macroalgae as a compatibilizing agent in this
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process—the market has recorded growth in recent years. The most important factor
underlying this growth, she states, is the climate crisis. Noting that there is not enough algae
available at the density required to supply industry, Er emphasizes that the need to initiate
cultivation-based production remains pressing. In her view, Tirkiye’s strongest advantage is,
in fact, its climate, which is suitable for cultivating many species. Stating that the algae are
sourced from Vietnam, Er adds that their biggest challenge is carbon emissions arising from
logistics. She also notes that shipments in granule form can create certification issues.
Looking ahead, Er identifies new areas where she sees growth potential for macroalgae-
based products, including cosmetics, natural pigmentation applications, textile dyes, and
food colorants. Er further states that in the course of their work they have collaborated with
Marmara University, Istanbul University, Bogazici University, and the University of Porto, and
adds that she expects macroalgae use to increase further over the next 5-10 years, alongside
a rise in algae-based bioplastics.

Faruk Tamtiirk, co-founder of Biorld Kimya, who works on algae-based food formulation
applications, states that they have been working in this field since 2017 and that there has
been a significant increase in startups over the last three years, with particularly major
progress in omega-3 and protein. He notes that products derived from fish can carry a
substantial heavy-metal load, whereas macroalgae represent an important source of omega-
3. According to Tamtirk, among the global megatrends driving developments in this field,
carbon capture and conversion capabilities rank among the top factors. He adds that Tirkiye
has very favorable climatic conditions for production and is strong in terms of human capital,
and therefore has the potential to become a center of attraction in this area. However, he
emphasizes that this potential will be realized not through harvesting algae, but through
cultivation. Summarizing the main challenge they face in the supply chain as logistics,
Tamtliirk says that there is no problem regarding algae in legislation and legal regulations per
se, but that there is no specific regulatory framework for producing food from algae within
the food production process. He stresses that the product’s core characteristics cannot be
stated, and that it is launched to the market like a standard food supplement. Tamtirk adds
that he sees future growth potential for macroalgae-based products in the food sector, and
believes that growth will also occur particularly in vegan foods. He further underlines that, in
line with developments expected over the next 5-10 years, macroalgae will be used across
many sectors—from medical applications to cosmetics and food—and that as work continues
with new species and corresponding regulations are put in place (as in the East Asia and the
EU), macroalgae will become much more present in everyday life.

Dr. Halim Aydin, co-founder of Ufuk Tarim—an agricultural company with a laboratory that
conducts accredited fertilizer analyses and produces chemical fertilizers, organic fertilizers,
organomineral fertilizers, plant growth regulators, and soil conditioners—states that there is
no specific regulation in Tlrkiye regarding algae, and that this creates a registration problem.
He notes that, when registered, the product is registered as an organic fertilizer. He
emphasizes that such registration does not demonstrate the bioavailability of algae and
therefore prevents the true value of algae-based products from being revealed. Aydin states
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that positive developments have emerged in the sector due to factors such as the climate
crisis and the rise of organic agriculture. He adds that the Ministry in Tlrkiye generally acts in
line with market demands, and therefore does not proactively research, procure, or call for
the production of products with high bioavailability—a role that is typically assumed by the
private sector. Noting that certain adjustments are needed in legislation and legal
regulations, Aydin argues that algae and algae-derived products should not be classified in
the same category as organic fertilizers. He further states that algae will see substantial
demand in Tirkiye’s agricultural sector over the next 5-10 years because, despite increasing
productivity in agriculture, there are quality problems in agricultural products. He stresses
that the sector should turn toward organic sources that can deliver these quality attributes,
and that since each macroalgae species provides different characteristics, these differing
attributes should be researched, registered, and then introduced to the market.

Mehmet Can Sucu, the R&D lead at Kybele’s Garden—a company that combines various
macro and microalgae and processes them through fermentation technology to develop high
value-added raw materials and products for the food, agriculture, and cosmetics sectors—
states that, in Tlrkiye, the fertilizer sector is the most widely accepted area for this field. He
notes that almost every fertilizer company already has a product in this space, and that the
leading global megatrends driving developments are the climate crisis and sustainability.
According to Sucu, the fertilizer sector already has an established market; however, in the
food domain, the sector’s structure appears quite weak, particularly due to cultural reasons.
Interpreting the main supply-chain challenges as the absence of local suppliers, the high cost
of importing raw materials, and the high carbon emissions involved in maintaining a
sustainable process, Sucu adds that the issues encountered in legislation and legal
regulations primarily emerge as regulatory challenges for final-product developers—
especially on the food side. Listing agriculture, food, and cosmetics as the areas where he
sees future growth potential for macroalgae-based products, Sucu states that he expects the
market to develop over the next 10 years, that work with new species will begin, and that
more widespread applications will emerge, particularly in biotechnology. He emphasizes that
regulatory arrangements are needed for product development, and that when companies
can work only with regulated products, developing new products becomes difficult. He adds
that regulations must be in place to work with other species, and that approval processes
taking 1,5-2 years delay commercialization of the product.

Selen Senal, co-founder of Algbio—a company that cultivates algae by working with
microalgae and uses species such as Chlorella and Scenedesmus first in wastewater
treatment and then to produce materials such as biofuels and bioplastics, while also
providing services in wastewater treatment, carbon capture, and related R&D —states that
five years ago macroalgae-based products were considered only as binders in the food
sector. She notes, however, that today, even as functional foods are discussed within the
food industry, macroalgae use has begun in sectors such as cosmetics, water treatment,
bioplastics, and fertilizers, and that companies have started to emerge in these areas.
Emphasizing that the number of people working on algae in Tirkiye is not as high as in
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Europe, Senal underlines that related activities are generally carried out by startups founded
by academics. She adds that carbon capture, storage, and conversion have been expanding
the algae market particularly in Europe, and stresses that this is fundamentally driven by
sustainability and the climate crisis. Senal states that algae production volume in Tirkiye is
almost negligible; that reactor manufacturing is also limited; that the number of suppliers is
low; and that raw material supply is generally tied to universities, yet universities do not
provide these products for commercial use. She notes that there is no regulatory barrier
regarding algae itself, but that there are regulatory gaps concerning products derived from
algae. She adds that while areas such as biofuels and bioplastics remain popular, the medical
value of the product has only recently begun to be understood. According to Senal, plant-
based proteins and vegan foods will be actively relevant in the future. She concludes that,
over the next 5-10 years, the macroalgae sector will shift particularly toward aviation fuels
and vegan proteins, and that Carbon Border Adjustment Mechanism will further drive the
development of the algae sector.

Prof. Dr. Oya Isik, a faculty member at Cukurova University, Faculty of Fisheries,
Department of Marine Sciences, states that the focus of her work is algal oils and alg
pigmentation. She notes that research on macroalgae is increasing day by day and that there
are stock-culture requests coming from many sources. She particularly emphasizes that,
despite a significant volume of academic work, large-scale production is almost non-existent,
and that relying solely on wild harvesting makes commercial thinking difficult. According to
Isik, sustainability is the leading global megatrend driving the algae sector; however,
although Tiirkiye should be seeing substantial investments, the number of investors remains
quite low. Despite the challenges in the investment environment, she adds that Tirkiye’s
climate being suitable for cultivating many algae species makes the domestic market an
interesting one. Highlighting strong commercial potential in the food, fish feed, dietary
supplement, and fertilizer sectors, Isik also states that Tirkiye is strong in terms of scientific
projects and that there are very high-quality studies in this direction. Prof. Dr. Oya Isik argues
that the most important development needed to unlock this field—in terms of regulation,
investment, entrepreneurship, or public policy—is to expand investment opportunities. She
notes that until 20 years ago there was not even demand for algae, whereas today there is
strong consumer demand, and therefore she expects demand to increase further in the
future. She adds that, in the coming period, there will effectively be no alternative but to turn
toward algae, particularly from the perspective of carbon sinks, and that support
mechanisms should be increased in line with the sector’s expected developments.

According to Mustafa Sipka, General Manager of Fon Angels, a crowdinvesting platform
operating in Tlrkiye, the niche nature of the algae sector keeps the number of players in the
field limited. Sipka notes that sustainability and net-zero carbon are among the leading global
megatrends driving developments in this area; however, he states that they have not
received any startup applications related to the topic. He adds that, from a regulatory
perspective, they can provide funding even at the idea stage. He emphasizes that such
ventures typically involve very long R&D cycles, and therefore they should split the product
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lifecycle into five phases and enter the market with intermediate products, rather than
waiting for the final stage to be completed. Regarding the most critical characteristics of an
investable startup in this field, he underlines that if the product is developed through a PoC
conducted together with reputable institutions, it can at least give investors confidence;
however, he also notes that investors in Tiirkiye do not tend to wait through long R&D
processes. Finally, he stresses that, over the next five years, the investment potential of
macroalgae-based ventures is likely to increase, as rising demand will improve their chances
of attracting investment.

Mehmet Gengosmanogullari, R&D Chief at iSTAC A.S. —a waste management company that
carries out cleaning operations on both land and sea along a 500 km coastline— states that
there are highly advanced R&D driven projects, but that large investments are required for
the collection and separation of algae. In this context, he notes that ISTAC has been
preparing R&D projects aimed at valorising the algae it collects. Pointing to climate change as
the leading global megatrend driving developments in algae, Gengosmanogullari emphasizes
that conditions are deteriorating both in terms of carbon emissions and marine pollution. He
adds that, alongside positive and strong aspects such as an increase in the number and
quality of scientists working in Tlrkiye, rising awareness, and a growing number of incentives
related to the topic, the sector also faces a weak picture because organising and collecting
algae is costly and, due to these costs, large companies tend to avoid investing. Stressing that
ISTAC operates not as a producer of macroalgae-based products but as an entity that collects
macroalgae, Gengosmanogullari argues that iSTAC has the potential to become a key supplier
of raw material in this space. However, he notes that algae are collected as mixed species,
and that separation is also very costly.

Gengosmanogullari states that they periodically prepare R&D projects to convert the
collected algae into products, and that the biggest challenge they face is the difficulty of
collection and transportation due to the need to cover a long coastline and the prevalence of
pollution. While there are views that the food and cosmetics sectors hold significant
potential among promising future industries, he says they do not believe the algae they
collect can be used in these areas because of marine pollution. He also notes that, together
with Yildiz Technical University, studies have been carried out on converting macroalgae into
biogas and on using macroalgae as fertilizer, and adds that they support many university
projects by providing material. Summarising the likely developments in the macroalgae
sector over the next 5-10 years, Gengosmanogullari states: “The sector will certainly
develop. Since we are in the waste sector, we do not really know the trajectory in other
sectors, but from our perspective, due to marine pollution the volume of waste is increasing.
Therefore, sooner or later we have to move toward establishing facilities that will valorise
this material.” He summarises the needed actions as follows:

e Authorities should guide coastal provincial municipalities toward establishing
relevant facilities.
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e Since municipalities do not have sufficient facilities and know-how in this area,
authorities should support the conversion of algae into products so that algae can
be upcycled rather than disposed of.

e  Cultivation farming areas should be established.

The number of investors investing in macroalgae, as a branch of the blue economy, is not
high. In this context, the core mission of the Netherlands-based Rubio Impact Venture Fund
is to partner with world-changing entrepreneurs in order to deliver scalable, systemic
solutions to global challenges. Edward van der Hout, one of Rubio’s partners, has stated that
Rubio invests in early-stage, mission-driven founders who develop scalable solutions at the
intersection of environmental impact and commercial returns. Given that algae can
contribute to sustainable food systems and to the production of low-carbon ingredients, he
notes that Rubio has previously supported algae/macroalgae ventures—most notably
Arborea, which develops low-CO, algae cultivation technology—and that the role they
assume as an investor can be summarised as hands-on support across capital, governance,
impact measurement, and commercial scaling. According to van der Hout, Tirkiye has a long
coastline, existing aquaculture know-how in certain regions, and growing academic interest;
however, macroalgae commercial value chains are still nascent compared to Northwest
Europe and Asia. While promising pilot projects and academic studies have created positive
momentum in the sector, the number of vertically integrated, commercial-scale seaweed
players remains limited. Active experimentation is expected in food ingredients, cosmetics,
and environmental remediation, yet production scale and consistent supply continue to be
the main bottlenecks. Key factors shaping the development of this field include sustainability
and the circular bioeconomy (low land use, low freshwater needs), nature-based carbon
removal and “blue carbon” narratives, rising demand for alternative proteins and sustainable
ingredient sourcing, regulatory and corporate commitments to decarbonise supply chains,
and growing interest in new biomaterials (bioplastics, textiles, feed additives).

Regarding investment experience in a macroalgae-based venture, van der Hout noted that
Rubio has invested in algae-related technology (Arborea) and remains open to macroalgae
investments where there is clear technological differentiation, defensible intellectual
property or system design, strong founding teams, and measurable impact. He emphasized
that they assess such opportunities on a case-by-case basis, with a focus on product—market
fit and scalable impact. According to van der Hout, the key risks include:

e Reliably scaling biology and cultivation under variable marine conditions;

e  Supply-chain and seasonal variability that affects unit economics;

e  Regulatory and permitting delays for marine farms;

e Product—market risk (can the resulting product compete on price and quality?)

e Environmental risks that can drive yield volatility (disease, storms, eutrophication).

In response to the question “What are the critical success factors for investable ventures in
this field?” van der Hout answered: “a robust and demonstrable cultivation technology or a
unique intellectual property (IP) portfolio; early market validation with paying customers;
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scalable and cost effective harvesting/processing; auditable, measurable environmental
impact metrics; and a clear roadmap toward predictable, year-round supply.”

In his assessment, he added: “I’'m optimistic but pragmatic. | expect a pilot wave and a few
scalable commercial wins—especially in high-value segments (cosmetics, nutraceuticals,
specialty ingredients) and, as processing and logistics improve, in B2B inputs (feed additives,
biopolymers). However, | think it will be harder to scale commoditized, low-margin products
profitably unless major cost reductions materialize.”

In this context, over the next 10 years the macroalgae sector is expected to move from many
small pilot projects to fewer, but larger, commercial operations. Vertical integration is likely
to become more common in order to capture value and reduce costs. Improved cultivation
methods (species selection, controlled environments), advanced harvesting and processing
technologies, automation, and progress in bioprocessing will enable more efficient extraction
of high-value compounds. Beyond food and feed, growth is likely in nutraceuticals, cosmetics,
bioplastics, biofertilizers, carbon credits/offsets, and potentially use as building materials.
Sector-wide, more standardized regulation of macroalgae-based products (food/feed safety,
sustainable farming practices) is expected; certification programs and traceability will
become widespread and may even become mandatory. As cost curves improve, investor
interest may increase; more blended finance, public—private partnerships, and potentially
supportive policy incentives, with carbon finance providing a new revenue stream.

Policies expected to be implemented for macroalgae include: establishing clear, consistent,
and streamlined permitting processes for macroalgae cultivation, processing, and product
approvals; supporting scale-up from pilot to commercial through blended-finance
instruments that reduce risk for joint and private investment in cultivation and processing
facilities; financing R&D, university—industry collaboration, and applied demonstration
projects to accelerate commercialization. In addition, developing national and international
sustainability standards, traceability systems, and quality certifications to enable market
access is also among the anticipated policies.

According to Stephanie Rakels, Business Development Lead at Aqua-Spark, Turkiye is an
interesting country. It has strong fundamentals—coastal access, local culinary familiarity with
seaweed, and active marine science communities—but compared with markets such as
Norway, Japan, or Indonesia, the commercial seaweed sector is still largely unknown. There
are promising pilot farms, research projects, and a few small processors; however, large-scale
cultivation, vertical integration into higher-value product chains, and consistent industrial
processing capacity remain limited. Market awareness and industrial demand are growing,
but most developments are still at the pilot or early commercial stage. In this field,
sustainability and the circular bioeconomy are creating demand for low-input biomass and
nature-positive solutions. In addition, seaweed’s role in coastal resilience and its potential in
carbon credits (even though measurement/verification is still evolving) can enable sector
growth. The use of seaweed as a feed ingredient (or feed additive) to reduce methane in
ruminants and to replace limited fishmeal in aquaculture is also among the drivers of
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demand. Tiirkiye’s coastal diversity across the Aegean, Marmara, and Mediterranean seas, its
established seafood industry, and the suitability of its logistics infrastructure are seen as key
advantages. The major risks for macroalgae ventures include storms, pests, diseases, and
seasonality that affect yields; inability to secure consistent, high-quality biomass supply or to
process at scale; uncertain or weak demand for new product categories; and price volatility
for raw biomass.

Critical success factors for investable ventures include having a strong team with capabilities
in aquaculture operations, processing/engineering, regulatory affairs, and commercial
execution; implementing repeatable and resilient cultivation protocols and propagation
methods; and deploying supply-chain solutions for drying/processing and traceability. Over
the next five years, it is reasonable to describe the investment potential of macroalgae
ventures as high-potential but uneven. Investment will remain attractive for companies
targeting specific product segments (industrial feed additives, certain nutraceutical extracts,
and large-scale feed or biopolymer precursor supply), provided they can demonstrate
reliable yields and sustained cost reductions. The winners will be those who control both
farming and processing, or those who secure long-term partnerships with food and animal
feed companies. Regulatory clarity and proven product efficacy (e.g., consistent methane
reduction in livestock, measurable feed benefits) will accelerate investment. The sector will
become investable at scale once it can demonstrate reliable supply, cost competitiveness,
and proven end markets. Macroalgae are likely to become one of the pillars of the blue
bioeconomy, but success will depend on building robust value chains—from hatcheries
through processing—and on policymakers creating enabling frameworks for farm licensing
and new product approvals. To strengthen the sector, policymakers should view macroalgae
as a “triple-win” industry that supports climate action, sustainable food systems, and regional
economic development; however, unlocking this potential will require upfront clarity,
infrastructure, and investment.

According to Nelson Vadassery at Sea6, Tiirkiye has highly favorable conditions—including a
long coastline on both the Mediterranean and the Black Sea—and growing academic interest.
However, the sector is still largely nascent and remains more research-led than industrial.
While there are promising pilots and niche commercial products, large-scale mechanized
ocean farming, integrated processing, and mature value chains have not yet been widely
established. Demand for the macroalgae sector is being accelerated by multiple mega trends:
the global sustainability and climate agenda (including nature-based carbon solutions), the
search for alternative proteins and sustainable food sources, the circular bioeconomy and the
need for renewable chemicals/bioplastics, and regenerative agriculture (soil health products
and biostimulants). Environmental, social, and governance (ESG) criteria and climate-finance
flows are increasingly directing capital toward ocean-based solutions. Sea6’s primary strategy
has been to build vertically integrated capabilities—from farming technology through
product development—rather than acting mainly as an external investor. Nevertheless,
provided the ecosystem is supportive, Seab remains open to strategic partnerships or joint
ventures in markets (including Turkiye) where local partners and policy conditions can enable
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sustainable scale. The key risks when investing in macroalgae can be summarized as: scale-up
risk (translating pilot results into low-cost, high-volume production), supply-chain reliability
(consistent biomass quality and volumes), regulatory uncertainty (permits for ocean farms
and product standards), and market adoption (price competitiveness and customer
acceptance versus existing alternatives). In assessing the next five years, it is reasonable to
say that the investment outlook is attractive and accelerating, with growing investor interest
expected in agricultural inputs (biostimulants), alternative food/feed ingredients, and
biomaterials. Over the 5-10 year horizon, we can expect broader adoption of mechanized
ocean farming; wider uptake of macroalgae-based biostimulants, feed ingredients, and
alternative protein inputs; and the maturation of algae-derived biomaterials and
bioplastics—alongside greater collaboration between specialized startups and vertically
integrated players, and increasing capital flows where regulatory and market pathways are
clear. To support sector development, policymakers should prioritize regulatory clarity
(permits and product standards), targeted public financing and incentives to de-risk pilot-to-
commercial scale-up, and programs that strengthen industry—academia—investor
collaboration. With the right policy framework, Tirkiye could rapidly become a regional
leader in the Mediterranean macroalgae economy.

According to Théophile AUGUSTIN, Investment Analyst at Mirova Energy Transition /
Sustainable Ocean Fund, seaweed is renewable, fast-growing, and can valorize disruptive
blooms (e.g., Sargassum), while investors increasingly reward circularity and low-carbon
inputs. Interest in blue carbon and nature-based sequestration is boosting demand, and
seaweed is creating large addressable markets as a food ingredient, an aquaculture feed
component, and a methane-reducing cattle feed additive. Mirova (through its Sustainable
Ocean Fund) led an investment round in Carbonwave, a company that converts Sargassum
species into biomaterials. When investing in macroalgae ventures, the most significant risks
are scale-up and processing risk. It is also observed that macroalgae startups are moving
from niche to mainstream in certain areas, including sustainable agriculture (biofertilizers,
soil amendments), food and nutrition (functional ingredients), and cosmetics and
pharmaceutical products (bioactives). The seaweed startup ecosystem is expected to grow
particularly in regions with strong marine-science capabilities and supportive policy
environments. Venture capital will follow this trend especially in applications such as:

e methane-reducing animal feed,
e  biodegradable packaging,
e functional food ingredients.

To enable global progress in the sector, it is essential to foster academia—industry
collaboration—in other words, to promote joint research, internships, and commercialization
pathways—and to support education in marine biotechnology.
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CONCLUSIONS AND RECOMMENDATIONS

The macroalgae sector is a dynamic and promising field globally, combining environmental
and economic benefits. Market data clearly indicate that the sector is expected to grow
significantly over the next decade. This growth is driven not only by traditional food
consumption, but also by innovative applications such as reducing methane emissions in
livestock, environmental restoration, and high-value biotechnology products. This shift shows
that macroalgae are evolving from a primary commodity into a versatile feedstock for
integrated biorefinery approaches. Global leaders (China, Japan, Norway) are supporting this
opportunity through targeted policies aligned with national priorities such as food security,
environmental protection, and the sustainability of aquaculture. These countries have
developed legal frameworks, R&D funding, and incentive mechanisms to accelerate
macroalgae cultivation and commercialization. Despite Tirkiye’s and the Black Sea Basin’s
geographic advantages, existing aquaculture infrastructure, and growing academic interest,
the macroalgae sector has not yet transitioned to large-scale commercial activity. Progress
remains largely limited to small pilot projects and academic studies, indicating a persistent
knowledge-to-action gap in converting scientific capacity into commercial production. To
close this gap and unlock the sector’s full potential, the following strategic steps are required:

Develop an Integrated Macroalgae Strategy: A clear roadmap should be defined—similar to
China’s “sea farming” approach or Norway’s “low-trophic aquaculture” strategy—to support
macroalgae cultivation. This strategy should simplify regulation, ensure environmental
sustainability, and build investor confidence.

Focus on High Value-Added Products: Given high production costs, early-stage positioning
should prioritize higher-margin  products—alongside food applications—such as
biostimulants, nutraceuticals, and cosmetic ingredients, which are critical for economic
sustainability.

Strengthen Technology and Innovation: R&D on genetic improvement and cost-effective
biorefinery processes should play a central role in increasing yields and profitability. Public—
private partnerships, pilot facilities, and technology transfer programs can accelerate
progress.

Attract Strategic Investors: Ventures should position themselves not only as “seaweed
farms,” but also as “deep-tech” or “blue biotechnology” companies. This framing can better
align with the investment theses of local venture capital funds and improve access to
financing. Partnerships with international funds such as Hatch Blue can provide both capital
and access to global know-how.

In conclusion, the macroalgae sector represents not only an economic opportunity, but also a
strategic domain that can contribute to food security, environmental protection, and climate
action. Activating this potential will only be possible through a multi-stakeholder, well-
defined, and forward-looking strategy.
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