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ANNOTATION

Seaweeds are one of the world's most underrated biomass resources. They are part of the
European Union's 'blue growth' strategy as an alternative resource to meet the growing
demand for sustainable biomaterials. The application of the biorefinery concept allows
obtaining products with high added value along with the biofuel. The cultivation and use of
seaweeds in the Baltic region are in the early stage. In the Thesis, the potential applications of
Baltic seaweeds are evaluated by applying the biorefinery concept. During the study, the
author develops the research by proposing seaweeds as a feedstock, evaluates the products
and technologies potentially applicable in the biorefinery. In order to improve the availability
of feedstock, a seaweed cultivation laboratory stand is being set up.

The aim of this work is to perform integrated research to evaluate the potential application
of the biorefinery concept for seaweed species available in Latvia. More specific this Thesis is
addressed to identify potential seaweed species, find out the possible amount of biomass and
search for the direction for seaweed utilization so that it constitutes part of the national
economy and become recognized as a significant type of the biomass.

The Doctoral Thesis is based on seven thematically unified scientific publications
published in various scientific journals and are available in scientific information repositories
and international databases. The aim of these publications is to identify the seaweed species
present in Latvia and to look for the direction for seaweed use.

The introduction of the work introduces with the aim and set tasks, describes the structure
of the work and provides an overview of the author's practical and scientific contribution.

The first chapter provides an overview of the scientific literature, previous research and
focuses on the properties of seaweed biomass. The obtained results and discussion are given
in the third chapter. Conclusions are made at the end of the work.



ANOTACIJA

Makroalges ir viens no lielakajiem nenovértétajiem biomasas resursiem pasaulé. Tas ir
ieklautas FEiropas Savienibas “zilas izaugsmes” strat€gija ka alternativs resurss, lai
apmierinatu arvien augo$o pieprasijumu pec ilgtsp&jigiem biologiskas izcelsmes materialiem.
Biorafinérijas koncepcijas pielietoSana lauj no biomasas iegtit produktus ar augstu pievienoto
vertibu un biodegvielu. Baltijas regiona makroalgu audz€$ana un izmantoSana ir sakuma
stadija. Promocijas darba tiek izvertéta Baltijas jiiras algu izmantoSanas iesp€jas pielietojot
biorafinérijas koncepciju. Darba gaita autore attista pétijumu apskatot makroalges ka
izejvielu, izverté biorafinérija potenciali ieglistamos produktus un to ieglisanas tehnologijas.
Lai uzlabotu izejvielas pieejamibu tiek izveidots laboratorijas stends makroalgu kultivésanai.

S1 darba mérkis ir veikt integrétus pétijumus, lai novértétu Latvija pieejamo makroalgu
sugu iesp&jamu pielietojumu biorafinérija. Si darba ietvaros tiek veikti pétijumi, lai
identificétu potencialas jiiras makroalgu sugas, noskaidrotu iesp&jamo biomasas daudzumu un
mekl€tu virzienu jiiras algu izmantoSanai ta, lai ta bitu dala no valsts ekonomikas un tiktu
atzita par nozimigu biomasas veidu.. Petfjuma veikSanai izv€letas tris indikatorsugas, kas
parstav katru no trim galvenajiem algu tipiem.

Promocijas darba pamata ir septinas tematiski vienotas zinatniskas publikacijas, kas
publicétas dazados zinatniskos Zurnalos, un pieejamas zinatniskas informacijas datu kratuves
un starptautiskajas datubazés. So publikaciju mérkis ir identificét Latvija esosas jaras algu
sugas un mekl&t virzienu jiiras algu izmantoSanai.

Darba ievads iepazistina ar darba mérki un izvirzitajiem uzdevumiem, apraksta darba
struktiiru un sniedz parskatu par autora praktisko un zinatnisko ieguldijumu.

Pirma nodala sniedz parskatu par zinatnisko literatiiru, ieprieks$€jiem pé&tfjumiem un
koncentréjas uz makroalgu biomasas ipasibam. legitie rezultati un diskusija ir doti treSaja
nodala. Darba beigas tiek izdariti secinajumi.
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INTRODUCTION

Seaweeds, or marine macroalgae, are one of the largest unexploited global biomass
resources. They are currently on the international agenda as an alternative resource to meet the
rising demand for sustainable material to embrace blue growth policies. As the Earth is covered
by 70 % water, seaweeds have enormous cultivation potential. In contrast to terrestrial crops,
the production of seaweeds does not require arable land, freshwater, nor when grown in
naturally nutritious waters, fertilizer — all scarce resources of modern society [1].

Many opportunities to use seaweeds as a resource have been discovered centuries ago and
have been applied ever since. Seaweed production, namely, cultivation and harvesting from
wild stocks, is practised in many countries and currently is a multi-billion industry [2].
Seaweeds are widespread around the globe at different sea depths. As a result, on the whole at
least 291 species are used worldwide from 43 countries, including 33 Chlorophyta or green
seaweeds, 75 Ochrophyta, or brown seaweeds and Rhodophyta, or red seaweed, species.
Remarkable that the number of practised species takes approximately 3 % share of the total
number of seaweeds estimated to the present, which means that use of other seaweed species
in the future can request more studies and investigations [3].

Traditionally seaweeds have been used for medical purposes, soil improvement, feed
supplements, combustion, and insulation material, but mostly as a food source [4]. Seaweeds
are well known as a valuable food source in Asian countries, and during recent decades it has
also awakened consumer interest in Western countries due to low-calorie content and high
content of dietary fibres, minerals, vitamins, and antioxidants. Many studies show seaweed
potential as a source of hydrocolloids that can be used as stabilizing agents in food, pharmacy
and cosmetics [5]. In more recent studies seaweeds have been recognised as a source of 3
generation biofuels [6]. Due to high carbohydrate content, the absence of lignin, and low
content of cellulose seaweeds are considered attractive biomass for methane production
through anaerobic digestion.

Use of seaweed in the Baltic Sea region is limited due to specific growth conditions, i.e.,
low salinity, irregular currents, and high nutrient levels. Despite the fact, that the Baltic Sea
seaweeds do not reach the same size and biomass amount as in water bodies with higher (or
lower) salinity, washed-out seaweed biomass reduces the recreational value of the public
beaches.

Until recently, almost all seaweed biomass came from wild sources, but since the demand
for seaweed biomass started to exceed the supply, cultivation was considered as a way to
satisfy growing demand [7]. Recently seaweed cultivation has been recognised as a profitable
business, and seaweed cultivation develops on the western regions of the Baltic Sea [8]. In
contrast, eastern areas of the Baltic Sea are still considered as unsuitable for seaweed
cultivation [9].

Development of the seaweed industry in the Baltic Sea eastern regions is essential to
support sustainable growth in marine sectors through the European Blue Economy. Mostly in
response to the European Green Deal — an ambitious package of measures aiming at cutting



greenhouse gas emissions, investing in cutting-edge research and innovation, and preserving
Europe’s natural environment [10]. The European Green Deal will underpin a new growth
strategy that aims to transform the economy and society towards a more sustainable future.

Research Scope

The overall aim of the present Doctoral Thesis is to perform integrated research to
evaluate the potential application of the biorefinery concept for seaweed species available in
Latvia. More specific, this Thesis is addressed to identify potential seaweed species, find out
the possible amount of biomass, and search for the direction for seaweed utilization so that it
constitutes part of the national economy and is recognized as a significant type of the
biomass.

To reach the aim of the Thesis, the following tasks have been set.

1. To develop a definition of a seaweed biorefinery concept by creating a better
understanding of available seaweeds, and seaweed composition and by assessing biomass
transformation routes:

a) to carry out a literature analysis of seaweed biomass in Latvia:

e to describe the properties, availability, and chemical composition of seaweeds in
Latvia;

e to identify most-suitable products for each seaweed group based on the performed
analysis;

b) to create a conceptual design for the biorefinery concept;

c) to perform a SWOT analysis to developed biorefinery concept.

2. To provide guidelines to expand the availability of seaweed biomass:

a) to design a functioning seaweed cultivation laboratory;

b) to set a seaweed cultivation guidelines;

c) to perform a laboratory-scale experiment in order to characterize and evaluate the

effects of different growing conditions towards the specific limitations for seaweed
growing.

Research Topicality and Hypothesis

The hypothesis of the Doctoral Thesis are as follows.
1. The seaweed biomass available on the Baltic Sea coast in Latvia can be used for the
production of value-added products.
2. The biorefinery concept can improve the seaweed processing practices and expand the
range of obtained products.
3. Providing controlled laboratory conditions is an important step to increase the
availability of the Baltic seaweed biomass.
The seaweed biomass found in Latvia is an underestimated resource. The growing global
demand for biomass, driven by rapid global population growth, is forcing the search not only
for terrestrial biomass sources but also in the marine environment. Washed out seaweeds are



regularly observed on the Latvian coast, but precise data on its amount is not available.
Currently washed out biomass is used to strengthen dunes, as fertilizer for local farmers or
taken to landfills for disposal. In this Doctoral Thesis, an assessment of the available seaweed
biomass is performed to estimate the available seaweed biomass, and which are the most
common species in Latvia (Paper I and II). To further explore the potential of seaweed
biomass, three most common seaweed species are selected to represent each of the seaweed
groups. The prospect of the most common seaweed species in Latvia is determined by
summarizing and analysing the data found in the scientific literature on the chemical
composition of the respective three seaweed species. In addition to compiling the chemical
composition, the technologies that can be used to obtain the relevant substances are
summarized (Paper III). It is known that the salinity of the Baltic Sea differs drastically from
areas near the oceans. Such brackish areas have increased stress conditions for the aquatic
organisms living in them, including seaweeds, thus their size and biomass potential are much
smaller compared to seaweeds grown in the areas with higher salinity levels.

However, valuable substances are also found in brackish water seaweeds. Due to the
limited amount of available biomass, a conceptual model of biorefinery concept is being
developed and proposed in this Thesis. It envisages full use of biomass: first by obtaining
higher value-added products, then by cascading — obtaining less valuable products and using
only the remaining biomass for bioenergy production. The biorefinery concept must be
designed to comply with the principles of bioeconomy including also assessment of strengths,
weaknesses, opportunities and threats, which indicates that the biggest problem is the non-
specific amount and composition of available biomass (Paper V). This negative aspect can be
offset by starting artificial cultivation of seaweeds in the eastern part of the Baltic Sea. The
first step at the beginning of cultivation is to set up and test a seaweed cultivation laboratory.
The laboratory was tested by changing the parameters of seaweed cultivation, and thus the
favourable parameters for cultivation were determined (Papers V, VI, VII).



Research Methodology

The applied methods include qualitative and quantitative research techniques: literature
analysis, laboratory experiments, collection and analysis of statistical data (Fig. 1).
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Fig. 1. Overview of the development of applied methodology.

Firstly, an analysis of scientific literature has been performed to evaluate the current
situation. To create a biorefinery concept, in-depth literature analysis has been carried out to
detect potential products that can be extracted from the seaweed biomass and possible
extraction techniques. Initial information was used to draw potential transformation routes
and to create the conceptual design of the biorefinery concept. To determine environmental
factors that regulate seaweed growth rate, a seaweed cultivation laboratory was set up and a
specific experiment plan was defined.

Scientific Significance and Contribution

The Thesis is of high scientific significance for Latvia and in international context.
Biorefinery concept was developed by bringing together potentially available seaweed end
products and state of the art technologies. The number of citations of the author’s articles
proves the necessity for such research.

1. Balina, K., Romagnoli, F., Blumberga, D. Seaweed biorefinery concept for sustainable
use of marine resources. Energy Procedia, 2017, 128, pp. 504-511. (Indexed in Scopus)

(31 citations).
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2. Balina, K., Romagnoli, F., Blumberga, D. Chemical Composition and Potential Use of
Fucus Vesiculosus from the Gulf of Riga. Energy Procedia, 2016, 95, pp. 43—49 (Indexed
in Scopus) (15 citations).

3. Balina, K., Romagnoli, F., Pastare, L., Blumberga, D. Use of Macroalgae for Bioenergy
Production in Latvia: Review on Potential Availability of Marine Coastline Species.
Energy Procedia, 2017, 113, pp. 403—410. (Indexed in Scopus) (6 citations).

4. Balina, K., Lika, A., Romagnoli, F., Blumberga, D. Seaweed Cultivation Laboratory
Testing: Effects of Nutrients on Growth Rate of Ulva intestinalis. Energy Procedia, 2017,
113, pp. 454-459. (Indexed in Scopus) (4 citations).

Latvian level research capacity was increased by setting up a seaweed cultivation
laboratory. Determination of seaweed cultivation parameters allows to cultivate seaweeds in
laboratory conditions and carry out reproduction processes. Detailed guidelines of seaweed
cultivation allow to transfer this knowledge and develop other seaweed cultivation in other
facilities. Results obtained in the research can be used to continue research and fill the
existing knowledge gaps on seaweed growing.

Practical Significance

Studies on seaweed cultivation and processing are a significant contribution in reaching
Latvian and EU defined Blue Growth strategy and EU Blue economy concept. Smart
utilization of marine resources in long-term facilitates the burden put on terrestrial biomass.

The guidelines proposed in the Thesis can be applied in the development of local, regional
and regional planning strategies providing an in-depth insight in setting up new seaweed
cultivation and processing facilities. Biorefinery concept with the evaluation of strengths and
weaknesses, threats and opportunities can be used as a tool for seaweed processing companies
to plan potential seaweed utilization pathways. The biorefinery concept may also be
supplemented, applied and used for utilization of other types of the biomass.

During the research process, seaweed cultivation laboratory stand was developed in the
Biosystems Laboratory of Institute of Energy Systems and Environment (IESE) of Riga Technical
University which allows to carry out experiments with seaweed and other seaweed cultivation.

Approbation

The results of the author’s research have been presented and discussed in 8 scientific
conferences, published in 10 peer-reviewed scientific journals, 2 peer-reviewed full-text
scientific conference proceedings, and two textbooks.

Scientific publications

1. Balina, K., Ivanovs, K., Romagnoli, F., Blumberga, D., Comprehensive literature review
on valuable compounds and extraction technologies: the Eastern Baltic Sea seaweeds.
Environmental and Climate Technologies , 2020, 24(2), pp. 178-195 (Indexed in
Sciendo).
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11.

12.

Balina, K., Pis¢ika, A., Gruduls, A., Romagnoli, F., Blumberga, D. Lab scale cultivation
of Baltic Ulva intestinalis in different light and nutrient conditions: Effects on growth and
morphology. European Biomass Conference and Exhibition Proceedings, 2018, pp. 223—
227 (Indexed in Scopus).

Gruduls, A., Balina, K., Ivanovs, K., Romagnoli, F. Low temperature BMP tests using
fish waste from invasive round goby of the Baltic Sea. Agronomy Research, 2018, 16 (2),
pp- 398—409. (Indexed in Scopus) (3 citations).

Balina, K., Boderskov, T., Bruhn, A., Romagnoli, F. Increase of Fucus vesiculosus
fertilization success: Testing of different receptacle drying methods to increase spore
release. Energy Procedia, 2018, 147, pp. 282-287. (Indexed in Scopus).

Krastina, J., Romagnoli, F., Balina, K. SWOT analysis for a further LCCA-based techno-
economic feasibility of a biogas system using seaweeds feedstock. Energy Procedia,
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1. LITERATURE REVIEW

1.1. Seaweed Biomass in Latvia

Global era of seaweed utilizing for food, fuel and chemicals is just starting. Seaweeds are
patiently taking their place in the global energy market as Third generation biofuel [11]. Even
though they are described as a remedy for a wide range of diseases, and their nutritional value
is aligned to higher plants, their share in globally used products is undeservedly low [12].
Only in recent decades, seaweeds have taken the attention of researchers and society as an
opportunity to prevent potential lack of terrestrial resources, to support the rising of global
human population and its demands. With this increasing awareness, it starts to raise a question
about seaweed cultivation and their use in all regions of the world [13]. There are strategies
on how to apply biorefinery principles on seaweed biomass [14]. Seaweed processing
pathways and feedstock are described for seaweeds grown in the ocean or ocean-like seawater
[15-21]. Application pathways for seaweed biomass from a brackish environment remain
unclear. Brackish or low salinity conditions can be a stress for most of the seaweed species,
and they cannot even survive in this kind of environment. In contrast, those who have adapted
to brackish surrounding water environment has been adjusted their physical characteristics
while limiting their size [22-24].

Seaweeds in the Baltic Sea are abundant in three different forms — attached to the
substrate, detached, drifting and washed-out seaweed biomass deposits. Firstly, an essential
part of seaweeds is attached to the substrate and are protected as a necessary nest for
zoobenthos and fish spawning grounds. Some part of seaweeds is detached from the substrate
and are drifting subordinated by waves and currents [25]. In the Baltic Sea and the Gulf of
Riga substrate usually is sandy, muddy and stony, partially covered with seashells. Waves and
streams can quickly move the substrate around, not letting seaweed to grow and form seaweed
stands [26]. Eventually, detached seaweeds are forming dense seaweed canopies that are able
to float far distances. They can continue to grow for so long as waves and currents —
respectively affected by wind speed and direction [27] — define their pathway on the surface
and finally to the shore. The appearance of seaweed on a beach is not a permanent or regular
process; thus, the composition and amount of the biomass washed ashore is not predictable
[28]. Although it is a natural coastal process decomposing seaweeds are decreasing the
recreational value of beaches, and can be a significant problem during the tourism season
[27]. Historically the seaweed waste has been used as a fertilizer on agricultural lands by local
inhabitants. According to the EU Bathing Water Directive 2006/7/EC during the beach season
in the places where it might interfere with people washed out seaweed biomass is collected by
local municipalities [29]. Growing and harvesting of seaweeds remove nutrients from a
system, reducing nutrient load and therefore, the possibility of eutrophication [30].

There are three types of seaweeds growing in the Baltic Sea — green (Chlorophyta), brown
(Phaeophyceae) and red (Rhodophyta) [25]. The upper area of the littoral zone is in most
parts of the Baltic sea dominated by filamentous green seaweeds like Ulva intestinalis and
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Cladophora sp., with perennial fucoids growing from approximately 1 m depths (Fig. 1.1.)
The benthic vegetation of hard substrate bottoms reaches down to a maximum depth of 15 m.

Photobiological gradients
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Fig. 1.1. Seaweed distribution in the Baltic Sea depending on depth and light intensity.

Red seaweeds, like Furcellaria lumbricalis, inhabit the sublittoral zone. Seaweed growing
depth is related to their colour. Different species of seaweeds use a different kind of pigments
to produce energy using sunlight. Deeper in water available amount of light reduces. Blue and
green light has the wavelength that penetrates deeper in the water, and that is the spectrum red
seaweeds use to carry out photosynthesis. Red and yellow light is the most important for
green seaweeds, that usually grow close to the water surface. Red seaweeds have a pigment
phycobiliprotein that allows to carry out photosynthesis in-depth 0.5-23 m as a result of
adaption to low light conditions [31,32].

Following species of seaweeds have been evaluated as abundant in Latvia: 4 brown
seaweeds (Phaeophyceae), nine red seaweeds (Rhodophyta) and four green seaweeds
(Chlorophyta) species. Most common seaweed species of these genera are Fucus vesiculosus,
Furcellaria lumbricalis, Ulva intestinalis [33]. On the coastline of open sea Furcellaria sp. is
observed more often, but in the Gulf of Riga, the brown seaweeds Fucus vesiculosus are more
abundant. Green seaweeds, forming filaments on rocks or other substrates are widely
distributed on the coastline of Latvia [30].

The distribution of washed-out seaweeds on the Latvian coast of the Baltic Sea is very
uneven and difficult to predict, as hydrometeorological conditions are the determining factor
for the amount of washed out biomass. Seaweed deposition on the shores of the Baltic Sea is
related to the overall wind strength and storm frequency, which contributes to higher wave
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formation and more robust underwater exposure, as a result of which slower-growing
perennial seaweeds can detach from the substrate in larger areas compared to the Gulf of
Riga. The maximum deposition of washed-out seaweeds can be found on the coast of the
open Baltic Sea, amounting to 228 m® / 100 m in autumn, which is most likely related to the
increase in wind strength and more frequent autumn storms. In summer, the maximum
volume of macrophyte seaweed deposition is only around 17 m®/ 100 m. The dominance of
red seaweeds is pronounced in macrophyte seaweed sediments. The volumes of washed-out
seaweed biomass in the Gulf of Riga are smaller than in the open part of the Baltic Sea (max
112 m® / 100 m) [34]. The taxonomic composition of washed-out seaweeds indicates a
marked predominance of red seaweeds on the coast of the open Baltic Sea and a
predominance of brown and green seaweeds on the coast of the Gulf of Riga. The proportion
of green seaweeds in washed-out seaweed biomass indicates an increased level of
eutrophication in the Gulf of Riga. According to the characteristics of deposition, it is
reported that they consist of red seaweeds, brown seaweeds, reed, rushes and other plant
fragments, sticks and other alluvial deposits [34].

Study of seasonal dynamics in Melluzi beach (Jirmala) indicate low levels of washed-out
seaweeds in spring (April, May, June) and relatively similar in summer and autumn periods.
High levels of washed-out seaweeds are reached both in summer when there is a more
pronounced accumulation of green seaweeds, and in autumn, when perennial brown seaweeds
are detached as a result of wave action. The maximum volumes of washed-out seaweeds on
Melluzi beach were found during the autumn storms — in October reaching the highest amount
40 m’ / 100 m. Potential washed out seaweed accumulation sites are considered the coast of
the open part of the Baltic Sea — Pavilosta and Liepaja. On the eastern coast of the Gulf of
Riga — the northern pier of Salacgriva and Saulkrasti; on the west coast - Jaunkemeri, MelluZzi
and Lapmezciems [34].

The species of seaweeds washed out on the coast of Latvia are dominated by Cladophora
sp. and Ulva sp. from green seaweeds, Fucus vesiculosus from brown seaweeds and
Furcellaria lumbricalis from red seaweeds [34].

Ulva intestinalis (previously Enteromorpha intestinalis) is a filamentous green alga also
known as Gut Weed. It occurs worldwide and in the Baltic Sea. Tubular filaments are
typically unbranched and may be up to 2 cm in width and 50 cm in length. It is formed of
irregular cells arranged in a single layer. In the first stages of life seaweed surface is smooth,
but with age surface wrinkles and changes colour from light green to yellow-green. It is
abundant in different levels of salinity and very common in brackish water areas, where there
is appreciable freshwater runoff and in wet areas of the splash zone [35]. It can grow on
different substrates: rocks, mud, sand and even on other seaweeds and seashells. Detached
from the substratum, it can continue its growth in floating masses [36].

Fucus vesiculosus, also called bladderwrack, is one of the most common seaweeds in the
Baltic Sea, growing on the rocky bottoms of the Baltic Sea coastal areas and forming dense
canopies when detached [22,37,38]. It is reported that in the last decades in some Baltic Sea
regions, the amount of these seaweeds have decreased. The disappearance of these seaweeds
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is explained with the increase of marine pollution, local leakages of toxic components and
amount of invasive herbivores using seaweeds as feed [39].

F. vesiculosus is perennial brown seaweed in the Baltic Sea. In Latvia, they grow in depth
of 1.5-5.5 m. The length of the F. vesiculosus thallus can reach up to even 50 centimetres.
Thalli can live for several years, and when they die, new thallus can be developed from
rhizoid [40]. Dichotomous forked ribbon thallus with a well-marked central vein is held in a
vertical position with the help of the air bladders [41]. F. vesiculosus contains 70-85 % water
while the dry matter is only 15-30 %. In the coastal areas of the Baltic Sea, the bladderwrack
is one of the most ecologically important species, because of its role as an essential nutrient
source and habitat for benthic animals, fish and other algae.

The distribution area of Fucus vesiculosus spreads from the Atlantic Ocean to Bothnian
Gulf, where low salinities decrease successful fertilization processes by reducing the motility
of gametes and increasing polyspermy [22,42]. Environmental conditions and survival
through the early sporophyte stages are crucial to successful reproduction [43].

Furcellaria lumbricalis is one of few red seaweed members adapted to brackish water
and is abundant in the Baltic Sea (Fig. 1.2.).

Fig. 1.2. a— F. lumbricalis on small boulders [44], b — a specimen of F. lumbricalis [45], c —
washed out F. lumbricalis biomass in Latvia [46].

In the attached form, it can be found practically throughout the photic zone on hard
substrates at salinities down to 3.6 psu. The floating form has been found in a few habitats
near Estonia [47]. Unlike the more common attached form, it can reproduce only vegetative,
mainly by thallus fragmentation [32].

Furcellaria lumbricalis has historical economic importance in the Baltic region. Even
though it has the most extended harvesting history in this region, it is not cultivated in
industrial level yet. In recent years interest in F. [umbricalis has increased. In Estonia on
seaweed cultivation and reproduction processes as well as industrial production of agar have
been researched. Studies have been carried out on vegetative propagation of sporophytes and
gametophytes. [9,48,49].

Increase of the global seaweed use raises a question if seaweed biomass available in
Latvia could be better, more efficiently and more sustainably exploited. Further research was
done focusing on three most abundant seaweed species in Latvia, that represent each of the
seaweed types —Ulva intestinalis for green seaweeds, Fucus vesiculosus for brown seaweeds
and Furcellaria lumbricalis for red seaweeds.
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1.2. Seaweed Biorefinery

A biorefinery is a processing approach that allows producing fuel, power and value-added
chemicals and materials from biomass that are analogous to petroleum alternatives [50].
Biorefinery is a vital part of bioeconomy, as it is integrating different biomass conversion
processes to produce energy and value-added products into a single facility [51]. The biomass
processing through the biorefinery concept makes production processes economically and
environmentally feasible, respecting social and political angles [52].

International Energy Agency (IEA) Bioenergy Task 42 contributes to the development
and implementation of sustainable biorefineries — as a part of highly efficient, zero-waste
value chains — synergistically producing biobased food and non-food products [53]. Since
2007, when the task was set, European and worldwide view to the task has been changed. The
approach has been growing and been developed. Nowadays, global biorefinery concept
mainly includes terrestrial biomass with plants and forest on top, and only small part has
recently been devoted to aquatic resources like seaweeds [54].

Since mainly first and second-generation biomass is used for biofuels production, there is
still a need to find a viable solution for the competition of biomass for food or energy
production. In this direction, the concept of biorefinery can be beneficial [55]. Seaweeds have
a high potential to partly replace terrestrial biomass. By definition and scientific consensus,
third-generation bioresource (i.e. microalgae and macroalgae or seaweeds) avoid competition
with food and feed plants, nor is using resources like drinking water and arable land for their
growth [7,56]. Valuable substances that can be found in seaweeds can be a way to the
promising low-carbon economy [57].

As a biomass source, seaweeds have been appreciated for centuries, but the seaweed
natural distribution area is covering all over the world, including Europe and the Baltic Sea
[58,59]. Seaweed cultivation industry and mass production of seaweeds are underdeveloped in
eastern Europe. Seaweed cultivation could represent a promising opportunity to obtain
seaweed biomass, meanwhile reducing eutrophication problems [60]. The opportunities of the
seaweed use can thus be vast.

Seaweed biorefinery concept (see Fig. 1.3.) proposes a conceptual model for high value-
added product production along with the production of biofuels [61]. In this concept, the
exploitation of biomass, for both value-added products and fuel is maximised, in turn
reducing expenses. It is crucial when planning production process and units to use efficient
biorefinery concept where all biomass and energy from production processes would be fully
optimized. Conversion processes (physical, chemical, biological, and thermal) used in the
production of products should work in a symbiotic way, individually or in a system to create
economically sustainable products [51].
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Fig. 1.3. Seaweed biorefinery concept.

Products derived from feedstock can be separated in products which can be already used in
the market, or they can be used as feedstock for further manufacturing operations to obtain
value-added products. The waste and leftover products obtained after each step of treatment are
used as raw material inflows for a parallel production chain using a cascading approach [62,63].

The heat requirements for the biorefinery may be obtained from the recirculation of heat
generated from the cascading process [64]. Different conversion processes (physical,
chemical, biological, and thermal) are used either individually or in combination to provide
products for economic purposes [65]. Only leftovers, which cannot be utilized in further
production processes along with low-quality biomass, are used for energy production. This
approach allows minimizing the waste stream produced in the seaweed biorefinery concept to
a nearly zero-waste system. The seaweed biorefinery concept is mainly addressed to use
seaweed species whose overgrowth, because of eutrophication, is causing ecological damages
and affects the sustainability of coastal environments [66]. Instead, seaweeds can be used for
remediation of over enrichened environment since together with seaweed biomass a certain
amount of nitrogen and phosphorous is removed from the water [67]. Nevertheless, the
identification of the thresholds affecting the overall ecosystem service provided by the
depletion of natural resources is a sensitive issue. Seaweed biorefinery concept can have a
significant impact by showing different aspects for utilizing seaweed to produce a wide range
of value-added products, biofuels, and bioenergy within a concept, rather than focusing in a
single product [16].

The various uses of products obtained from seaweed biorefineries include transport fuels,
therapeutics, food additives and biofertilizers [51]. When developed and implemented in
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industry, practical impacts of biorefinery concept can be relevant at different levels: within
the seaweed farming and industry, as employment increase in the sectors of the bioeconomy,
triggering new investments, unlock incentive and favouring the integration of renewable
energy within the overall energy systems [68]. The biorefinery concept used in bioeconomy
has the potential for strengthening the global competitiveness of a broad spectrum of
industries. These include agriculture, forestry, and fisheries, as well as strengthen the
competitiveness of biobased industries, green platform chemicals, materials, and biopolymers,
and both new and existing food and feed ingredients and processing industries.

1.3. Chemical Composition of the Seaweeds

Even though seaweeds are often considered as close ancestors to terrestrial plants,
substances found in them are different and in more significant quantities than in plants [69].
Known for their high nutritional and pharmaceutical value, they are widely consumed as food
and as a herbal remedy to cure health problems like eczema, psoriasis, renal disorders,
digestive system problems, heart and cardiovascular diseases, and it is even mentioned as a
treatment for cancer [3,70-72]. Seaweed use as feed, food fertilizer, fungicide, the herbicide
has developed a demand for seaweed as a valuable resource[3,73,74].

Biochemical composition and general phytochemistry of seaweed have been a popular
research object, and is widely investigated worldwide [75]. Nutrients and chemical
components provide not only essential substances for human nutrition, but also show
bioactive properties that can be used for drugs [3].

Nutritional composition of seaweeds varies depending on the species, time of collection,
geographic location, and environmental conditions such as temperature, light and nutrient
concentration in water. Even the same seaweed genus can have significant differences in their
nutritional composition.

1.3.1. Proteins

In some Asian countries, seaweeds have been used as a protein source for centuries.
Nowadays, seaweeds have become a cheap alternative protein source, mainly due to essential
amino acids, especially in developing countries [76].

Amount of proteins in seaweeds varies regarding surrounding environmental factors and
species [77]. Highest protein concentrations are reported in winter and early spring months
and lowest concentrations regarding nitrogen concentrations have been observed from July to
October. In general, red and green seaweeds have relatively high protein concentrations (10—
30 % dry matter), brown seaweeds contain an average of 3—15 % of dry weight [78]. Brackish
red seaweed Furcellaria lumbricalis sometimes is compared to Palmaria palmata for which
protein content can represent even up to 35 and 47 % of the dry mass [79]. That is a higher
protein amount than legumes, like soybean with 35 % of the protein in dry mass, meaning that
it can be an alternative dietary addition for a vegetarian and vegan diet [77].

The amino acid composition of seaweeds can be compared to other protein sources such
as eggs and soybean. For most seaweeds, glutamic acid and aspartic acids together make a
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large part of the total amount of amino acids. Some seaweed amino acid profiles show similar
concentrations as leguminous plants and ovalbumin [77].

1.3.2. Pigments

As photosynthetic organisms, seaweed contains pigments that determine the colour of
brown, green and red seaweeds. The primary role of the pigments in seaweeds is to absorb the
light necessary for photosynthesis at depths that have various degrees of light intensity. These
pigments can be divided into three main groups, which include chlorophylls,
phycobiliproteins and carotenoids and have various health benefits when consumed (Table
1.1.). In previous years research interest in seaweed pigments has increased due to their
antioxidant, anti-obesity and anti-cancer properties.

Table 1.1.
Dominant Pigments Representing the Three Seaweed Groups
Pigment Class Green seaweeds Brown seaweeds Red seaweeds Reference
Chlorophylls Chlorophyll a Chlorophyll a Chlorophylls a [80]
Chlorophyll b, Chlorophyll b Chlorophyll d
derivatives Chlorophyll ¢ derivatives
derivatives
Carotenoids a, B, y-carotene,  Fucoxanthin Xanthophylls [80-83]
xanthophylls Xanthophylls a, B-carotene
B-carotene
Phycobiliproteins - - Phycoerythrin [80,81]
Phycocyanin

Green pigment chlorophyll is found in both seaweeds and land plants. It absorbs light and
converts it into chemical energy through photosynthesis. Chlorophyll and its by-products such
as pheophytin, pyropheophytin and pheophorbide are considered compounds that provide
many health benefits, including antioxidant and anti-mutagenic activity which may help to
prevent cancer [84]. It is also assumed that chlorophyll-derived compounds can bind certain
cancer-causing chemicals, such as heterocyclic amines in the digestive tract, thus reducing
their absorption [85].

Carotenoids are pigments that can be found not only in seaweeds but also are present in
terrestrial plants, microalgae and photosynthetic bacteria. Animal and human organisms are
not able to produce carotenoids on their own, therefore must be uptaken with food.
Fucoxanthin and B-carotene are the most well-known carotenoids that can be found in
seaweeds. Other carotenoids which can be found in seaweed include astaxanthin,
violaxanthin, tocopherol, zeaxanthin and lutein [86]. Carotenoids are potent antioxidants
which prevent oxidative damage to cellular components induced by reactive oxygen species
[87]. Pigment fucoxanthin is another brown seaweed carotenoid such as Ascophyllum
nodosum and Laminaria digitata. In recent years this pigment has received much attention
due to its positive anti-obesity and anti-cancer properties [88].
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Phycobiliproteins are water-soluble pigments. They are typically found in red seaweeds,
and their types include phycoerythrin, phycocyanin and allophycocyanin. Similarly to other
pigments, they also show antioxidant activity and gives health benefiting properties like anti-
inflammatory, liver-protecting, anti-viral, anti-tumour, serum lipid reducing and antioxidant
activity [72].

1.3.3. Polysaccharides

Seaweed biomass has high polysaccharide amount that is existing in cell wall structures
and store polysaccharides, such as laminarin (-1,3-glucan) in brown seaweeds and floridean
starch (amyloprotein-like glucan) in red seaweeds. Polysaccharides are polymers of
monosaccharides that are bounded by glycosidic bonds (Table 1.2.). They have various
commercial applications in products such as stabilisers, thickeners, emulsifiers, food, feed,
beverages, etc. [86,89]. The total amount of polysaccharides can range from 4 % to 76 % of
dry weight. The highest contents are found in species such as Ascophyllum (42-64%),
Palmaria (38-74 %) and Fucus (66 %); however, green seaweed species such as Ulva also
have a high content, up to 65 % of dry weight [86].

Table 1.2.
The Major Saccharides and Polysaccharides Found in Seaweeds [83]
Green seaweeds Brown seaweeds Red seaweeds
Cellulose Cellulose Cellulose
Starch Laminarin starch Floridean starch
Mannan or galactan Mannitol (monomer) Agar
Heteroglycan Alginic acid Carrageenan
Ulvan Fucoidans Xylan
Xylan Galactan

Seaweed cell walls are formed of cellulose and hemicelluloses (2—10 %) to build thallus
and provide physical support for seaweed life in the water. The seaweed cell structure is not
so strong as in terrestrial plants. Seaweed polysaccharides are well recognized by the
hydrocolloid industry.

Structural features of polysaccharides give them the ability to bind water up to 20 times
their weight to give hydrogel, which qualifies them to be referred to as hydrocolloids or
phycocolloids [90]. Formation of gel includes non-covalent interactions, like hydrogen
bonding, hydrophobic and ionic interactions between the constituents and are composed of
cooling of heated solutions of polymers.

Some of the polysaccharides (agars, carrageenans, ulvans and fucoidans), cannot be
digested by human intestinal bacteria and therefore can be regarded as dietary fibres [91].
Seaweed polysaccharides show meaningful biological activities (anti-thrombotic, anti-
coagulant, anti-cancer, anti-proliferative, anti-viral, and anti-complementary agent, anti-
inflammatory). These properties create interest in potential therapeutic applications (Table
1.3.). Xylans and laminarans, they are entirely and rapidly degraded by intestinal bacteria,
while alginates are only partly degraded and lead to a production of short-chain fatty acids.
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Table 1.3.

Polysaccharides from some Major Seaweed Species, their Bioactivities and Medicinal Uses
[92]

Polysaccharides Major seaweed sources Bioactive properties
Agar Gracillaria spp. Anti-HIV
Gelidium spp. Anti-inflammatory activities
Hypnea spp Laxative
Alginate Macrocystis spp. Antibacterial
Laminaria spp. Hypo-cholesterolemic
Ascophyllum spp Anti-hypertensive
Sargassum spp. Anti-ulcer
Dietary fiber
Constipation treatment
Drug delivery
Scaffold for reconstructive
processes
Carrageenans Euchema cottoni Anticoagulant
E. spinosum Anti-ulcer
Gigartina stellate Immunomodulation
Chondrus spp Simulates collagen biosynthesis
Herpe inhibition
Anti-HIV
Fucoidans Fucus serratus Anticoagulant
Fucus vesiculosus Antitumor
Ascophyllum nodosum Anti-inflammatory
Laminaria spp. Antioxidant
Ascophyllum spp. Immunostimulant
Antiviral
Antibacterial
Hypoglycemic
Ameliorate chronic renal failure
Laminarin Laminaria japonica Antimicrobial
Laminaria digitate Anticoagulant
Laminaria hyperborean Hypo-cholesteric
Fucus vesiculosus Antihypertensive
Ascophyllum nodosum Immunostimulant
Cytotoxic and wound healing
Prebiotic activities
Surgical dusting powder
Furcellaran Furcellaria lumbricalis Limited biomedical applications
Furcellaria fastigiate
Ulvan Ulva conglobate Anticoagulant
Ulva lactuca Heparin-like activity
Ulva rigida Apoptotic activity
Antitumor activity
Antiviral
Immunomodulating activities
Porphyran Palmaria palmata Apoptotic activity

Palmaria umbilicalis
Palmaria umbilicalis

Antitumor activity
Use as dietary fibre
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1.3.4. Lipids

Seaweeds contain relatively low amounts of lipids as compared to other plant seeds such
as soy and sunflower. Lipids represent only 1-5 % of seaweed dry matter and show valuable
polyunsaturated fatty acid (PUFA). They contain valuable omega 3 and omega 6 acids which
play a role in the prevention of cardiovascular diseases, osteoarthritis and diabetes.

The lipid content in seaweed is very variable and have significant differences between
species; it also varies by geographically, seasonally, temperature, salinity and light intensity
[93]. Recent research reveals that species of tropical areas have significantly lower lipid
contents than the cold area species [94]. The brown seaweed sources, location, and extraction
methods all affect the chemical properties and structure of fucoidan. Fucoidan from different
seaweeds may exhibit different bioactivity. Bioactivities are influenced by the chemical
composition and structural properties of fucoidan [3].

Brown seaweeds are the primary producer of fucoidan. Fucoidans are sulphated
polysaccharides isolated from brown seaweeds. In recent years, fucoidan has been extracted
from various species of brown seaweed and studied for its properties. Although the content of
lipids in brown seaweeds is small, it contains biologically active compounds, such as
fucoxanthin, omega-3 EPA and SDA and omega-6 arachidonic acid. Among these
compounds, fucoxanthin is crucial to understand the essential functions of brown seaweed
lipids. The stability of PUFAs is occasionally problematic in the utilization of marine lipids to
food and other products. Studies indicate the high oxidative stability of omega-3 PUFAs in
brown seaweed lipids. Although oxidative stability of PUFAs in brown seaweed lipids is not
precise yet, they can be applied to nutraceuticals and functional foods as a source of oxidative
stable omega-3 fatty acid. For the commercial use of brown seaweed lipids, a search seaweed
materials with high total lipid content is essential [95]. Bioactivities of fucoidans include
antioxidant activity, anticoagulant activity, and anticancer activity.

1.3.5. Minerals

Seaweeds have a high mineral content, that is higher than in terrestrial plants and animal
products, and therefore they can be used as food and feed supplements to supply minerals.
Seaweeds contain substantial amounts of essential minerals (Na, K, Ca, and Mg) and trace
elements (Fe, Zn, Mn, and Cu), which are essential in building human tissues and regulating
vital functions [3]. Analyses show that seaweeds contain useful amounts of minerals (K, P,
Mg, Ca, Na, Cl, and S), trace metals, and vitamins [3]. Seaweeds accumulate from the water
an incomparable amount of mineral elements, macroelements and trace elements [96]. Their
mineral content that reaches levels of up to 55 % on a dry weight basis is 10—-100 times higher
than of traditional vegetables. The mineral content in the form of ash of the seaweeds. Ash
content in most land vegetables is usually much lower than in seaweed. e.g. potato 10.4,
carrot 7.1, and tomato 7.1. Sweet corn has a lower content (2.6 %), while spinach has an
exceptionally high mineral content (20.4 %) for a land plant [97].
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The mineral composition varies according to genera as well as various other factors such
as seasonal, environmental, geographical and physiological variations and seaweed types such
as wild type and cultivated type [3].

The brown seaweeds have commonly been used for treating thyroid goitre due to high
contentment of iodine. Fucus vesiculosus is registered in the European pharmacopoeia for its
high iodine content. As concerns iodine, laminaria is the primary source as it contains 1500 to
8000 ppm dry weight while Fucus contain 500 to 1000 ppm dry weight of iodine. Seaweeds
are also considered as one of the essential vegetable sources of calcium, which is high as 7 %
of the dry weight of the seaweed biomass. The calcium content in seaweeds can reach to 34 %
in the chalky coral seaweeds. It is worth to mention that Enteromorpha spp. contains 28 times
more calcium than spinach, and 30 times more phosphorous than the quantity of any of the
common vegetables. Since Ca and P are necessary minerals for the growth, development,
maintenance, and function of living forms, Enteromorpha spp. is a potentially attractive
source of these minerals [36]. Seaweeds also contain high amounts of iron and copper [96].
Seaweed consumption may thus be useful mineral source during pregnancy, four adolescents
and elderly that all exposed to a risk of calcium deficiency. Despite high contents, the linkage
of certain minerals with anionic polysaccharides (alginate, agar or carrageenan) might limit
their absorption. For instance, the strong affinity of divalent cations (particularly calcium) for
carboxylic polysaccharides (alginates) probably limits their availability. In contrast, the
weakness of the linkages between polysaccharides and iodine allows rapid release of this
element [36].

Nevertheless, despite their importance in human health, some of the minerals are
necessary for our health, some can be toxic when uptake in higher concentrations [86].
Besides potential health benefits of essential minerals and stimulating compounds in seaweed,
other metals, minerals and bioactive may pose a negative effect on health. Depending on the
surrounding environment, seaweeds can contain metals in harmful concentrations, heavy
metals, and other compounds. For example, lead (Pb), mercury (Hg), cadmium (Cd), copper
(Cu), manganese (Mn), zinc (Zn) and the explosive compound trinitrotoluene that may be
present in the ambient environment. Marine organisms take up the inorganic arsenic, but
usually, the biological system transforms it into an organic and non-toxic form of arsenic.
Arsenic concentrations are generally considerably higher in brown seaweed than in red or
green seaweeds [86].

This accumulating effect present in seaweed can also be exploited to remediate for
undesired compounds in sea and wastewater or the use of seaweed as a bioindicator [3].
However, the number of undesired metals and compounds should be considered and tested if
seaweed species are to be used as a feed and food production.

1.3.6. Bioactive Compounds

Seaweeds are also rich with various bioactive compounds which can be characterized by
specific biological activities such as anti-inflammatory, antioxidant, cholesterol-lowering,
antitumor, prebiotic and antimicrobial capabilities[98]. Presence of these bioactive
compounds in seaweeds makes them one of the crucial elements in cosmetic, nutraceutical,
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biomedical and pharmaceutical industries. While an essential part of bioactive compounds is
already described previously as pigments, there are other substances like phenols that make
seaweed biomass even more attractive.

Phenolic compounds can be found in both terrestrial and aquatic plants, which include
seaweeds. They are a group of secondary metabolites that have a benzene ring with at least
one hydrogen replaced with a hydroxyl group. Due to their antioxidant properties, they
prevent the formation of many free radicals because of their metal ion chelating capacity
[83,99,100]. Phenolic compounds are classified into five broad groups: Flavonoids are the
largest group of them and is associated with various bioactivities, including the antioxidant
and radical scavenging activity. Other groups are lignans, tannins, tocopherols, and phenolic
acids [101]. Phlorotannins are present mostly in brown seaweed, but also in other seaweeds
where its concentration is highly variable depending on the geographic area and the species
[102]. Phlorotannins are polymers of phloroglucinols (1,3,5-trihydroxybenzene) and can reach
up to 15 % of the dry weight of these seaweeds [103]. Seaweed phlorotannin molecules are
composed of up to eight rings interconnected with each other, which give much higher
antioxidant properties than polyphenols obtained from terrestrial plants, that contain only
three or four rings in its structure [101].

Flavonoids that are known as safe and non-toxic antioxidants have an essential function to
protect the plant against UV radiation. In plants, the amounts of flavanol in the leaves are
directly related to UV-B radiation and reduced levels of oxidative stress [104]. These phenolic
compounds provide seaweed capacity to overcome oxidative stress and protect them against
grazers, such as marine herbivores [105].

1.4. Seaweed Processing Technologies

Seaweeds are considered a valuable source of chemical compounds with wide application
range in the food, feed, pharmaceutical and energy industries [86,106]. The main objective of
seaweed processing techniques is to achieve the maximum retrieval of the targeted compounds
while preserving the integrity of the molecules of interest and providing maximum purity of the
product [107]. The choice of extraction technology depends on the target compound to be
obtained, and the field of its application. Application field, in turn, determines the degree of
purity of the target compound. In the context of biorefinery, the field of application also
determines the technological steps of extraction processes [108,109]. Various species of
seaweeds contain a unique proportion of proteins, carbohydrates and lipids. Some are high in
lipids, while others are high in protein or carbohydrates. Selection criteria should be based on
their nutrient content as well as their specific use requirements [110].

Just before the extraction of the bioactive substances, it is necessary to process the biomass
to obtain the maximum yield. Primary pretreatment methods include biomass preparation for
extraction. Washing and drying of the biomass remove impurities and excess water [111,112].
Secondary pretreatment methods are divided into mechanical, chemical and enzymatic
pretreatment methods [113]. Mechanical pretreatment methods are used to disrupt cell structure
mechanically to increase the accessible surface area, and in turn the yield, for the further
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extraction process. These methods include autoclaving, bead-beating, microwaves, sonication,
freeze-drying, mechanical crushing, lyophilization and pulsed electric field technology [114].
Chemical pretreatment methods use chemically active substances like liquid nitrogen, nitric
acid, acetic acid. These methods also include hydrolysis by NaOH, HCI, H,SO4 or NaCl
solution [115-117]. Enzymatic pretreatment methods use enzyme activity to break down
macroelements into smaller molecules. Enzymes like cellulase, protease K, driselase, alginate
lyase are some of the enzymes that can be applied in this methodology [118,119].

Extraction methods can be divided into conventional and novel methods. Conventional
methods are still widely applied by industry and researchers, and they are based on the
treatment of biomass under defined conditions with conventional extraction methods to obtain
biomolecules. Methods are based on thermomechanical effects and processes of chemical
hydrolysis [111,117]. Novel extraction techniques apply technologies that reduce the cost of
extraction, reduces the number of steps in the extraction process and increase the yield of
obtained biomolecules [3,120,121]. Novel extraction methods are based on the use of physical
phenomena (pressure, electric field, ultrasound, microwaves) and biological (enzymes) effects
on the biomass [122,123] Conventional, and novel extraction methods can also be combined to
get the best extraction yield at the lowest cost and least impact on the environment [98,124].

Conventional Extraction Techniques

Conventional extraction methods use organic solvents (i.e. petroleum ether, hexane,
cyclohexane, isooctane, toluene, benzene, diethyl ether, dichloromethane, isopropanol,
chloroform, acetone, methanol, ethanol etc.) and acids or alkalis, and water [113]. The
primary purpose of these aggressive substances is to disrupt cell membranes and allow
substances contained in the seaweeds to enter the extraction matrix. According to current
trends, the solvent used in the extraction process should be cheap and non-toxic [113].

Several types of extraction methods have been applied based on the literature on the
extraction of bioactive compounds from various matrices, including those from the seaweeds.
Conventional extraction methods applied on seaweed biomass include distillation, Soxhlet
extraction, maceration, percolation, infusion, decoction and hot continuous extraction [117].

The effectiveness of these methods depends on various influencing parameters, such as
solvent properties (polarity, toxicity, volatility, viscosity, purity), sample size and
concentration, particle size, time, the polarity of extractant [125,126]. Main drawbacks of
conventional techniques are the long extraction time, the need for very high purity solvents,
the energy consumption associated with the evaporation of a large amount of solvent and the
relatively low extraction yield [127]. Conventional extraction methods are well described in
the scientific literature (lab scale). Environmental policy and resource consumption, scientific
research viewpoint has advanced novel extraction methods [122,123,127,128].

Seaweed carbohydrate extraction methods depend on the expected outcome. If the target
compound is going to be applied in the food industry, quality standard and purity must meet
requirements of food-grade compounds. Seaweed polysaccharides that mostly are used in the
food industry are agar, alginate, carrageenan, mannitol, while fucoidan, laminaran and ulvan
are used in cosmetology and do not have to meet the same standards [128—130]. Seaweed
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carbohydrates are obtained using the following methods i) heating in water ii) by heating in
water with an alkali compound (e.g., sodium bicarbonate) followed by cooling, separation,
and purification. One of the significant drawbacks of the current industrial extraction of
seaweed hydrocolloids is the considerable time and energy and water consumption. Extraction
of seaweed hydrocolloids usually takes three hours to achieve optimum yield, depending on
the types of hydrocolloids involved. Agar, alginate, and carrageenan extraction should take 2
to 4 hours, but with novel methods, it may take up to a few minutes [109,129,130]. Seaweed
cellulose also belongs to this product group but is not mentioned because existing land-based
biomass is a much more accessible and easily obtainable source of cellulose [131].

Extraction of seaweed proteins, peptides, and amino acids is mainly done on a laboratory
scale. The main methods for extracting seaweed protein fractions in the context of
conventional methods are solvent extraction, proteolytic hydrolysis (enzymes from
microorganisms, plants), hydrolysis by proteolytic microorganisms during fermentation [132—
134]. Seaweed proteins are extracted by water, acid and alkali methods followed by several
centrifugations, dialysis and recovery steps using methods such as ultrafiltration, precipitation
or chromatography. Successful extraction of seaweed proteins can be significantly influenced
by the availability of protein molecules, which are significantly inhibited by high viscosity
and anion cell wall polysaccharides such as alginates and carrageenans [133].

Seaweeds contain relatively small amounts of lipids. Many seaweeds in nature are not
intended for oil extraction with existing technological solutions. Seaweeds are generally
considered unsuitable for the production of oil-based products since most species have a low
total lipid content <5 % by weight [135,136]. Content of lipids in dry weight can reach 10-
20 % in some seaweed like Dictyotales [137]. Oils from seaweeds, plant biomass are
extracted by a variety of methods, including organic solvents and water [138]. However, the
green extraction process is better suited for low oil oxidation and high yield [139]. The most
common traditional lipid extraction methods are water vapour extraction or solvent extraction,
such as soxhlet [117,124].

Seaweeds contain a large number of minerals, up to 30 % of their dry weight. Minerals
include Na, Ca, Mg, K, Cl, S and P and trace elements (Fe, Zn, Mn, and Cu). The mineral
content of seaweed is generally high (8-40 %). Minerals and trace elements essential for
human consumption are predominantly in brown and red seaweeds [135,136]. Part of the
minerals from the seaweed biomass can be extracted by incineration and acid treatment of the
resulting material [140]. Seaweeds also contains other groups of minor constituents -
pigments, tannins, vitamins, steroids, cellulose, etc. [135,136].

Novel Extraction Techniques

Novel methods can accomplish the extraction of biologically active compounds from
seaweeds. They have several advantages over conventional methods, including the reduced
amount of solvent used (including its recovery), shorter extraction time, technological
performance at lower temperatures. These methods also include improved selectivity for
isolation of the desired compounds while avoiding the formation of by-products during the
extraction, adverse reactions [141]. Comparing to conventional extraction methods, main
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advantages of novel extraction methods are higher efficiency, reduced water consumption,
application of renewable raw materials, less use of hazardous chemicals, safer co-solvents,
energy efficiency, reduced derivatives. [117].

Based on reviewed papers, there are six novel techniques for biomolecule extraction from
seaweed [113,117,126,127,141-143]. They are summarized in Table 1.4. and full Table in
Annex 1.

Supercritical fluid extraction applies supercritical fluids to separate extractant from the
matrix using supercritical CO, as a solvent. Microwave-assisted extraction uses microwaves
to warm the solvents in contact with the solid matrix to extract the contents from the solution.
Ultrasound-assisted extraction utilizes ultrasound to penetrate solvents in contact with the
solid matrix to extract the content from the solution. Enzymatic hydrolysis uses exogenous
enzymes to digest the material. High-pressure methods use solvents under critical conditions
(increased temperature and/or pressure) to speed up the extraction rate of solvents used. lonic
liquid extraction uses specially designed ionic liquids to extract a wide range of compounds.
Pulsed electric field extraction utilizes an electric field to disintegrate cell matrix.

Table 1.4.
Overview of Novel Seaweed Compound Extraction Techniques.
Extraction technique  Extracted bioactive compounds References
Supercritical CO, Fucoxanthin, polyphenols, phlorotannins, carotenoids, [139,141,144—
pigments, fatty acids, cytokinins, auxins, 147]
microelements, macroelements
Microwave-assisted Polysaccharides, alkaline, galactans, carrageenans, [141,148-152]
extraction agar, phlorotannins, phloroglucinol, iodine, bromine,
phenols, phytosterols, phytol
Ultrasound-assisted Polyphenols, laminarin, phycobiliproteins, taurine, [153-157]

extraction fucose, uronic acid, antioxidants, prebiotic compounds

High-pressure methods Polyphenols, phlorotannins, fucoidan, total organic [141,158-160]
carbon, minerals, monosaccharides, amino acids, polar
compounds; fatty acids

Enzyme-assisted Antioxidants, fucoxanthin, fatty acids, polysaccharides [161,162]
extraction

Ionic liquids extraction Phenolic compounds, polysaccharides, carrageenan,  [163-165]
terpenoids, alkaloids

Pulsed electric fields Phenols, proteins [126,166]

There can be seen significant structural differences between the different target bioactive
compounds and their natural sources. They have different physical and chemical properties.
Therefore, it is crucial and necessary to find the most efficient method for the extraction of the
selected bioactive compounds and then optimize the extraction procedure. The process
parameters of each extraction procedure should be checked to obtain an accurate view of the
effect of the particular method on the content and activity of the bioactive compounds of the
extracts obtained [141]. Different extraction methods should be used to enhance the scientific
understanding of the selectivity of the extraction from different natural sources [127].

29



1.5. Seaweed Biomass Production

Seaweeds have been collected for centuries, and until recently, seaweed collection from
their natural populations was a norm. Recently harvesting from natural habitats have become
controversial due to environmental consequences or constraints. It has resulted in strict
regulations to define the harvestable amount of the seaweed biomass and determine time
intervals between harvests to allow growth and recovery of seaweeds [167,168].

Seaweeds can be harvested using different techniques depending on the location of the
biomass and type of seaweed [169]. Biomass can be collected manually by pulling seaweeds
with hands or rakes and other tools, that remove seaweeds from the substrate they are attached
[170]. Mechanical harvesting is done by machines or large mechanical rakes that collect
seaweeds in a way that is not doing damage to the biomass. Harvesting machines are adjusted
that they are not degrading the seabed and are leaving enough material for regrowth. A partial
collection of material means that only tops of the seaweed plants are cut off by knives or
scissors of harvesters [3]. The harvesting process is limited by the availability of biomass and
regrowth potential. Natural seaweed meadows must be protected because they play an
essential role in coastal ecosystems as a habitat for living organisms [171]. Overexploitation
of natural seaweed resources could have a negative impact on the marine carbon cycle and
promote coastal erosion processes [172,173]. To prevent from significant ecological,
economic and social consequences at local, regional and even global levels, sustainable
management and legislative restrictions are crucial [170]. Legislation regulating seaweed
management in terms of harvesting and cultivation have entered in force in countries like
Norway, Portugal, Canada, Brazil, Peru and Mexico [171]. These countries are just a few of
the 32 countries that rely on the collection of naturally growing seaweeds by collecting
around 800 000 t annually [170].

In Latvia, there are no regulations or other legislative restrictions limiting seaweed
harvesting from natural seabeds except those regulating fisheries in marine protected areas
and Natura 2000 sites. The main reason for lack of regulations might be the low interest for
seaweed as a resource, since there is a lack of information regarding seaweed distribution and
potential use is limited. In the case of the growing interest of seaweed as a resource, a
proposal of new legislation is crucial to protect natural seaweed beds in a fragile ecosystem of
the Baltic Sea.

Seaweed cultivation is an alternate process, to produce seaweed biomass without
destroying effects on natural seaweed habitats. Development of seaweed cultivation has
dramatically increased in the last century, more in Asian countries, but recently also in other
continents like America and Europe [8]. Enhancement of natural seaweed meadows was
initially achieved by providing additional substrate for seaweeds to attach in the form of tree
branches, bamboo shoots and by clearing rocky surfaces [174]. Cultivation or artificial
seaweed propagation is a process which provides seaweed growing and preservation out of
their natural habitat. Cultivation is possible both in vitro (fully controlled conditions) and in
situ (their natural growth environment), and it can also be carried out in different scales [8].
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Seaweed growing does not demand arable land and freshwater. In this way, there is no
competition with the agricultural sector for direct or indirect land use

In addition to valuable biomass production, seaweed cultivation provides several essential
ecological services. They enrichen water with oxygen and uptake nutrients [171]. Seaweed
cultivation not only plays an ecological role but also has socio-economic importance in
coastal regions. Many examples of benefits are described all over the world. In Australia there
is a kelp forest that covers more than 70 000 km? it has both ecological functions — provide
biodiversity and economic function — generating an estimated value of US$ 7.7 billion
annually in fishing, tourism and cultural services [175]. The European Commission has
recognized that 396 microalgae and macroalgae or seaweed species are a promising option for
food security that by 2054 seaweed cultivation could reach the production of 56 million
metric tonnes of protein, which would constitute 18 % of the global alternative protein market
[176]. Sustainable production of seaweeds contributes to society by opening new job
positions: at the first level in farms, collection, growing and processing operations; at the
second level through industries supplying goods and services to aquacultures such as feed,
equipment and advice; and at the third level through the providing of associated jobs, i.e.
spending by those employed directly and indirectly in seaweed cultivation [176].

Large-scale seaweed farms can host diverse species and consequently create new habitats
and support biodiversity [177]. It can also come with negative impacts like cross-breeding
between domesticated and wild strains and the harbouring of parasites, as well as the
unintentional introduction of non-indigenous species, including pathogens [3]. The significant
problems in the seaweed industry include overexploitation of natural resources leading to a
deficiency of raw seaweed material, low-quality biomass, technological barriers to improve
quality of the processed product, and a knowledge gaps on new and alternative sources of raw
materials. Therefore, efforts are needed to enhance production through improving harvesting
techniques, limiting of competing species, creation of artificial habitats and seeding of cleared
areas. Despite the development of global seaweed -cultivation, there are still many
technological challenges to achieve which include thermo-tolerance, disease resistance, high
growth rates, high content of desired substances, and development of economically feasible
seaweed farm systems [8].

Large-scale seaweed farming is carried out only in Asia, where there is a high demand

for seaweed products and growing populations to create market growth. Seaweed cultivation
in Asia is a relatively low-technology business in that the whole, attached plants are placed in
the sea, and there is a high labour content in operation [178].
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The technique applied to seaweed cultivation is dependent on several factors like species,
substrate, depth and distance to the coast. Components of the ropes or nets used can be
customized in means of size, material and weight, that also have an impact on the price and
availability of the tool. There is a range of techniques used for seaweed cultivation on a large
scale (Table 1.5.).

Table 1.5.
Large-Scale Cultivation Techniques

Technique Principle Located Species
Line cultivation Seaweeds are attached to ropes of Off-bottom — Small in size

varying lengths, that are anchored to a planting close to the

substrate bottom near shore
Net cultivation Seaweed propagules are attached to nets at the surface or N/D

slightly submerged

Floating raft Seaweeds are attached to lines or nets in at the surface N/D
cultivation the form of a float made of bamboo or

other material
Integrated More than one marine organism is mollusc and fish
multitrophic cultivated in a united system. cultivation along
aquaculture with seaweeds

Medium-scale seaweed farming is used to design onshore seaweed cultivation farms.

They can be large ponds or seaweed photobioreactors, where mixing is controlled to intensify
the total micro- and macroalgal yields [176,179]. Pond mixing allows to improve nutrient
diffusion and optimize light exposure to capture photons and increase carbon fixation rates
[180]. In contrary to offshore seaweed cultivation, environmental conditions in ponds can be
controlled. Cultivation experiments were carried out in Denmark using green seaweed Ulva
lactuca. For five months, seaweeds were cultivated in water ponds, and it allowed to monitor
the growth of seaweeds and weekly nutrient uptake [179]. The controllable environment
allows doing manipulations with light, mixing and nutrients to monitor seaweed growth in the
places where offshore cultivation is not taking place.

Laboratory scale seaweed cultivation. Seaweed cultivation starts in a laboratory. The

growth rate and the chemical composition of the seaweeds are affected by various
environmental parameters. Laboratory scale cultivation allows to carry out trials and
experiment with environmental conditions for seaweed growth, carry out reproduction
processes to prepare seedling material that can be used in offshore cultivation and to maintain
seaweed cultures [175,181,182].

This chapter identified and highlighted the key aspects of seaweed cultivation. Preparation
to start seaweed cultivation in any scale includes understanding the seaweed physiological
properties and their interaction with surrounding environmental factors: light, temperature,
nutrients & CO,, salinity and water movement, therefore, they are discussed further in the
next chapter.

32



1.6. Factors Affecting Seaweed Growth And Development

Environmental factors affecting seaweed have been vastly described, and it only proves
their importance not only in nature but also in seaweed research of cultivations and
biotechnologies. It has been vastly described in the literature and research-based findings on
growth rates and composition and value of seaweeds (Fig. 1.4.).
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Fig.1.4. Factors affecting seaweed growth and development [183].

Environmental factors have a short or long-term impact on seaweeds at different levels. It
can affect the organism in cell level or just limit some functions. Seaweed biological features
allow them to adjust to short term external conditions and adapt to permanent changes in
environmental conditions. Growth, reproduction, size, and cell compositions can change
regarding change of influencing obstacles leading to distinct phenotypical differences even
between one species. Every change in the surrounding environment can be a stressor that
affects the growth rate, reproduction success and can even cause complete disintegration of
the seaweeds. In this way, it can reduce seaweed abundance and biodiversity.

Light

Light is a crucial element to carry out photosynthetic processes with a purpose for
chemical energy production. Majority of marine brown and red seaweed species occur from
shallow to deep waters, while green species are found in areas where light is more abundant,
such as shallow waters and tide pools [184,185]. Despite the depth of the water, seaweeds
generally require a high light intensity. However, in cases when required light portion is not
provided, for example, when the availability of irradiance is limited because of depth or self-
shading, some species have ability to acclimate their photosynthetic characteristics to
conditions above or below the optimal light intensity ranges [183]. Seaweeds can increase
cellular contents of the photosynthetic pigments (e.g., Chl a, phycoerythrin), and decrease the
content of ultra-violet absorbing compounds to acclimate the low solar radiation [183]. Some
seaweed species require only 30—70 pmol m? s’ highlighting and there are also the fastest-
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growing species with a high intensity of 200-250 pmol m™ s™. The duration of the light is just
as important as light intensity.

Green seaweeds are distinguished from other seaweeds by their association with green
terrestrial vascular plants because their photosynthetic processes are the same. Chlorophyll a
and chlorophyll b pigments participate in photosynthesis of green seaweeds and vascular
plants. These pigments give them a distinctive green colour. Chlorophyll a and b absorb red
light rays that are found only in shallow waters. These light rays cannot reach deeper layers of
the water, therefore most of the green seaweeds are found in shallow places [186].

Red seaweeds are evolutionarily adapted to live in deeper water in lower light conditions.
The seaweeds contain pigment phycoerythrin, which reflects the red-light rays and absorbs
blue rays. Therefore, the colour of the seaweeds is dark red or pink. Since blue light rays can
penetrate deeper layers of water than light rays with shorter wavelengths, these phycoerythrin
pigments allow seaweeds to take photosynthesis and live in deeper waters than seaweeds of
other species. Some species of red seaweed contain very little phycoerythrin, so their colour
may range from green to bluish, as they are dominated by chlorophyll and other
pigments[75,187,188].

Brown seaweeds contain green pigment — i.e. chlorophyll, but they also contain other
golden and brown pigments that mask the green colour of the chlorophyll. The dominant
pigment in brown seaweeds is fucoxanthin that reflects yellow light rays. Under the influence
of all these pigments, brown seaweeds acquire a characteristic colour that varies from light
olive-green tone to even dark brown. Most of the brown seaweeds live close to the coast, and
most of them are found in cold waters [189]. Fucus vesiculosus requires a light intensity of at
least 75 pmol m™ s but the maximum growth rate is achieved when light intensity is
increased to 175 pmol mZs! [190].

Circadian day/night or light/dark regime is an essential requirement to balance light and
dark stages of the photosynthesis. This regime has to be complied when seaweeds are cultivated
in the laboratory, and artificial lighting is used to provide the required light intensity. The light
and dark regimes are needed because excessive lighting limits the growth of seaweeds.

Temperature

Seasonal and geographical changes in temperature determine the distribution of global
seaweed populations. It should be underlined that each species is characterized by its
geographical habitat. Most species feel comfortable at 20 °C or above temperature, while for
some, this temperature is an upper limit above which reproduction decreases or even entirely
cease [23,183]. Besides, the temperature may also have an impact on seaweed internal
physiological processes, for example, diffusive rates and carrier-mediated nutrient uptake [191].
Altogether, it seems that deviation of the boundaries set for water temperature and lack of light
exposure are significant factors limiting the growth of seaweeds and biochemical composition.

Every seaweed species has a specific optimal temperature range that serves the best for
growth and surviving. By knowing the necessary temperature and other factors affecting
growth, the seaweed cultivation process can give maximum biomass output. The table
summarizes the optimal growth temperature for different species of seaweeds (see Table 1.6.).
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Table 1.6.

Optimal Seaweed Growth Temperature

Species Optimal temperature  Source
Red seaweeds Palmaria mollis 14 —-15°C [192]
Gracilaria lemaneiformis 25-30°C [193]
Porphyra dioica 15°C [194]
Chondrus crispus 17 °C [195]
Furcellaria lumbricalis 15°C [196]
Brown seaweeds Fucus vesiculosus 4-10°C [197]
Laminaria digitata 5-15°C [198]
Saccharina latissima 5-15°C [198]
Green seaweeds Enteromorpha intestinalis 10 °C [199]
Ulva lactuca 10 °C [200]

As shown in Table 1.6. some seaweeds are abundant in a warm water environment, and
some seaweeds prefer low water temperature. However, it is evident that most seaweeds do
not grow in the warm water temperatures and grows more intensively at moderate
temperatures not exceeding 15 °C.

Fucus vesiculosus achieves the highest growth rate at a temperature of 20 °C, but with
increasing temperature, there is a sharp drop, which leads to the death of the plant. Although
the fastest growth of F. vesiculosus is at relatively high temperatures, the results of the study
confirm that good results can also be achieved at 10 to 15 degrees. However, it should be
noted that F. vesiculosus is present in several regions and is consistent with the species living
in the Irish Sea. Seaweeds occurring in the Baltic Sea are most rapidly growing at
temperatures between 4 °C and 10 °C, as there are different weather conditions in the region
and the average temperature is lower all year round [197].

The temperature affects seaweed physiological processes, such as the rate of diffusion and
the intake of nutrients. For example, with the increase in water temperature, Gracilaria
tikvahiae is also able to absorb NO; [201].

Water movement

Water movement is mentioned as one of the factors affecting seaweed growth and
development because of its importance in the acceleration of the diffusion rates of inorganic
nutrients and gases in and out seaweed thallus. Absorption of necessary nutrients and other
elements occurs throughout the body of seaweed or thallus. Water motion creates favourable
environmental conditions for the growth of seaweeds. In addition, Tiwari and Troy (2015)
claim that water movement reduces harm by hazards of biological nature [3].

Water streams accelerate the diffusion of nutrients and gases, including CO,, from water
to seaweed thallus and vice versa [201]. In the standing or slowly moving water around the
seaweed thallus, a thin boundary layer is formed that limits the supply of CO; that is essential
for the photosynthesis. A layer reduces the ability of the plant to absorb nutrients from the
water and consequently reduces the growth rate of seaweeds. With increasing water
movements, the boundary layer decreases and seaweeds, under the influence of the thallus
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movement, are cleaned. Photosynthesis and nutrient intake are increasing rapidly, and
seaweed growth rates are rising [198].

In the seas and ocean, the water is never stagnant. The water enriched with nutrients and
minerals is continuously available. Therefore, providing a constant flow of water in a
laboratory environment is essential.

In Fig. 1.5. relative daily growth of Ulva lactuca in different water flows is depicted. In
the natural environment, different factors interact with each other. Therefore, it is not correct
to analyse the impact of each of the factors separately. In Fig. 1.5. importance of the light can
be seen, and it can be concluded that water flow does not show its importance if the light
conditions are insufficient. Limited light conditions impede photosynthetic processes that
inhibit the growth of the seaweeds. With optimal light conditions, the positive impact of water
flow on seaweed growth is increasing. Sufficient light provides optimal conditions for
seaweed growth; therefore, water flow has an impact on the growth rate.
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Fig. 1.5. Relative daily growth of Ulva lactuca in different water flows and different light
conditions [202].

To identify the optimal water flow velocity for every seaweed type, it is necessary to
observe their behaviour in their natural environment. When cultivated in artificial conditions,
cultivation parameters should simulate the natural environment as close as possible. Accurate
data can be obtained only by carrying out targeted experiments, but seaweeds which are
naturally living in calm waters will never give their maximum biomass growth if the water
flow is too strong. It will be the same with seaweeds that are used to strong waves. If the
water flow is not strong enough, they will not grow, or growth will be prolonged because the
nutrient uptake will be difficult.
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Nutrients and CO,

The success of seaweed biomass increase depends on multiple factors that interact
between them. Amount of available nutrients and carbon dioxide and overall water quality is
an essential factor. Similar to terrestrial plants, seaweed use sunlight and consume or adsorb
carbon dioxide (CO;) to provide growing processes. Seaweed growth rates are significantly
affected by the number of various chemical components and their concentrations. Importance
of optimal nitrogen (N) and phosphorus (P) in seaweed growth has been proven. Increased
levels of N and P support optimal growth conditions, while the highest concentration limits
are not exceeded. The optimal amount of the nutrients necessary for seaweed growth
processes can differ between different seaweed species, their natural growth habitat, because
growth conditions can differ in different regions. In optimal nutrient, salinity, light and
temperature conditions U. infestinalis growth rates exceed, and it can form dense clusters or
green tides in the littoral zone [203]. As mentioned before, even though Ulva sp. are marine
species, they can adjust to a brackish environment by taking up more nitrogen [63].
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Fig. 1.6. Comparison of the relative daily growth rate of G. lemaneiformis with air and
air+CO; supply [204].

When seaweeds are produced in a closed environment, nutrient concentrations can be
controlled, and the desired amount of nitrogen and phosphorous can be added. There has been
research showing that higher nutrient concentrations show higher rates of photosynthesis
[205]. Regarding the species response to added nutrients, seaweeds can be divided into two
parts. Those that grow well with the addition of ammonia or other nitrogenous solution and
those that achieve higher growth rates with added PO,.

Rapidly increasing concentrations of CO, in the atmosphere has and will continue to have,
an impact on the photosynthesis, growth, metabolism and cell composition of seaweeds.
Increasing atmospheric CO; stimulates photosynthesis and increases growth rate [206]. Fig.
1.6. shows the growth rate of G. lemaneiformis when water in the aquarium is supplied with
air or with COs-enriched air.

Water motion and turbulence is an important factor affecting the growth of both
microalgae and macroalgae. The use of air bubbling in an artificially controlled environment
achieves the turbulence, and intense gas and nutrient exchange takes place between the
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elements in solution and the air bubbles [207]. Air bubbling is one of the most common CO,
supply methods for cultivating seaweeds, as growth medium can easily be mixed, and carbon,
nitrogen and phosphate particles on the cell surface can be restored. Air bubbling is known to
help the plant deliver CO,, even at low concentrations (300-400 ppm) [207].

Salinity

Another important environmental factor affecting seaweed growth is salinity. It has been
stated before that mainly seaweeds are abundant in seawater and some can be found in
freshwater. Seaweeds can survive in different levels of salinity.

Green seaweed Enteromorpha intestinalis, brown seaweed Fucus vesiculosus, red
seaweed Furcellaria lumbricalis mainly inhabits in brackish water or other words in the briny
water. Therefore, the species can also be found in the Baltic Sea, the sea which salinity is
much lower than ocean water. While habitats of Fucus, Furcellaria and Enteromorpha are not
high saline water, the range of the salinity they can be found differs. This factor should be
considered when cultivating seaweeds both in a laboratory and natural environment.

When cultivating seaweed in the eastern Baltic Sea region, it should be taken into account
that it is not necessary to provide highly saline water. The Baltic Sea has one of the lowest
salinity levels, and on the coast of Latvia, its salinity does not exceed 6%o. The Baltic Sea is
unique in that its water salinity varies from 0 — 30 %o in different places. Coastal areas are rich
in river estuaries, which reduce the salinity of the water, requiring seaweeds to adapt to
different salinities. Water salinity is a variable factor not only in the Baltic Sea but this trend
is also observed elsewhere in the world, so every seaweed species grows most rapidly within
the range of its optimal salinity.

Correct determination of water salinity plays a vital role in the cultivation of seaweeds.
The wrong choice of water salinity can significantly affect the results. To avoid selecting the
wrong salinity, water from the natural habitat of the seaweed growing sit should be used to
ensure, that the salinity of the water does not differ from its optimum salinity. Inadequate
salinity of water can both reduce seaweed growth rate and cause loss of the seaweed biomass,
even though in such cases, the seaweeds are often still able to adapt to the new water salinity,
recover and continue to grow. In the case of salt concentrations several times higher than the
optimum concentration, seaweed death is inevitable, and cultivation must be restarted.
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2. METHODOLOGY

In order to evaluate potential seaweed processing pathways through the biorefinery
concept, specific research stages were defined. As the first step, it is necessary to evaluate the
availability of seaweed biomass, meaning, species, sources and amount of biomass that could
be processed (Paper I and II) [208,209]. The next step is to look for potential products and
their extraction methods (Paper III) [210]. Biorefinery concept model was designed, and to
evaluate it, SWOT analysis was used (Paper IV) [108]. SWOT analysis gave essential
insights, and special attention was paid on seaweed biomass availability. There are more
reasons to look for a way to obtain more seaweed resources from artificial sources, meaning
cultivation. Therefore, as the first step of the cultivation, research facility — a laboratory stand
was needed. Creation of a laboratory stand is described in Paper V [211]. Laboratory was
tested by carrying out seaweed cultivation experiments (Paper VI)[212], by artificially
changing seaweed growth environment: nutrients and lighting regimes. In this way, it was
also possible to identify limitations for seaweed growing (Paper VII) [213].

2.1. Development of the Baltic Seaweed Biorefinery Concept

It is necessary to overcome numerous technical, strategic, economic, and sustainability
challenges to develop the biorefinery concept successfully. These challenges include
estimation of the feedstock, potential end products, and extraction technologies. At the same
time, the concept must comply with sustainability criteria that are achieved by creating the
conceptual design and SWOT analysis.
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Fig. 2.1. Methodology used to develop the seaweed biorefinery concept.
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The core subjects of the biorefinery concept are the supply chain network and the
chemical conversion of biomass [214]. Base elements of the supply chain are feedstock,
products, and processes (Table 2.1.). These will be addressed in more detail further in the text.

Table 2.1.

Base Elements and Criteria of the Baltic Seaweed Biorefinery Concept

Platform Criteria

Feedstock Seaweed species available in Latvia

Amount of seaweed biomass

Quality of the available seaweed biomass

The territorial distribution of biomass

Impact of the seasonality in terms of biomass availability
Current use of the biomass

Ecological importance of the biomass

Products

Chemical composition of seaweed biomass
Range of extractable compounds
. Identification of potential products

Processes . Technologies used to extract compounds from seaweed biomass

In this chapter, each base element is evaluated using criteria (Table 2.1.) and an overall
design of the concept is described. Criteria were selected and SWOT analysis was carried out
to identify strengths, weaknesses, opportunities, and threats of the concept and to create an
overview and highlight criticalities of the Baltic seaweed biorefinery concept.

2.1.1. Evaluation of Feedstock for the Seaweed Biorefinery Concept

Estimation of seaweed biomass availability is conducted to evaluate the Baltic seaweed
potential as a biomass feedstock for Baltic seaweed biorefinery concept. Biomass availability
is analysed by carrying out literature analysis.
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Indicators that are applied to criteria to determine the availability of the biomass are
summarised in Table 2.2.

Table 2.2.

Criteria for Biomass Availability Evaluation

Criteria Indicators Output

Seaweed species available in Latvia ~ Total number of seaweed species in number
Latvia species names
Most abundant seaweed species in Latvia

Amount of seaweed biomass Biomass amount in natural growths t/ha
Washed out seaweed biomass m’ per 100 m
Cultivated seaweed biomass t per year
Quality of the available Composition of the washed-out deposits %

seaweed biomass

The territorial distribution of biomass Seaweed species composition change map
between regions

Impact of the seasonality in terms of
biomass availability

Current use of the biomass

Ecological importance of the biomass

2.1.2. Evaluation of Products and Processes in the Seaweed Biorefinery Concept

The methodology applied to evaluate products and processes in the seaweed biorefinery
concept is an in-depth literature study. It was carried out to reveal the full potential of
seaweed biomass chemical composition and extraction techniques. Literature analysis is
essential for a) identifying what has been written on a subject or topic; b) determining the
conditions to which a specific research area reveals any interpretable trends or patterns; c)
aggregating empirical findings related to a narrow research question to support evidence-
based practice; d) generating new frameworks and theories; and e) identifying topics or
questions requiring more investigation [215].

The following research questions were raised:

e What kind of chemical compounds can be extracted from the Baltic seaweed
biomass?

e To what extent these substances can be obtained from the selected biomass?

e  Which of these chemical compounds has the potential as a product?

e What state of the art technologies can be used for product extraction?

Data on chemical composition was collected not only for locally available Ulva
intestinalis, Fucus vesiculosus and Furcellaria lumbricalis, but also for other species analysed
elsewhere.
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2.1.3. Design of the Seaweed Biorefinery Concept

Criteria and factor definition is a necessary step to provide functionality and sustainability
of the seaweed biorefinery concept. Sustainable development of bioeconomy is dependent not
only from economic sectors and properties of the biorefinery end products but also from
different external factors like financial resources, human resources, climate, environmental,
technological, economic and social aspects [216]. Fundamental principles of bioeconomy
have been developed by European Commission to preserve the main goals of bioeconomy —
provide food security, guarantee sustainable use of resources, reduce the impact on climate
and create jobs and ensure competitiveness [217]. The seaweed biorefinery concept must
follow these principles (Table 2.3.), to have a significant role in strengthening bioeconomy.

Table 2.3.
Bioeconomy Principles
Principle Context
Food first Food safety is set as a first principle, and it is focusing on food quality
and availability.
Sustainable yields This principle determines the necessity for biomass to be renewable and

without reducing the base of capital itself.

Cascading approach ~ Cascading approach promotes that product with the highest value is
made first, then the second-highest is made, and so on.

Circularity Since cascading approach does not address the waste problem by itself,
the circularity principle has to be followed.

Diversity Diversity as a key to resilience determines the need for different outputs
using different techniques.

These five main principles do not give a limitation to the Baltic seaweed biorefinery
concept; instead, they are defining guidelines and basic rules that should be followed to
enhance bioeconomy. Not only whole biorefinery concept together should be based on
bioeconomy principles, but every step and phase of the concept, starting from input material
and production and throughout whole life cycle of products should follow the directions given
by bioeconomy principles to give the highest social, environmental, and economic benefits.

2.1.4. SWOT Analysis

SWOT analysis is a tool for strategic planning used for different cases, e.g. for analysis of
various projects or organizations [218]. SWOT analysis methodology comprises
brainstorming for analysis and positioning internal factors, i.e. strengths and weaknesses, and
external factors, i.e. opportunities and threats, of the analysed object. By identifying the
factors in these four groups, the basis for decision-making and planning strategies is obtained.
The main advantage of SWOT analysis is its application simplicity and structuring a
particular brainstorming session, whereas the main disadvantage results in no opportunity to
rank the significance of one factor versus another [219]. Nevertheless, SWOT analysis is an
appropriate tool to address a wide range of business issues and therefore is widely practised
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2.2. Enhancing the Feedstock for the Baltic Seaweed Biorefinery Concept

This subchapter provides the methodology used to enhance the feedstock to input in the
seaweed biorefinery concept by setting up alaboratory stand and laboratory experiments
(Fig. 2.3.).
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Fig. 2.3. The methodology used to increase biomass availability.
2.2.1. Setting up the Seaweed Cultivation Laboratory

Working seaweed cultivation laboratory is an essential facility to maintain seaweed
cultures, prepare seedling materials and determine seaweed growing conditions in an artificial
environment. The research facility was set up in the form of laboratory stand as a part of the
Biosystems Laboratory of Riga Technical University Institute of Energy Systems and
Environment (IESE). The IESE Biosystems Laboratory was equipped with hot and cold water
supplies, electricity and necessary equipment such as a refrigerator, cold store, dishwasher,
fume box, drying oven and several tables, chairs and sink.

In order to ensure the conditions necessary for the seaweed cultivation and to perform all
necessary measurements and studies, additional equipment were needed (listed below).
Seaweed cultivation is going to be carried out in three scales, starting with smaller scale
cultivation in Petri dishes, medium-scale cultivation using flasks, and ending with larger-scale
seaweed growing in aquariums. Therefore, it is necessary to provide the laboratory with all
the necessary equipment for different scale seaweed cultivation experiments:

e Different size aquariums,
e FErlenmeyer flasks;
e Petri dishes.
Other equipment is also needed to provide, regulate and measure factors such as light
intensity, salinity, a quantity of CO; and nutrients:
e alamp with an LED bulb;
e Plug-in timer;
e Lux Meter;
e (as cylinder cabinet;
e Multi-Parameter meter;
e Electronic pipette

e Microscope.
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A lighting system with LED lamps was set up to provide adequate light exposure for
seaweed cultivation. Plug-in timer is used to provide an option to set light/dark regime needed
for seaweed growth. The Lux meter is required to precisely determine the light intensity by
which seaweeds are screened in different aquariums or flasks. An electrical pipette is handy
for the addition of nutrients and water salinity as it can measure the volume more accurately
than a manual pipette.

In order to prepare an analysis of seaweed materials and the results as closely as possible,
the laboratory also have to contain equipment for additional measurements:

®  MICroscope;

e stereomicroscope;

e analytical weights;

e atap sink;

e tubing tubes with screw caps;
e tweezers;

e a set of laboratory accessories;
e plastic pipettes.

The laboratory is equipped to carry out experiments with seaweed growing in three scales.
At first cultivating seaweeds in large aquariums and experiments in medium and smaller
volumes are suggested to avoid unforeseeable results. This means saving time and raw
materials, since failure to choose light intensity, temperature or other conditions would result
in the disposal of only a few grams of cultivation material. In small volumes, it is also easier
to notice any changes in progress and the results are seen more quickly. The small setting with
Petri dishes is used to examine morphological changes in small size seaweeds caused by
changes in the surrounding environment. For experiments, seaweed fragments of 3 to 4 cm
are removed and placed in Petri dishes filled with filtered saltwater. Depending on the
conditions of the experiment, the light intensity, temperature and nutrients are regulated. Petri
dishes are used to determine the growth rate of small size seaweed by placing them with
specimens on them on millimetre paper. Surface area or length and width of the specimen is
measured before and after the experiment to detect size changes and to calculate the growth
rate. Small size experiments are also usually applied in reproduction tests of the seaweeds.

The medium-scale experiment set up with Erlenmeyer flasks is used to provide a more
controlled growth environment for seaweeds. Air bubbling system is installed to provide gas-
exchange for seaweed growth. In this case, small size seaweed specimens are the best to use
(like Ulva intestinalis), and the surface area or length and width is measured to determine the
growth rate of seaweeds.

To prepare seaweed material for experiments, aquariums 30-50 L is used for pre
cultivation. Aquariums can also be used to maintain alive seaweed material in the long term
or for scaling up the experiment, once the most favourable conditions have been identified.

For the complete laboratory stand development, installation of a system that automatically
supplies seaweed samples with air, CO,, nutrients, as well as automatically regulating water
temperature and providing other conditions is suggested. The water reservoir is also suggested
to avoid adverse effects of evaporation and provide constant water level. Creating such a
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system allows to automate the protocol of an experiment, create well-regulated growth
conditions, and can give more accurate results in the experiments. Various seaweed
experiments can already be carried out in the laboratory now, but it is not yet possible to
create a complete system because some of the necessary equipment and components, such as
equipment to control temperature, are missing. By further developing the laboratory, it is
suggested to develop a functioning system for the cultivation of seaweeds, which will allow
all growth-affecting conditions to be monitored at the same time and will increase the
effectiveness of experiments. The complete scheme of seaweed cultivation laboratory stand is
shown in Fig. 2.4.

Light source

Aw/CO2

-0 —p- > . ———
i i i e B e e S i
T T
anm ! THRY ' !
| . AR} vy L . 4 - ‘
ICoolng system | + ! . 4 Pump
( | ’ ] Macroalgae Macroalgae Macroalgae : Macroalgae : . Flow iketes
4 - »! | I
N — — | — — | -—
| ; E g E : % : . Nonretum valve
i ! - : 1 = Discharge
FOSEeS i g
’ : BarchNr.1 H Batch Nr2 BatchNin = )
‘ Y \ \ Y @ Vil
| \mmmn . A b i e B i i s
| )
RS - Pe o e [] s
X X L L - - -
__________ 1 h ~ — » Planned structures
e Y Y Y [
| LI ! |
H H H ) R x50 | el EXiSOing structures
: OLl:gr:na : : Rem[;:::auon :‘: :‘_._y — . <
| 1E8 -
i e B Wi e
. 8
5 5%
A 2y
= ? = ;

Fig. 2.4. A complete scheme of the seaweed cultivation laboratory stand.

In the scheme grey and black arrows shows the flows entering the aquariums or flasks
while red arrows display outgoing flows. The input flows consist of two pumps that are
connected to the system to provide air or CO, supply and water or nutrient source. The growth
medium is cooled or heated to the temperature required for the experiment before injection in
aquariums or flasks. Experimental temperature can also be provided by regulation of the
temperature of the surrounding room. With outgoing flows, the water is removed from the
aquariums, filtered and stored in the recirculation tank, and then returned to the aquariums. If
it is needed to replace the water in aquariums, it is drained from the recirculation tank to the
outlet tank and then is discharged. After the water discharge, the water level in the system is
reduced. Therefore, an additional water supply tube is established to replenish the water in the
system. Any of the flows can be stopped and re-opened using valves. A light source is also
placed above the flasks or aquariums, which can be set on light/dark mode.

A simplified system consisting only of essential elements for seaweed cultivation is used.
The applied water supply system and nutrient input system is manual. Such a system does not
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circulate water because the water drainage system is also not connected. The schematic
system is shown in Fig. 2.5.
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Fig. 2.5. Scheme of implemented seaweed cultivation laboratory stand.

Similarly, to a complete system, presented in Fig. 2.4., flasks and aquariums are placed
under the light source. A system with rubber tubes and valves is used for air or CO, supply at
the same time providing water movement.

2.2.2. Testing of seaweed cultivation growing conditions

To gain maximum seaweed growth, all growth affecting environmental parameters should
be at optimal levels. Seaweed in different seasons from different geographical locations
require different growth conditions. Therefore, it is necessary to determine growing
conditions that would suit seaweed specimens exactly from the local region. At the same time,
these trial experiments would validate the created seaweed cultivation laboratory stand and
highlight the shortcomings of the developed facility (described in the previous section). Two
experimental tests were carried out — the nutrient test and the lighting test. Green seaweed
Ulva intestinalis was used as a test organism. Laboratory cultivation in artificially lit aquaria
in natural seawater was used to determine if seaweed species could adapt to artificial culture
conditions quickly.
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Test organism

Green filamentous seaweed Ulva intestinalis was used as a test organism on all
experiments. Collection time and location are summarized in Table 2.4. Sites are
characterised by shallow depths (0.5—1 m), high nutrient levels and low salinity level (5.5-6
%0).

Table 2.4.
Test Material Collection Time and Site
Experiment Collection time Location Coordinates
Nutrient test | April 2016 Taja beach 57°49'N 24°37'E
Nutrient test 11 July 2016 Mersrags beach 56°59'N 23°51'E
Nutrient test III and IV June 2017 Tija beach 57°49'N 24°37'E
Lighting test June 2017 Tija beach 57°49'N 24°37'E

Seaweed samples were transported to the laboratory. The first pre-treatment was to wash
the samples to remove sediments, small crustaceans and traces of other algae. Seaweed
samples were washed to remove impurities.

Seawater to be used in experiments was collected at the same site, using the siphoning
method to avoid contaminants from the water surface. Water was collected from the seashore
into 20 L plastic buckets and delivered to the laboratory within an hour. The water was
filtered through filter paper to remove phytoplankton, zooplankton and debris (Fig. 2.6.).

Fig. 2.6. Seawater filtering process.

Seawater was sterilized in the microwave equipped with rotating base for 10 minutes in
700 W to sterilize the growth media [220]. For nutrient tests I, II, and III, nutrient source
complex NPK fertilizer with microelements in chelation structure “Vito Universal” was used,
containing 3.5 % of N, 2.4 % of NOs’, 1.1 % of NH4'N, 2.3 % of P,0s, 5 % of K,0, as well as
lower amounts of macro and microelements. Universal fertilizer was diluted with water to
make a stock solution with relevant N ion concentrations as special seaweed growing medium
stock solution. On the Nutrient test IV, Provasoli Enriched Seawater Stock Solution purposed
for seaweed cultivation was used as a second nutrient source [174].
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Nutrient stock solutions used in experiments were 0 mL/L, 2 mL/L, 5 mL/L, 10 mL/L,
50 mL/L for Nutrient test I, O mL/L, 2 mL/L, 10 mL/L, 30 mL/L for Nutrient test II, and
0 mL/L, 2.5 mL/L, 5 mL/L, 10 mL/L, 15 mL/L and 20 mL/L for both types of nutrients —
Nutrient test III (fertilizer) and Nutrient test IV (Provasoli growth medium). Nutrient
concentrations were chosen based on the concentrations suggested in the literature [221],
maximum, and minimum was included.

Conical glass flasks (250 mL) containing sterilized seawater with nutrients were
inoculated with fresh seaweed thalli approximately 3 cm long. For each treatment or control
group, there were three replicates.

Fig. 2.7. Air supply and lighting system.

Flasks were placed under the light source with an irradiance 1000 lux (30 pmol photons
m s ') (Fig. 2.7.). For lighting test, five light regimes were tested during the experiment. The
plastic screen was used to make light filters to provide different lighting conditions (Table
2.5)).

Table 2.5.

Experiment with Light Conditions in Lighting Test

Light condition Filter used Light intzensity,
pmol/(m/s)

Full light No filter 30.27
Medium light Grey filter 11.97
No light Black filter 0
Red light Red filter 9.1
Blue light Blue filter 7.6

For Nutrient test I and Nutrient test II temperature remained constant during the
experiment at 20 degrees. For Nutrient test III and Lighting test, batches were held in climate
chamber JEIO TECH TH-6 in temperature 13.4 °C, that is the same temperature as it was
water temperature on the collection time.
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Fig. 2.8. Batches prepared for the experiment.

Air was supplied with rubber tubes to provide constant water motion and gas exchange.
Enriched growth media was changed once a week manually by pouring off most of the old
media and replacing it with seawater enriched with nutrients. In the case of evaporation, the
water level was adjusted by pouring distilled water to maintain previous salinity. Batches
prepared for the experiment can be seen in Fig. 2.8.

Growth rate calculation methodology

Growth of Ulva intestinalis was measured every seven days by placing them in a petri
dish above millimetre paper. For Nutrient test III, seaweed samples were photographed.
Pictures were analysed and surface area was measured using image processing software
“Imagel” [222]. The growth rate was calculated using Formula (2.1.)

1
(Wt)? 1{100, % 2.1
A , %, (2.1.)
where W, is the length of specimen at the end of the experiment, mm, Wj is the length of
specimen at the beginning of the experiment, mm; and ¢ is experiment time in days, d.
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3. RESULTS AND DISCUSSION

3.1. Feedstock for Baltic Seaweed biorefinery concept feedstock

This section presents the results of seaweed biomass availability estimation. Results of
the study were summarized in Table 3.1.

Table 3.1.
Baltic Seaweed Biomass Availability

Indicators Output Source
Total number of seaweed species in 4 green seaweeds number [33]
Latvia 4 brown seaweeds

9 red seaweeds
Most abundant seaweed species in Ulva intestinalis species names [33]
Latvia Fucus vesiculosus

Furcellaria lumbricalis
Biomass amount in natural growths 3.5 t/ha [223]
Washed out seaweed biomass Summer <16 m>/100 m [34]

Results summarised in Table 3.1.

Autumn <228
Summer <62
Autumn <22

do not demonstrate all information regarding the indicators

set in part 2.1.1. There is no data available on seaweed cultivation in Latvia; therefore, it is

assumed that the amount of cultivated seaweed biomass is O t per year. Historically seaweeds in

Latvia have been used for agar production and as fertilizer by local farmers [34].

Regarding the quality of the available seaweed biomass, there is no consistency in the species

composition in previously studied seaweed deposits. Composition of deposits varies not only

amid to location, but also by months and years. Results of the research carried out in 2018, where

the composition of washed-out seaweed biomass was monitored, are summarized in Fig. 3.1.
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Fig. 3.1. Composition of the washed-out seaweed biomass in Melluzi (2018)[34].
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Seasonal studies of washed-out seaweed at Melluzi beach show significant heterogeneity
[34]. Precise species composition could not be determined after literature analysis because it
is changing. Just the main trends in terms of dominating species amongst regions could have
been determined. Changes of distribution of seaweed species in marine areas in Latvia can be
seen in Fig. 3.2.
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Fig. 3.2. Seaweed species distribution on the coastline of Latvia.

Even though available information on seaweed distribution fluctuates, it can be concluded
that the main distribution of red seaweeds F. lumbricalis, which is located in the open coast of
the Baltic Sea. In contrast, brown seaweeds F. vesiculosus inhabit the marine territories in the
Gulf of Riga [30]. Presence of green seaweeds is observed all along the coastline, where the
growing substrate is suitable for seaweed growth [22,32,34]. This distribution pattern is
related to salinity that is considered to be the main factor influencing the seaweed distribution
in the Baltic Sea [224].

Seaweed mats can float long way and accumulate ashore on the beaches. Although it is a
natural coastal process, the problem occurs in its scale and location. Washed out seaweed mats
are a disturbing problem during the tourist season when the smelling and decomposing biomass
is decreasing the recreational value of beaches. Besides, swimming is not recommended when
there is an increased amount of seaweed. Seaweed natural habitats are not located near the
beach. Waves and currents are bringing them there, and it mainly depends on wind speed and
direction [27]. The appearance of seaweeds on a beach is not a permanent or regular process, so
the composition and amount of washed out biomass are not predictable [28].

Distribution of washed-out seaweed biomass on the Latvian coast of the Baltic Sea is very
uneven and difficult to predict, as their amount is determined by hydrometeorological
conditions associated with wind strength and higher wave formation and more substantial
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underwater exposure. Washed-out seaweed biomass in Latvia is considered to be of
insufficient quantity for processing that would be cost-efficient and friendly for environment
[40]. In order for seaweed processing to become cost-effective, it is necessary to reveal
sustainable seaweed cultivation methods for the Baltic region. It is necessary to get
acquainted with the most effective techniques in the Latvian climate zone and sea salinity
level. However, it is necessary to take into account the fact that seaweed cultivation, like
agriculture, requires light and temperature [225]. Many conditions should be met when
growing seaweeds: only native species that are already present in the Baltic Sea could be
grown, no additional fertilization would be allowed, as they could increase eutrophication in
the Baltic Sea. An environmental impact assessment should be carried out before a seaweed
cultivation farm is set up.

Harvesting of attached perennial seaweeds is considered unsustainable, and it is not likely
to ever be allowed in the Baltic Sea due to the ecological importance of these seaweed
habitats and their slow growth in brackish waters [226]. Latvia’s Law “On Specially Protected
Nature Territories” and its annexes include all Baltic Sea (Latvia) protected areas in the list of
protected nature areas of European importance (Natura 2000).

Compared to other seas and oceans diversity of species is very low in the Baltic Sea due to
low salinity. Salinity near the open coast of the Baltic Sea is 7.2 psu. In the Gulf of Riga
where salinity is around 5.2 psu, one of the lowest macro vegetation can be found. For
seaweeds as well as for other organisms, it is a challenge to survive and adapt low salinity,
especially in combination with the level of eutrophication in the Baltic Sea [25].

Seaweed feedstock is a base platform for the biorefinery concept. Uneven availability and
unclarities in the composition limit further use of biomass in the biorefinery concept. Seaweed
collection from its natural sources is not sustainable. Therefore, feedstock limitations could be
overcome by applying cultivation methods. Seaweed cultivation can provide feedstock for
seaweed biorefinery concept.

3.2. Products and Technologies of Baltic Seaweed Biorefinery Concept

To estimate the potential of the Baltic seaweed biorefinery, most abundant species were
selected, and in-depth literature research was carried out to seek for possible compositions.
Findings from the researched scientific literature were summarized in Table 3.2. It must be
mentioned that the data summarized in this table is gained not only of seaweeds from the
Baltic Sea but also from the same species of seaweed growing everywhere around the world.
In this way, we can evaluate all potential quantities that could be extracted from these three
Baltic seaweed species. As mentioned before, seaweed composition can change by the season,
location, depth and other factors both biotic and abiotic. Table 3.2. shows all concentrations
of the substances that can be expected from these species. Before the beginning of any kind of
production, it is necessary to carry out in-depth composition analysis for locally available
seaweeds and repeat the analysis 2—4 times through the year to observe composition dynamics
during the seasons.
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Table 3.2.

Chemical Compounds Obtainable from Baltic Seaweeds

Green seaweed
(Ulva intestinalis)

Brown seaweed
(Fucus vesiculosus)

Red seaweed
(Furcellaria lumbricalis)

Carbohydrates ,% DW 31.34-92 [227-231] 65.7 [232] 55.4 [233]

Polysacchrides 4.9-59 [227,230,234- 2.31-22 [237]
236]

Alginate 2-59 [230]

Fucoidan 7.54-11.1 [238]

Furcellaran 40-50 [239]

Cellulose 3.4-5.7 [9] [240]

Proteins, % DW 9.49-20.60 [227,229— 1.4-11.3 [243,244] 13.1-28 [9][245]
231,235,236,2 [246] [20]
41,242]

Pigments, % of total pigments

Chl a 0.394 [247] 0.157-5 [106,247] 0.228 [247]

Chl b 0.078

Chlc 0.035 [247]

B carotenoids 0.2 [106] 13.3-28.6 [9]1247]

Fucoxanthin 1

R-phycoerythrin 0.1 [9]

Xantophyll (mg/kg) 32.8 [246]

Phenolic compounds, 18.4 [83,106,248] 2.25-4.6 [9,246]

% water extracts

Lipids, % DW 1.16-22.0 [231,242,244, 3.95-4.8 [243,252] 1 [245,246]
249-251]

Fatty acids (FA) [244,249,250, [243,244,254] [20,246,254]

SFA. % of total FA 25.0-60.6 253] 24.3 38

C10:0 2.8-18.8

C12:0 0.1

Cl14:0 1.8-5.38 7.5-13.9 5.07

C16:0 17.9-23.2 9.6-12.1 29.36

MUFA, % of total FA 21.81-24.8 47.1 28.80

Cl6:1,n7 1.8-6.56 31.9-46.9 8.54

C18:1,n7 7.6-15.2 4.80

C18:1.n9 1.5-5.4 46.0 10.22

PUFA, % of total FA 14.8-37.1 25.8 14.45

C16:4.n3 4.8-10.0

C18:2.n6 4.6-5.8 7.5-10 2.48

C18:3.n3 8.55-24.1 2.7-3.4 2.05

C18:4.n3 4.39-144 22 0.92

C20:4. n6 1.4-1.5 7.4 1.63

C20:5.n3 0.8-5.43 3.7-6.7 3.26

Minerals, mg/100g [242,254] [97,244,248,254] [254]

Mg 11 6.7 8.9

K 12 25 42

Ca 29 30 3.7

Na 8.5 18 10

P 1.7 1 1.2

Cu 5.7 3.7 6.2

Fe 580 290 130

I 130 260 84

Mn 180 37 7.5

Se 0.76 0.08 0.1

Zn 21 28 23

Total ASH, % DW 5.42-29.4 [230,236,241, 18.74-30.30 [97.232,2442  9-4] [20,240,246]
242,255] 48]
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Findings that are summarised in the Table 3.2. shows that carbohydrates can create even
more than half of the total seaweed biomass. They are stored in seaweed cell structures in the
form of polysaccharides. Green seaweed Ulva intestinalis shows the highest amount of
carbohydrates, it can make from 31 % even up to 92 % of its dry biomass weight (DW).

The yield of furcellaran depends mostly on the conditions of extraction and the raw
material used. There is a considerable difference in extracting yield between the attached and
unattached form of F. lumbricalis. While the unattached form of this seaweed species yields
only 19 % of furcellaran during a 4-h extraction in pure water, the attached one affords 32 %
under the same conditions. The lower yields in the case of the unattached form are caused by
the thallus morphology, i.e., by the higher amount of the cortex due to thinner thallus
filaments resulting in a lower total content of galactan. The concentration of fucoidan differs
from the applied extraction method [238]. Literature analysis results show that cellulose
fraction in F. lumbricalis can reach 5.7 % DW. The quantity of the cellulose for washed-out
seaweed deposits can create up to 30 % DW that could be explained with the plant material in
washed-out biomass.

Seaweeds are considered a viable source of protein with mentioned quantities that reach
up to 28 % DW in F. lumbricalis. The most valuable proteins in seaweeds are considered
pigments and amino acids. Green seaweeds are characterised by their pigment chlorophyll-a
that supports photosynthesis, in U. intestinalis. Photosynthetic metabolism is more
complicated in red and brown seaweeds, which, can be seen from more complex pigment
composition in these types of seaweeds. Their growth depth requests to adapt for lower light
conditions and presence of carotenoids and fucoxanthin is observed in F. vesiculosus, and
xanthophyll and phycoerythrin in F. lumbricalis. The protein content can vary by season,
temperature and location in which the seaweed biomass is harvested. It is considered that the
highest levels of proteins in seaweeds are observed in the winter and spring months, and reach
the peak concentrations in May [133].

The literature study reports lipid composition up to 22 % in U. intestinalis and up to 4.4 %
in F. vesiculosus while data available on lipid composition in Furcellaria lumbricalis show no
more than 1 % DW. The fatty acid composition of the analysed seaweeds in the present study
varied considerably with 24-60 % of saturated fatty acids (SFA), 21-47.1 % of
monounsaturated fatty acids (MUFA) and 14.45-37.1 % of polyunsaturated fatty acids
(PUFA). Among the SFA, myristic acid (C14:0; 1.8-13.9 %) and palmitic acid (C16:0; 17.9—
29.36 %) were the predominant fatty acids. As for MUFA, palmitoleic acid (C16:1 n-7; 1.8—
46.9 %) and oleic acid (C18:1 n-9; 1.5-46 %) were the predominant fatty acids. The most
abundant PUFA was linolenic acid (C18:3 n-3; 2.05-24.1 %).

Similarly, Matanjun et al. (2009) [256] and Polat and Ozogul (2008) [257] reported that
palmitic acid and oleic acid were the major fatty acids found in the seaweeds that they
examined. Of the three Baltic seaweed species investigated, U. intestinalis (25.0-60.6 %) and
F. lumbricalis (38 %) had the highest relative concentrations of SFA in their total lipid
content of which at least 20 % consisted of palmitic acid. The brown seaweed species F.
vesiculosus (47.1 %) and red seaweed F. lumbricalis (28.8 %) had the highest relative
concentrations of MUFA, consisting mainly of oleic acid (C18:1 n9) and palmitoleic acid
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(C16:1 n7). The green seaweed U. intestinalis had the highest content of PUFA at 37.1 % of
total fatty acids consisting mainly of a-linolenic acid, known as one of the omega-3 fatty
acids.

Obtained results of fatty acid composition in these seaweeds are in line with the findings
of Rohani [253] who obtained similar trend in fatty acid composition. Amount of fatty acids
in seaweeds is dependent on the water temperature. It has been reported that species in colder
regions contain higher levels of fatty acid composition comparing to tropical species [253].

Regarding mineral composition, it is strictly dependant on the surrounding environment
and mineral amount in the water. All of the studied seaweed species are rich with iron but
have low concentrations of selenium and phosphorous. The iodine content in F. vesiculosus
(260 mg/100 g) is significantly higher compared to green (130 mg/100 g) and red seaweeds
(84 mg/100 g). For this reason, Fucus vesiculosus is still registered in the European
pharmacopoeia. Green seaweed U. intestinalis contains a considerable amount of iron and
manganese, red seaweeds and brown seaweeds show high levels of iron and iodine. Mineral
content in seaweeds is reported to be higher than in edible plants. As an example it is worth to
mention leafy vegetable spinach, which is suggested to be consumed in case of iron
deficiency, contain 26.69 mg/ 100g DW while in U. intestinalis it can reach even up to 580
mg/100 g DW [258]. Extraction of minerals in seaweed to use them as a food supplement is
not a viable solution, but seaweed can be consumed as a food supplement.

In terms of valuable products obtainable from seaweed, various aspects should be taken
into account. Most importantly, products should be specifically obtainable from seaweeds or
have to have significantly greater amounts in seaweed biomass than it is in terrestrial biomass.
From Table 3.2. it can be seen that Ulva intestinalis can be rich with carbohydrates and lipids,
therefore can be used as a source for alginate and valuable fatty acids. Red seaweeds,
including Furcellaria lumbricalis, are rich with pigments, that also are valuable antioxidants,
therefore can be used for nutritional and pharmaceutical purposes. Values of minerals and
phenolic compounds in Fucus vesiculosus shows that those could be potential pathways of
use of these seaweeds.

It has to be taken into account that the amount of the substances detected in the biomass
depends mainly on the used extraction technologies. Most of the data summarized in the table
are gathered from research carried out in small scale for analytical purposes. When produced
in upscaled facilities, obtained quantities might be different, and it can affect purity and form
of the compounds.

Seaweed processing technologies are vastly described in Chapter 1.4. Furthermore, there
are no significant differences in the application of extraction technologies on the seaweeds in
the Baltic region. The overview of novel seaweed compound extraction techniques is
summarized in Table 1.4. (full table in Annex). When applying these technologies in the
biorefinery concept, it is necessary to define the application of the end-product.
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Fig. 3.3. Baltic seaweed biomass transformation routes.

Fig. 3.3. summarize valuable compounds obtainable from Baltic seaweed biomass and
offers transformation routes using novel extraction technologies. Scheme of transformation
routes can be applied in multiple ways, by choosing available feedstock type, available
technology or desired product.

3.3. The Baltic Seaweed Biorefinery Concept

In this chapter, the seaweed biorefinery concept is analysed from the perspective of
bioeconomy principles. As already stated in previous chapters, seaweed products as a source
of polysaccharides for food and pharmaceutical uses are becoming popular in Europe
[232,259]. The seaweed mineral content is higher than the mineral level in terrestrial plants
and animal products [97,244]. High mineral content and low-fat content represents seaweeds
as a suitable feedstock for food and feed. Seaweeds contain a unique composition of
carbohydrates, which have different properties than those from terrestrial plants.
Polysaccharides found in seaweeds make them attractive not only to the food industry but also
for the pharmaceutical industry. Fucoidans found in brown seaweeds exhibit various
biological activities with potential health benefits [244,260]. Marine seaweed biomass can
also be used as a feedstock for energy purposes. They can be transformed into different types
of biofuels such as biogas, bioethanol, and biodiesel, replacing a part of fossil fuels [51].
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Fig. 3.4. The Baltic seaweed biorefinery concept..

The aim of the Baltic seaweed biorefinery concept is to create an efficient biorefinery with
maximum utilization of energy gained from leftover transformation, as well as utilization of
biomass to the fullest extent. Different conversion processes (physical, chemical, biological and
thermal) are used either individually or in combination to provide products for economic
purposes [51]. The products obtained after conversion are fractionated into various separate
products or may undergo further processing steps to obtain value-added products. The waste
and leftover products obtained after each step of treatment are used as raw material inflows for a
parallel production chain in a cascading approach (Fig. 3.4). Only leftovers which cannot be
utilized in further production processes with low-quality biomass are used for energy
production. This approach allows minimizing the amount of waste produced in seaweed
biorefinery concept to a nearly zero-waste system. The seaweed biorefinery concept is mainly
addressed to use particular seaweed species whose overgrowth, as a result of eutrophication, is
causing ecological damages and affects the sustainability of coastal environments. Cultivated
seaweed biomass can be used as an additional feedstock to provide smooth production
throughout the year and strengthen seasonal independence. Seaweed biorefinery concept can
have a significant impact by showing different aspects for utilizing seaweed to produce a wide
range of value-added products, biofuels, and bioenergy within a concept, rather than focusing
on a single product [20]. The various uses of products obtained from seaweed biorefineries
include transport fuels, therapeutics, food additives and biofertilizers [51].

When developed and implemented in industry, practical impacts of biorefinery concept
can be relevant at different levels: within the seaweed farming and industry, as employment
increase in the sectors of the bioeconomy, triggering new investments, unlock incentive and
favouring the integration of renewable energy within the overall energy systems [68]. The
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biorefinery concept used in bioeconomy has the potential for strengthening the global
competitiveness of a broad spectrum of industries. These include agriculture, forestry, and
fisheries, as well as strengthen the competitiveness of biobased industries, green platform
chemicals, materials and biopolymers, and both new and existing food and feed ingredients
and processing industries [55].

Analysing the concept under the bioeconomy principles looks toward the identification of
prerequisites for better exploitation of locally available (and valuable) biorefinery feedstocks
within bioeconomy overarching perspective. This is essential in the direction of reaching the set
targets of low-carbon economy, higher sustainability and optimal bioresource use efficiency.

Sustainable development of bioeconomy is dependent not only from economic sectors and
properties of the biorefinery end products but also from different external factors like
financial resources, human resources, climate, environmental, technological, economic and
socioeconomically aspects [216]. Fundamental principles of bioeconomy have been
developed by European Commission to preserve the main goals of bioeconomy — provide
food security, guarantee sustainable use of resources, reduce the impact on climate and create
jobs and ensure competitiveness [217]. The Baltic seaweed biorefinery concept is following
these principles, and it has a significant role in strengthening the bioeconomy.

Food first

Food safety is set as a first principle, and it is focusing on food quality and availability.
The seaweed biorefinery concept is matching the aim of this principle. Nutritional value and
health benefits of seaweeds are already well known for years. Seaweeds can provide a human
organism with necessary vitamins, minerals and antioxidants and is a valuable calorie source
[261,262]. Moreover, seaweeds are not competing for land with plants, and land can still be
used for agriculture or forestry. Grown in the marine environment, they do not require fresh
water and additional nutrients, like terrestrial plants. It is predicted that in 2050, the global
population will reach 9 billion people and with current food production it is possible to
provide food only for half of them [263], so it is crucial to find additional food resources or
increase food quality. High nutritional value of seaweeds matches with this demand for this
additional food base.

Sustainable yields

Availability of sustainable seaweed feedstock currently is the main challenge, since
seaweed cultivation in Latvia is non-existent, natural seaweeds are protected by law, and
washed-out seaweed biomass is inconsistent in terms of availability and composition.
Seaweed cultivation is the way to provide a sustainable yield of biomass in terms of
availability. Seaweed cultivation is a relatively recent form of aquaculture. World production
has exponentially increased during the last 50 years, and it tripled between 1997 and 2012,
from 7 million tons to 24 million tons, and it is still increasing [264]. Seaweed yield
sustainability is dependent on the region. Seaweed farming is rapidly increasing in some
countries, while in others, it is slowly gaining acceptance [3]. There are still more than 150
countries with the coastal area which are not yet considering seaweed cultivation. Reasons are
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different: seasonality, lack of infrastructure and missing demand from society. These are the
main causes that hamper the development of the area and slow down the seaweed cultivation
around the globe and also in the Baltic region.

Cascading approach

The cascading approach is an essential detail of the seaweed biorefinery concept to ensure
sustainable use of the biomass. Cascading approach promotes that product with the highest
value is made first, and leftover biomass is used to produce the next product until leftover
biomass cannot be used anymore and becomes a feedstock for bioenergy production.
Furthermore obtained bioenergy can be used to provide the energy for biorefinery processes.
This approach increases resource efficiency and adds an even higher value to used biomass,
which is a part of the circular economy. Increased resource efficiency also is saving the raw
material supply because biomass can be used repeatedly. With this principle usually, the
problem is that leftover biomass has to be transported from one location to another to
continue with the next step of production, but biorefinery concept solves this problem since
the concept is meant to be implemented in one location.

Circularity

Since cascading approach does not address the waste problem by itself, the circularity
principle has to be followed. The circular economy is built on three basic rules: (1) waste does
not exist, as products are designed for a cycle of disassembly and reuse; (2) consumables
should be returned to the biosphere without harm after a cascading sequence of uses,
contributing to its restoration, while durables are designed to maximise their reuse or upgrade;
and (3) renewable energy should be used to fuel the process. The same rules are used in the
seaweed biorefinery concept, and the amount of waste is reduced to the minimum, and waste
energy is used to supply energy to production processes [265].

Diversity

The seaweed biorefinery concept is made to be diverse, and it covers many sectors.
Production systems have to be various and produce different outputs using different
techniques. Production chains can be transformed to meet the market demand. Washed-out
seaweed biomass deposits can be used to diversify the feedstock for bioenergy production on
the last step of the production chain. Biorefinery concept can be adapted and be used for other
types of feedstock, just in-depth analysis of feedstock availability, potential products and
processing technologies are needed before. Diversity is a key to resilience, and bioeconomy
requires to develop more innovations to create diversity rather than limit it.

3.4. Pros and Cons of Seaweed Biorefinery Concept: SWOT Analysis

This subchapter presents a SWOT analysis that was made to indicate the role biorefinery
concept can play to support the development of sustainable bioeconomy. The perspective of
the constant development of biorefineries leads to the use of new feedstocks, higher
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conversion efficiencies, new technologies and co-products. Opportunities will inevitably arise
in all areas of the present economy. Research and development will feed in rural economic
development, new industrial areas and an opening in existing and newly created markets.
Developing technologies that are based on high yielding, low input feedstocks or wastes offer
the hope to be even more sustainable. The biorefinery is a technology that is dependent upon a
growing innovation, presenting opportunities to all sectors [57]. The building of a
bioeconomy has the capacity to not only move the world through existing challenges on
biobased resources scarcity but will be also beneficial for industries in terms of reducing
environmental footprint. Specifically, in this section, the strengths, weaknesses, opportunities
and threats of seaweed biorefinery concept are addressed, and the role biorefinery concept is
indicated. The Baltic seaweed biorefinery concept can play a significant role to support the
development of sustainable bioeconomy. SWOT analysis is a tool of strategic management
conventionally applied to evaluate a company or a product and view market strategies. In this
case, the Baltic seaweed biorefinery concept is defined as a platform which competes with
other potential application pathways for seaweed biomass. Applying SWOT analysis to the
state-of-art Baltic seaweed biorefinery concept aims to recognize the strategies to use
opportunities and acknowledge weaknesses, that with the implementation of additional
research could be shifted to strengths. Opportunities and threats of the concept are considered
in general, without a comprehensive approach. This SWOT analysis does not include pros and
cons of the seaweed biorefinery concept in comparison to fossil-based refineries, such as
water depletion, greenhouse gas emissions, etc.
Strengths and weaknesses of the biorefinery concept are summarized in Table 3.3.

Table 3.3.

Strengths and Weaknesses of the Baltic Seaweed Biorefinery Concept

Strengths Weaknesses

e Adding value to the seaweed biomass e Involvement of stakeholders of different
e Development of novel biotechnologies market sectors (agro, energy, chemical, ...)
e Environmentally friendly resource since it  over full biomass value chain necessary
does not require drinking water and nutrients ® Most promising biorefinery
and it reduces eutrophication processes/concepts not clear
e Maximizing biomass conversion efficiency — ® Scientific and technological challenges in not
minimizing raw material requirements mature technologies
e Production of biobased products (food, feed, ® Studying and concept development instead of
materials, chemicals) and bioenergy (fuels,  real market implementation
power and/or heat) feeding the full e Variability of quality and energy density of
bioeconomy biomass

e Circular approach with no waste principle

Seaweed biorefinery concept through novel technological pathways can increase product
value. Currently seaweed biomass in Latvia is used by local farmers as fertilizer or collected
as municipal waste and brought to a landfill. Novel technologies allow adding more value to
this feedstock. Even though the technological processes that should be applied are not clear
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yet, in-depth study and pilot case would solve these issues. Seaweed biomass is an
environmentally friendly resource, and its production does not require drinking water or
nutrients. Pollutants absorbed by seaweeds are also removed from the marine environment by
collecting seaweed biomass. The biomass quality and availability are not predictable and do
not comply with sustainability principles. Seaweed cultivation could be a way to provide
biorefinery with a sustainable feedstock. However, seaweed cultivation is non-existent in
Latvia. The cascading approach applied in the seaweed biorefinery concept utilizes biomass
efficiently and minimizes requirements for raw materials, while the application of circularity
principle allows avoiding of creating waste. Scientific and technological bottlenecks are
technologies that are not yet ready for scaling up, but demand for industrialisation of
biorefinery could initiate technology development.

Opportunities and threats for the application of the seaweed biorefinery concept are
similar for any other biorefinery concept. Threats are related to the overall insecurity
regarding political drivers, legal implementations, market development and the general
assessment of the future of the competing fossil-based refineries, etc., hampering
developments of the biorefinery. Opportunities and threats of the Baltic seaweed biorefinery
concept are summarised in Table 3.4.

Table 3.4.

Opportunities and Threats of the Baltic Seaweed Biorefinery Concept

Opportunities Threats

e Strengthening of the economic position of e Economic change and fluctuation of fossil fuel
numerous  bioeconomy sectors (e.g. prices
agriculture, fishery, chemical and energy)

Competition of other renewable energy
e Seaweed biorefinery can give significant input  technologies satisfying the market needs

in sustainable bioeconomy e Higher quality standards are applied to
e The popularization of sustainable use of  bioresource and bioenergy than to traditional

seaweed for the production of energy is setting products

new goals for policy e Availability and quality of raw materials (e.g.
e An international agreement that resource climate change, policies, logistics)

should be used as efficiently as possible e Difficulties in finding investment capital for

develops spreading of biorefinery concept in  pilot and demo refineries, and adjusting

other sectors existing refineries
e International development of technological e Changing governmental policies

aspects of biorefinery concepts. e No market demand for products

e Increase of environmental pollution can limit

the range of products in the biorefinery
concept

Application of the seaweed biorefinery concept can strengthen the economic position of
various bioeconomy sectors, improve regional development and sustainability of the
bioeconomy. In the international level, this approach would support the technological
development of the biorefinery and increase the application of bioeconomy principles in
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resource processing. Where processes for unique materials, chemicals or biofuels have been
developed, markets have not yet been established. Although the most likely approach to
integrated biorefineries is to add further feed streams and product streams onto an existing
biorefinery, rather than building an integrated biorefinery from scratch, large investments are
required.

Based on SWOT analysis, it could be suggested that the seaweed biorefinery concept in
the Latvian context has a great perspective, however, for the development of industry, it is
necessary to move from general cultivation to the specific conversion routes of seaweeds.
Applying of biorefinery concept to seaweed production and conversion allows to reduce
waste and costs and obtain various seaweed-based products. Moreover, biorefinery concept is
reasonable when considering seaweed value pyramid and end-markets, with energy and
bioremediation being low-value products and increasing for chemicals, food, feed, and
pharmaceuticals, in order of increasing value respectively [5]. Thereby the approach could
allow accessing to different markets. In particular, each possible use of seaweed biomass has
different timescale to commercialization, if the proposed use is not at its mature phase. Most
commonly, the low-value products have the shortest timescale to commercialization [266].

3.5. Seaweed Cultivation Laboratory

Seaweed cultivation laboratory stand is set up as a part of the Biosystems Laboratory of
the Riga Technical University Institute of Energy Systems and Environment (IESE).
Laboratory setting allows to carry out cultivation processes in artificially lit aquaria/ water
tanks using natural or artificial seawater as a growth medium. In addition, the effect of light
and nutrient type and concentrations were tested experimentally [175].

Preparation of the laboratory

Necessary equipment and instruments to provide essential environmental parameters —
light, temperature, growth medium, bubbling, that has crucial importance for successful
cultivation. Different needs for separate seaweed species make the preparation process even
harder. Available literature and cultivation manuals were analysed individually for each
species. Previous experience has to be taken into account to determine the most favourable
growth conditions and their interactions for specific species. Inadequate culture conditions
limit seaweed growth and can cause their death [174].

Biological pollution may cause problems in the seaweed cultivation process. Particular
attention was paid on sterile instruments and growth medium because the cultivation
environment can also be the right place for the development of microbiological organisms,
that can consume nutrients and overtake seaweeds. Microorganisms can also create
shadowing and release harmful substances, in this way limiting access to the light or toxic
substances causes seaweed death [174].

Isolation and purification of seaweed cultures, together with long-term seaweed culture
maintenance, are also carried out in the laboratory. Seaweed cultivation in lab conditions
allows to provide desirable growth conditions and manipulate with seaweed physiology in this
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way, selecting the best growing environment to achieve a specific objective. Growing of Ulva
intestinalis in pilot-scale appears to achieve comparatively high biomass growth rates in in
vitro culturing, relative to other seaweed — showing in that sense a high potential for such
culturing [267]. Different kind of variables can be controlled to optimize biomass production.
The seawater must be of optimal temperature and salinity; water movement must be sufficient
to provide seaweeds with nutrients and carbon dioxide; enough light must be available to
allow photosynthesis, and UV radiation should not be at damaging levels [268]. For optimal
growth, all conditions must be within a specific, usually narrow, range. Tolerance to these
conditions varies between species with some able to grow well under conditions where
another is excluded. An understanding of these tolerances is therefore essential to allow
optimal site selection and so maximise the cultivation potential. Suboptimal conditions such
as deficient nutrients or very high light can lead to physiological stress, reductions in growth
rate, increase in tissue degradation or even death. Seaweeds are considered to have very high
phenotypic plasticity allowing them to adapt to a wide range of fixed and changeable
environmental conditions [269-271].

Several considerations should be included when compare field studies with laboratory
studies. Firstly, environmental conditions in studies carried out in the laboratory are much
more controlled and, in some way, more limited. High nutrient conditions in laboratory
studies might not have the same response as in natural conditions. Nutrients can compensate
for lack of water movement and exchange, but it is unlikely that this substitution will give the
same results. In the laboratory, species are isolated and are not subject to competition and
grazing. Laboratory cultures are uniform, but in nature, there are often unpredictable
environmental fluctuations. In culture flasks, some of the cells can shade another, and without
enough mixing, they can create nutrient-depleted zones around them, creating a mosaic of
nutrient concentrations. In nature, seaweed morphology may differ even between single
specie demonstrating different reactions on environmental conditions [75]. For some species,
environmental parameters differ from one seaweed growth to another, and parameters like
specific growth rate versus nutrient supply vary among populations [272].

In eastern Baltic conditions seasonality might be an issue — the average annual
temperature is 5.9 °C. Starting from late autumn (November) until early spring (March) there
may be difficulties to prepare cultivation material and carry out any cultivation because the
sea is covered by ice and seaweeds are prepared for winter. During this period average
temperature fluctuates around -7.5 °C, but it can drop to even - 30 °C. These temperatures are
too low for seaweed to grow, so they are preserving and stop their metabolic processes. Lot of
seaweeds decay during the winter season to start growing again on the spring [273].

Culture collection and preparation

Culture collection is a significant step in seaweed cultivation. It is necessary to gather
biological material from its natural environment and transfer it to the laboratory without
negative impact on seaweed and their cells. Collection principles may differ for different
types of seaweed according to the climate where seaweeds are living because their ability to
adapt to stress conditions can be different. Seaweed can be collected both from the coast and
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from the open sea. Red seaweed species like Palmaria palmata and Gracilaria caudata can
be collected when washed on the coast because they do not lose their ability to reproduce
when left in dry conditions for a more extended time [274,275]. These species, as well as
many coastal species, have adapted to environmental pressure, like rapid temperature or water
level change and drying. On the opposite, seaweed species which inhabit in greater depths
(under 5 — 10 m), are more tolerant to changes of environment like an increase or decrease of
the temperature or impact of direct sunlight. For this reason, sampling and transporting of
these species are more complicated. Sensitive deep-water seaweed species right after
collecting should be placed in containers filled with seawater in the same temperature.
Containers must be sealed to avoid the negative impact of the light regime, temperature and
air exposure [276]. After sampling, they should be moved to relevant size plastic bags, ice
boxes, bottles or containers filled with the water from the site [197,276]. It is suggested to
keep water 5 — 10 °C colder than it is in nature, respectively it should be 5 — 10 °C degrees for
cold-water species like the Baltic Sea and 20 — 25 °C degrees for seaweeds collected in
warmer areas, to maintain liveability and increase survival [276].

To sustain the viability of seaweeds and in order for planned experiments to be successful,
right after delivering to the laboratory, it is necessary to transfer material to the appropriate
environment — filtered and sterilized seawater. If the seaweed growth medium is not prepared
yet, seaweed can be kept in the same water that was used for transport, but not for a long time,
because it is not sterile and can be a source of unfavourable microorganisms.

Seaweed cultivation medium

The seaweed cultivation medium is a solution based on water, and it is enriched with
vitamins and minerals, essential for the growth of seaweeds. Sterilization of the cultivation
medium is an essential precondition to prevent the reproduction of various undesirable
organisms that could interfere with the growth of seaweeds. Sterilization is a process used to
eliminate microorganisms, resulting in sterile conditions [174]. That is a particularly
important step in the cultivation of different organisms, as it is usually necessary to observe
only one particular species, not several organisms together, but innumerable microorganisms
are present in the environment and on different objects. Environmental sterilization and the
use of sterile equipment and accessories significantly reduce the presence of unwanted
organisms, which leads to more accurate and more adequate experimental results, but also
many conditions for handling these sterile materials must be taken into account in order not to
contaminate the micro-organisms from the hands and objects repeatedly. As soon as the
sterilized material encounters the air, it quickly overlaps with dust, spores and
microorganisms, but their volume is much smaller.

There are several sterilization methods, and they are divided into four major categories:
thermal sterilization, sterilization of electromagnetic waves, sterilization using filtration and
chemical sterilization. Thermal sterilization is the most used method and usually requires high
temperatures above 100 °C, so sterilization requires materials that can withstand high
temperatures such as glass, metal and aluminium foil. The liquids are sterilized by the
filtration method if they contain the components required for the experiment, which are not
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resistant to high temperatures and which die during thermal sterilization. Chemical
sterilization involves the use of various chemical compounds such as ethanol and
formaldehyde, but after sterilization, these compounds tend to stay on the surface of the
sterilized object or in the fluid and thus damage the survival of seaweeds. For this reason,
chemical sterilization in laboratories is no longer used [174,277].

Seaweed cultivation laboratory stand was set up based on knowledge on seaweed biology,
physiology and experiences gained from other research. To examine if the laboratory stand is
appropriate to cultivate seaweeds, experiments to test growing conditions were carried out.
Structure of this created seaweed cultivation laboratory stand allows to carry out experiments
not only with seaweeds, but it also can be adjusted for microalgae cultivation.

3.6. Seaweed Growing Conditions

Tests on growing conditions were carried out with seaweeds collected in different time
periods, and for every test laboratory condition were different. Therefore, the results of each
test are presented separately and compared in summary at the end of the section.

Nutrient Test I

To carry out the Nutrient test I, the nutrient stock solution was prepared using NPK
fertilizer with microelements in chelation structure “Vito Universal” [278]. It contains 3.5 %
of N, 2.4 % of NO3", 1.1 % of NH4-N, 2.3 % of P,Os, 5 % of K,0, as well as lower amounts
of macro and microelements. Concentrations for the stock solution added to the seaweed
growth medium in this experiment was 2, 5, 10, 30 mL L. The main goal of the experiment
was to determine optimal nutrient concentration for seaweed growing. Even though the
suggested time to carry out the test like this is at least 28 days, the test was stopped after 14
days of experimenting, because growing material started to decay. Seaweed samples were
measured using millimetre paper and length and width of the seaweed specimen were
documented.

Measurements after the first week of the experiment show growth in all concentrations,
except the highest concentration of 30 mL L’. This concentration caused seaweed
deterioration already after the first week of the experiments. Lower concentrations have
shown a better effect on the seaweed growth. Several seaweed pieces in concentration 2 mL
L1 increased their size from 66 mm to 116mm that is 48 mm a week or 10.58 % a day. The
second week of the experiment was not showing the same trend anymore. It is considered to
be caused by the bubbling system that caused unpredictable evaporation and increased salinity
in batches. Hypersalinity in the growth environment caused irretrievable damage for seaweed
material, and further seaweed growth was not possible. It could be explained by plasmolysis
of seaweed cells due to the high concentration of growth medium. It is possible that for
seaweed species, that are naturally growing in more saline water, water reduction would not
cause as much stress, but for The Baltic seaweed U. intestinalis, it was lethal [279]. Seaweed
sample on the first day and the seventh day of the experiment can be seen in Fig. 3.5.
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Fig. 3.5. Seaweed sample on day 1 (left) and day 7 (right), 5 mL L1 concentration.

The seaweed growth rate was calculated using the data from the first seven days of the
experiment. In applied nutrient stock solution concentrations, Ulva intestinalis showed the
specific growth pattern (Fig. 3.6.).

—_
o

S N B O

Average growth rate, % day!

i 2 5 10 30

Nutrient concentration, ml L

(&)
L

Fig. 3.6. Growth of U. intestinalis under different nutrient concentrations (7 days).

Fig. 3.6. shows the effect of different nutrient concentrations on seaweed growth. Data
shows that nutrient concentrations significantly affected the growth rate of U. intestinalis.
Increasing concentration above 2 ml L™ significantly slows down the growth rate. The
maximum growth rate was achieved with 2 ml L™ high nutrient concentration, and with such
conditions growth rate reached an average 7.13 =+ 3.44 % per day. Increasing concentration to
10 ml L', U. intestinalis growth rate decreased and showed only 1.27 + 1.05 % growth per
day, which is less than the average growth rate for this species. Previous research with U.
intestinalis showed that average growth rate for this type of alga is 0.15 — 0.25 cm per day
which is 3.39 — 5.32 % per day [280]. These results were obtained with naturally occurring
alga in the Black sea, not with cultivated alga in the laboratory, and that could be the cause of
better growth [281,282].

The experimental laboratory provided sufficient conditions for seaweed cultivation. Main
issues for seaweed cultivation lab would be the adjustment of the bubbling system to provide
smooth bubbling. The current situation was that changing of water level, changed the strength
of bubbling in many batches and evaporation happened at a high rate. This situation could be
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solved using valves, which regulate airflow before every batch. Also, the temperature would
be an essential factor that should be provided. Optimal water temperature for seaweed
cultivation would be 10°C — 15°C [282]. This experiment was carried out in room
temperature, which in this case was 20 °C. The necessary temperature should be provided
using an incubator or cooling system.

Nutrient test 11

In Nutrient test II, three different concentrations of nutrient were tested, in addition to a
sample with no nutrients. The nutrient stock solution was used the same as in Nutrient test I.
The experiment was screened for 21 days, and the area of the seaweed was measured
manually using a millimetre paper. The concentrations of nutrient were equal to 0 ml L™ (A),
2ml L™ (B), 10 ml L' (C) and 30 ml L™' (D). While the average data showed the seaweed
growth peak of 3.78 % on the 3rd day, comparing to the beginning of the experiment, for 2
mL/L fertilizer samples, the peaks were even smaller for A and C samples (Fig. 3.7.). All
samples showed the growth, except samples in 30 ml L™ concentration. This concentration
caused perishing of the seaweed fragments. Therefore concentration 30 ml L™ can be
described as an inhibitive concentration for the seaweed growth. No growth can also be
partially attributed to the drowsiness (and consequently lack of light) which occurred due to
the accumulation of salt and nutrients and crystal formation, which was over the time the case
for all other samples, where fertilizers were used.

5% -
0%

-5% -
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—4—D (avg), 30 mL/L
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-15%

0 7 14 21
Time, days

Fig. 3.7. Daily change of U. intestinalis growth in different nutrient concentrations — average
values

While most of the screened samples had an increase in biomass, in the beginning, days six
to eight were crucial for samples in concentrations 0 and 2 ml L', as these were the days
when the biomass decrease is being observed. This could be attributed to generally
undesirable conditions for U. intestinalis growth, as the water temperature was 21 °C and the
salinity level fluctuating significantly during the night, as a result of evaporation. The optimal
temperature and salinity values for Ulva are, however, documented to be 15 °C and 24 %o,
respectively, while 20 °C is deemed critical [283].
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Nutrient test III and Nutrient test IV

Previously done experiments identified weaknesses in water bubbling and temperature of
the environment. In previous experiments, seaweeds showed a loss of viability after a week in
experimental conditions. U. intestinalis growth material was acclimatised in natural seawater
prior the test, to exclude change of the surrounding environment as a cause for seaweed death.
Only healthy green specimens were used in the experiment. The growth response on Ulva
intestinalis was tested using two types of nutrients at nutrient concentrations: 0 mL-L™,
25mL-L", SmL-L", 10 mL-L", 15mL-L" and 20 mL-L"".

Each of these nutrient sources showed a different impact on growth rate (Fig. 3.8.).
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Fig. 3.8. Ulva intestinalis average daily growth yield in two types of nutrients in six different
concentrations.

Using universal plant fertilizer in concentrations that are relevant to the Provasoli growth
medium gives higher growth results. Best daily average growth yield was achieved on the
concentration of 2.5 mL-L"' where average daily growth was more than 3 %. An increase of
the nutrient concentration to 5 mL-L"' reduced seaweed growth to 1% per day, but
concentrations 10 and 15mL L' not only stopped seaweed growing, but also caused
degradation of U. intestinalis tissue. That could be caused by proliferation by microscopic
algae which consumed nutrients necessary for the growth of Ulva (Fig. 3.9.).
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Fig. 3.9. U. intestinalis development in 21 days in plant fertilizer concentration 15 mL L™
A 0 days B 7 days C 14 days D 21 days
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It was also observed that in these concentrations seaweed material started to fragment.

The highest concentration used in this experiment was 20 mL-L" and it did have a
positive impact on seaweed growth, and fragmentation did not occur comparing to lower
concentrations (Fig. 3.10.). It was also noticed that seaweed thalli were dark green and
healthy.
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Fig. 3.10. Ulva intestinalis development in 21 days in plant fertilizer concentration 20 mL-L™
A. 0 days B. 7 days C. 14 days D. 21 day.

The concentration 20 mL-L™" of plant fertilizer solution, provided better growth conditions
and promoted the preservation of seaweed material. It also has to be mentioned that there was
no microalgal pollution observed.

Results with using Provasoli Enriched seawater stock solution show that the highest
growth was achieved in concentration 5 mL-L" and other concentrations were not giving
positive results. These results show that Ulva growing in brackish Baltic Sea environment
prefer lower medium concentration than suggested in the literature [174].

For both nutrient sources, lower concentrations showed better growth results. Highest
growth rate can be achieved when universal plant fertilizer was used as a nutrient source.
Highest biomass yield was achieved with concentration with 2.5 mL plant fertilizer stock
solution to a litre filtered seawater. More than 3.4% daily growth was registered in this
concentration. This trend is in line with previous findings in which plant fertiliser was used as
a nutrient source. Concentration of 2 mL L™ allowed to reach concentration 7 % per day
[211]. Special growth media often contain a lot of metals, vitamins and stabilizers, that should
provide metabolic processes and support seaweeds with necessary diet. Results achieved in
this research shows that it is possible to grow seaweeds using plant fertiliser, and it allows to
achieve a higher growth rate.

From a morphological point of view, there were no significant differences observed
between types of nutrients. Between concentrations proliferation of microscopic algae was
observed, and some unidentified thalli forming seaweeds was noticed. Further microscopic
analysis should be made to get more precise results.
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Lighting test

Results of the experiment with different lighting colours can be seen in Fig. 3.11.
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Fig. 3.11. Effects of different lighting conditions on Ulva intestinalis size.

The most significant growth was reached in full light conditions without any filters. Even
though the degradation of seaweed material was observed after the first week of the
experiment, it might be caused by the stress of changing growth environment. During the
further experiment, seaweed growing in full light conditions was observed, and total growth
during the experiment was achieved 18 % (Fig. 3.12.).
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Fig. 3.12. Growing of U. intestinalis in full light conditions in 21 day.
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Fig. 3.13. Growing of U. intestinalis in partial light conditions in 21 day.

Reduced light conditions did not have any significant changes in size on the first week,
but on next week size of the seaweed reduced and at the end of the experiment it was
decreased to 85% of the initial size. Testing material was fresh and green, giving us insight
that reduced light conditions did not affect viability but only growing (Fig. 3.13.).

When coloured lights were used, the reduction of initial seaweed material was observed.
Red light initiated 12 % and blue light 28 % reduction in comparison to the initial sample
size. These shades caused poor light conditions for seaweed life and growth (Fig. 3.14.). The
specific filters did not provide enough light to continue photosynthetic processes.

Red light Blue light

'_ 1 day
7 days
14 days

21 day

Fig. 3.14. Growing of U. intestinalis in red and blue light conditions in 21 day.
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Seaweeds kept in the dark showed no growth, and after 14 days 38 % reduction was
observed, and in 21 days all U. intestinalis material was pale coloured and decayed with no
signs of life (Fig. 3.15.).

Fig. 3.15. U. intestinalis in no-light conditions in 21 day.

Photosynthesis is a vital process to support metabolism in seaweeds. Lack of light inhibits
photosynthesis and cause seaweed death, and decay. Blue and red coloured lights caused
seaweed material fragmentation, but the material still retained its colouring and firm
condition. It could be that these colours stopped some photosynthetic processes but did not
cause the complete death of seaweeds. These colours should be researched more to see the
full impact on photosynthesis of seaweed. Literature suggests that red light (540nm-630nm)
activates the photosynthesis even though blue light is absorbed at the highest.

Application of laboratory tests

Environmental conditions for seaweed cultivation were provided in seaweed cultivation
laboratory stand. Four tests to test nutrients and one test with different lighting conditions
were carried out. Information on nutrient levels for seaweed cultivation is not available for
Baltic seaweeds. Therefore, nutrient testing was considered the most critical step. Nutrient
requirements for seaweed cultivation, found in literature, are different, various growth
mediums are used [75]. Enriched Natural Seawater (Provasoli) Media is widely used as a
nutrient source for seaweed cultivation [221]. The suggested amount of stock solution added
to filtered natural seawater is 20 ml L™'. Different concentrations of nutrients were applied in
Nutrient tests to test if this nutrient concentration is applicable and favourable to Baltic
seaweeds. First tests that were carried out, using Universal plant fertilizer that was diluted
with water to make a stock solution with relevant N ion concentrations as Provasoli medium
stock solution. All of the Nutrient experiments showed that the highest growth is in
concentration 2 ml L™ proving that suggested concentration of stock solution is too high.
Nutrient concentration in highest levels caused loss of seaweed viability.

Light and nutrients are the essential factors affecting the photosynthetic processes of
seaweeds [183]. Nutrient test I and Nutrient test II were carried out in room temperature.
However, when comparing our results to those of other studies, it must be pointed out that the
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optimal temperature for U. intestinalis is 10 °C [199]. Therefore, for further experiments, the
relevant temperature was provided. Lower temperature resulted in higher vitality of seaweeds.

In all experiments, gas exchange was provided by bubbling. This method is an effective
way to provide successful photosynthesis and nutrient uptake [198,201]. However, this water
movement system caused evaporation, and water salinity increased. Other methods to provide
water movement should be applied to avoid evaporation, e.g., using a magnetic stirrer. This is
particularly important when investigating Baltic seaweeds, that are naturally growing in low
salinity conditions [284].

Another issue for seaweed growing in laboratory conditions was recognized. Biological
pollution in the form of microscopic algae was abundant in Nutrient test III, IV and Lighting
test (Fig. 3.16.).

Fig. 3.16. Microalgae pollution in Nutrient test [V.

Even though all preparation and sterilization processes were done as described, it was not
possible to avoid microalgae abundance. Biological hazards can likely be brought in with test
organism. Even though seaweed specimens were washed before using in the experiment,
seaweed fragments are fragile. Regards the cleaning of the test organism, it also has to be
noted that microorganisms like bacteria play an essential role in cell differentiation in
seaweeds [182].

Tests carried out with Ulva intestinalis can be cultivated in laboratory conditions and
laboratory can be used for culture maintenance. Ulva is preferred to be used because it can
easily be collected directly from the coast. For the collection of other Baltic seaweeds, F.
vesiculosus and F. lumbricalis special diving equipment is needed to gather fresh material
directly from a substrate. In addition to accessibility, Ulva also allowed to carry out an
experiment in flasks, while greater size seaweeds should be grown in aquariums.

The role of the created laboratory stand is to increase research capacity in Latvia and
allow to carry out seaweed cultivation, reproduction and maintenance processes. Laboratory
tests allowed to obtain 10 % daily growth rate for Baltic seaweed U. intestinalis. Next step to
scale-up would be a pilot cultivation facility with the aim to reach a similar growth yield.
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CONCLUSIONS

Baltic seaweed biorefinery, defined in this study, enables the realisation of Baltic seaweed
potential through biorefinery concept based on three platforms (feedstock, products, and
technologies) and framed by bioeconomy principles. Baltic seaweed biorefinery concept
can make a significant contribution to sustainable development by adding value to the
seaweed feedstock. This concept allows maximizing the biomass conversion efficiency
and reducing the amount of raw material needed within a nearly-zero waste approach.

It is worth exploring Baltic seaweed as a feedstock for Baltic seaweed biorefinery. It is,
however, difficult to define an exact amount of available biomass. Seaweed biomass
available in Latvia is inconsistent in terms of composition, distribution, and seasonality.
The most significant amount of washed out biomass is available on the coast bordering the
high sea 228 m’ per 100 m in the autumn season, while maximum washed out biomass in
the Gulf of Riga is 112 m® per 100 m.

In comparison to other seaweeds in the Baltic Sea region, F. vesiculosus has the highest
carbohydrate content (65.7 %), while U. intestinalis has the highest protein and lipid
content and F. lumbricalis has the highest mineral level.

Carrageenan, cellulose and R-phycoerythrin are the products that could be extracted from
F. lumbricalis. F. vesiculosus can be used as a source of phenolic compounds, Omega 7,
and Omega 9 fatty acids. U. intestinalis can be used for alginate and Omega 3 fatty acid
extraction. These chemical compounds could be of interest for utilization for health and
functional products, therefore used in value-added product production. It confirms the 1%
hypothesis.

Current application of the Baltic seaweed biomass is as fertilizer. Baltic seaweed biomass
transformation routes reveal the opportunity to improve seaweed processing practices and
to expand the range of the obtained products. It confirms the 2" hypothesis.

Seaweed cultivation laboratory stand demonstrates the capacity to carry out simple tests to
maintain seaweed cultures in the short term. Main deficiencies, identified in the
experimental process are regulation of water temperature, evaporation caused by the air
supply system and microalgae pollution.

The experiment with different lighting spectrum shows seaweed growth and development
in higher light intensity and death in no light, red, and blue light conditions.

Nutrient concentration in the growth media affects seaweed U. infestinalis growth rate.
When increasing nutrient concentration above 2 mL/L U. intestinalis growth rate
decreases. The too-high nutrient content is toxic and dramatically slows down growth
leading to the death of seaweeds. Maximum daily growth rate achieved was 10 % in a
seven day period. The 3™ hypothesis can be confirmed only partially — it was possible to
achieve seaweed growth, but it was only a short term growth.
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Abstract

Macroalgae have recently attracted attention as a possible feedstock for energy. Macroalgae have high productivity, which is high
as or higher than terrestrial plants, and macroalgae do not compete with crops for arable land. Macroalgal biomass provides
environmentally and economically feasible alternatives to fossil fuels.

The Baltic Sea is under great environmental stress and suffers from environmental problems such as eutrophication. Macroalgae
have a great potential eutrophication effect through nutrient removal processes, even if an excess of algae growing could create a
lack of oxygen within the biota with an impact on the biodiversity dimension. Thus a macroalgae-based industrial system would be
beneficial for the overall nutrient level in the Baltic Sea and become a favourable and sustainable feedstock for energy purposes.
Intensive cultivation of macroalgae is likely to increase with the development of an algal biofuels industry and algal bioremediation.
However, target macroalgae species suitable for cultivation on the Latvian coastline have not yet been identified.

The review focuses on macroalgae species abundant on the coastline of Latvia. Biomass potential of the three Baltic Sea species
representative of genera: Fucus vesiculosus, Furcellaria lumbricalis, Ulva intestinalis were compared and their suitability for
energy production was investigated. Productivity, growth and biochemical composition was evaluated to estimate potential for
biomass applications.
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1. Introduction and background

Seaweed or marine macroalgae have received attention as third generation biofuels feedstock, which present
advantages over first and second generation biofuels [1]. Marine macroalgae have been considered as a valuable
resource for energy production [2, 3]. Utilization of marine macroalgal biomass to produce bioenergy is re-emerging
due to several reasons. Firstly, macroalgae are consuming CO; and thus lowering CO; emissions and maintaining
closed carbon cycle [4]. Secondly, the use of macroalgae is beneficial for the food industry by avoiding direct and
indirect competition on terrestrial food crops utilization for biofuel production, and preventing high food prices [S, 6].
Thirdly, compared to terrestrial crops, macroalgae have a much higher growth rate and it has been proven that
macroalgae can reach 2-20 times the production potential of conventional terrestrial energy crops [7, 8]. The fourth
reason is related to the environmental benefit preserving the use of forest-based biomass and preventing the conversion
to biofuel from crop-based cultivation [9].

It is estimated that the energy potential of marine biomass can be even five times higher than land-based biomass
[10]. Seaweed also has a higher carbon capturing potential than terrestrial crop. Macroalgal primary productivity rates
are approximately 1600 ¢ Cmy"' compared to the primary productivity of land crops which have 470 g Cm2y' [11].
Carbon can create approximately half of the dry weight of algal biomass but composition of macroalgae strongly
depends on the season and growth conditions [12].

In Latvia most of the produced and harvested seaweed biomass is an unused resource. Some seaweed is
incorporated into compost and used as a soil supplement, however mainly seaweed is left to decompose on the shore
creating waste problems [13]. Seaweed can successfully be used as a bioenergy feedstock [6, 14].

2. Baltic Sea situation

The Baltic Sea is a marginal brackish sea that is poor in natural species poor and where the most species live close
to their physical limits [15]. The Baltic Sea is a shallow sea with an average depth of only 60 m. Main freshwater
sources include Gulf of Bothnia, Gulf of Finland and Gulf of Riga which supply equal amounts of freshwater equal
as to that flowing in from the North Sea [16]. The regions of the Baltic Sea belonging to Latvia are the Gulf of Riga
and the northern part of the eastern Baltic Sea. The Baltic Sea border along the coast is approximately 490 km long.
The Baltic Sea near Latvia is reaching a level of salinity around 4-6 psu, while the world oceans salinity level reaches
up to 30 psu [17]. Compared to other seas and oceans, the diversity of species is very low in the Baltic Sea due to its
low salinity. In the Gulf of Riga where salinity is around 5.2 psu, one of the lowest macro vegetation can be found.
For macroalgae as well as for other organisms it is a challenge to survive and adapt under low salinity, especially in
combination with the level of eutrophication in the Baltic Sea [18].

Eutrophication is one of the most severe environmental problems of the Baltic Sea. The large amount of nutrients,
especially in the last five decades, has increased nitrogen and phosphorus concentrations [19]. Eutrophication and
pollution in the Baltic Sea are also endangering the growth of seaweed [20]. Eutrophication processes have raised a
concentration of organic material in the water column and increased the amount of sediment. It is changing ecological
and biological processes not only in open seas, but also in coastal areas [21]. In the study of Berger et al. [22] the
authors have reported that, as result of eutrophication, perennial macroalgae stocks have decreased, but it is not clear
which stage of algal development it is affecting. Opposite processes are occurring in microalgae and annual
macroalgae [23, 24]. A large blooming of macroalgae biomass and changes in the composition of species is a sign of
eutrophication [25].

Macroalgae mats are able to float far distances and accumulate ashore on the beaches. Although it is a natural
coastal process, problems occurs in its scale and location. Washed out algal mats are an important problem during the
tourist season when the smell and decomposing algae decreases the recreational value of beaches. Macroalgal natural
habitats are not located near the beach, waves and currents are bringing them there and it mainly depends on wind
speed and direction [26]. Appearance of macroalgae on a beach is not a permanent or regular process, so the
composition and amount of washed out biomass is not predictable [27]. The amount of washed out algae is not
monitored in Latvia.
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3. Characteristics of macroalgae

Macroalgae is an important key part of the ecosystem and abundance, distribution and structural characteristics
display large variation both dimensional and temporal. The variation is important for ecosystem functions and may
affect the dynamics of associated species [28]. In coastal ecosystems macroalgae is affected by multiple stressors like
climate change, eutrophication and habitat destruction [29]. However these species that have managed to adapt to
these disturbing factors also have developed thicker cell walls [17].

There are three types of seaweed abundant in the Baltic Sea. An important part of the seaweed is normally attached
to the substrate, some of the seaweed are detached of substrate and some algae are distributed on the coastline and are
called algae wreck [18]. In the Baltic Sea and in the Gulf of Riga substrate usually is sandy, muddy and stony, partially
covered with seashells. Waves and streams can easily move the substrate around not letting seaweed to grow and form
algal stands [17]. Growing and harvesting of macroalgae removes nutrients from a system, reducing nutrient loading
and therefore the possibility of eutrophication [30].

Currently in Latvia there are no data available about macroalgal species composition. In Finland, in an area where the
level of salinity is the same as the average salinity in Latvia (5.7 psu), there are 17 macroalgal species abundant in total [31].
Following species of algae have been evaluated as abundant in Latvia: 4 brown algae (Phacophyceae). 9 red algae
(Rhodophyta) and 4 green algae (Chlorophyta) species can be obtained on the coastline of Latvia. Most common seaweed
species of these genera are: Fucus vesiculosus, Furcellaria lumbricalis, Ulva intestinalis [32]. On the coastline of open sea
Furcellaria sp. is observed more often, but in the Gulf of Riga, the brown algae Fucus vesiculosus are more abundant. Green
algae, forming filaments on rocks or other substrates are widely distributed on the coastline of Latvia [30].

Fucus vesiculosus also called bladder wrack is one of the most common seaweeds in the Baltic Sea [20]. In the last
decades in some Baltic Sea regions, the amount of these algae has decreased. Disappearance of these algae can be
explained with the increase of eutrophication, local leakages of toxic components and amount of herbivores using
algae as feed [33].

F. vesiculosus is perennial brown algae in the Baltic Sea. In Latvia they grow in a depth 1.5-5.5 m. They can form
new thalli from rhizoids. Thalli can live several years and when they die, rhizoid can form new thalli. The length of
the F. vesiculosus life can reach up to even 50 years [19]. Bladder wrack genus has dichotomous forked ribbon thallus
with well-marked central vein. It can be 50 cm high and it is held in a vertical position with the help of the air bladders
[34]. In literature information about chemical composition in bladder wrack may differ. F. vesiculosus contains 70—
85 % water and dry matter is only 15-30 %.

Furcellaria lumbricalis is one of few red algae members adapted to brackish water and is abundant in the Baltic Sea.
Attached and unattached forms of F. lumbricalis exist. The attached form can be found practically throughout the
photic range on hard substrates at salinities down to 3.6 psu in the Baltic Sea. In the Baltic Sea the unattached form is
found only in few habitats near Estonia [35]. Unlike the common attached form, the unattached form of F. lumbricalis
can reproduce only vegetative, mainly by thallus fragmentation [36].

Ulva intestinalis is a filament forming species of green algae. Filaments are typically unbranched and may be 10—
30 ¢m or more in length. It is abundant in different levels of salinity and very common in brackish water areas, where
there is appreciable fresh water runoff and in wet areas of the splash zone [37]. It can grow on different substrates:
rocks, mud, sand and even on other algae and seashells. Detached from the substratum it can continue its growth in
floating masses [38]. U. intestinalis is a summer annual, decaying and forming masses of bleached white fronds
towards the end of the season [39].

4. Chemical composition

Macroalgae has very high water content. Water can make 70-90 % of macroalgal biomass. Compared to
microalgae, macroalgae has lower level of proteins and lipids, but macroalgae contain more carbohydrates [40]. Red
algae and brown algae have a lower lipid content than green algae [41]. Macroalgae are rich with carbohydrates, but
amount of it may differ between species — red algae 30-60 %, green algae 25-50 %, brown algae 30-50 % [42, 43].
For the most part, carbohydrates in a form of starch and/or cellulose are found in the cell wall [41].

Algal biomass is rich with nutrients such as carbon, nitrogen and phosphorus. Algal chemical composition is one
of the most important factors about algal use to produce bioenergy. Methane potential and ammonium yields can be
calculated using chemical composition [44].
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Current studies on macroalgae fermentation to ethanol show low yields [45] therefore this review is focusing on
anaerobic digestion of macroalgae to produce biogas.

Important factor for biogas production is optimal C/N mass content, which should be between 20 and 30 [46]. If
C/N ratio is lower than 20 too much ammonium is produced during anaerobic fermentation, which creates and
unsuitable environment for methanogen bacteria and decreases the rate of methane production, so it is suggested to
add some carbon-rich biomass such as straw or fallen leaves [47]. This ratio was taken as main aspect to analyse the
suitability of marine macroalgae on coastline of Latvia.

Three main species of macroalgae were compared to get the view about use of these algae as feedstock for energy
production (Table 1). Data obtained from research carried out in the Gulf of Gdansk [48] and results of analysis of F.
vesiculosus were analysed.

Table 1. Characteristics of macroalgae abundant on Latvian coastline (a — Gulf of Gdansk, b — Gulf of Riga) [45].

Species Ckgtdw.  Nokgtdw. P kgtdw. ?“N” ‘"‘""l’w é‘q‘;m“ ”";/P
Ulva intestinalis (a) 264.33 19.73 1.60 13 12 18 32
Fucus vesiculosus (a) 365.67 14.17 1.57 26 9 34 23
Furcellaria lumbricalis (a) 314.75 24.13 1.23 13 20 17 51
Fucus vesiculosus (b) 369.81 20.16 - 18 - 24 -

5. Algae potential as a novel bioenergy source in Latvia

Nowadays the use of marine macroalgae biomass in Latvia is not exploited as a resource for energy purposes, this
biomass is thus left or disposed of which presents an important waste problem on the shore. The potential use of
washed ashore biomass in Latvia represent a potential bioenergy source even if the conversion of the most abundant
macroalgae type identified within the Latvian territory (i.e. Ulva intestinalis, Furcellaria lumbricalis, Fucus
vesiculosus) has been described only in a limited amount of literature as primary feedstock for digestion processes or
other types of final energy usages. Even though the collection of natural growing marine macroalgae is restricted,
washed out seaweed represent an extremely productive potential source of biomass (i.e. tonnes a day [49]).

The transformation routes of the marine macroalgae for energy can be different. Dgbowski [50] identified the final
algae-based fuels in terms of biogas, bioethanol, biodiesel and bio-oils specifically obtained from the conversion
processes of anaerobic digestion, fermentation, transesterification, liquefaction and pyrolysis technique methods.
These represent the most valuable and feasible conversion routes with some constraints related to algae biomass
composition. Looking toward biogas production, there is vast literature about the yield and effectiveness of both
anaerobic digestion (AD) processes [1, 41] and overall conversion for energetic purposes |3, 8].

The methane production in different algal species can vary from 100 ml CHs g' VS of Ulva sp. unwashed biomass
[8] till the value for Laminaria digitata of 500 ml CHs g VS [50]. There are several constraint factors undermining
the AD conversion from algae biomass. Too high level of cellulose or hemicellulose can increase the resistance of cell
wall. Different compounds (i.e. alkaline metals) cause inhibition of AD. Improper C:N ratio in the biomass have a
negative impact on the fermentation processes [51, 52]. Normal C:N ratio is among 20-30. Usually too high nitrogen
content in some algae is lowering the optimal ratio. Physical or chemical pre-treatments can be favourable in terms of
breaking down of cell walls facilitating a more easy access to the algae matter from the methanogens bacteria; while
co-digestion of macroalgae can correct the C:N ratios [53].

Montigelli [1] suggests a mild pre-treatment, due to the low content of lignin within the algal biomass if compared
with other biomass feedstock for AD. In this perspective, the author suggests physical pre-treatments in terms of
simplicity and effectiveness.

A potential energy conversion of macro algae biomass is fermentation to have bioethanol as transportation fuel
[41]. Macroalgae presents a high level of carbohydrates and little lignin [54] thus can be considered a proper substrate
in fermentation process prior hydrolysis process. Still, some concerns exist on the economic viability of the bioethanol
production from macroalgae, since the technological processes can be expensive [45]. Nevertheless a different level
of sugar in the type of seaweeds can affect the effectiveness within the transformation process.
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Macroalgae is more beneficial for production routes involving biogas and bioethanol rather than biodiesel due to
the low level of triglycerides [41] (i.e. microalgae lipids content range around 3-20 % d.w. [42, 55] with peaks of
90 % d.w., macroalgae lipids content range around 0.4 % and 3.5 % d.w. [1]), even though macroalgae biodiesel has
been investigated with rather poor results if compared with the use of microalgae [56, 57]. Nevertheless there is
experience of macroalgae conversion into bio-oil (lipids and free fatty acids) for biodiesel production [41].

It has been found that brown seaweeds have low levels of easily fermentable sugars [58], while green and red
seaweeds have high levels of easily accessible sugars [58, 59].

Recently the potential use of pyrolysis for macroalgae bio-oil based production has gained attention within the
scientific arena since it seems to be an acceptable method due to the high ash content of the algae compared to other
biochemical conversion methods [41].

In addition to the previous mentioned final energy end-uses of algae biomass, there are other thermochemical roots
for conversion of macroalgae like direct combustion [8] or even taking account the production of solid pellets. The
principle bottleneck is the high value of the moisture of the raw biomass.

The overall economic feasibility of the previous identified bioenergy algae-based pathways should be investigated
through a holistic perspective involving for example an LCA approach. Thanks to that would be possible to identify
impacts and benefits related to the use of novel feedstocks and algae-based technologies from the cultivation and
harvesting phase till the final end use. These aspects would be essential in order to evaluate the opportunity of a scaled-
up system thus identifying economic and environmental sustainability benchmarks. This evaluation would be relevant
as well for the Latvian context.

A preliminary sustainability analysis could be the evaluated according to the guidelines and approach proposed by
McKendry [60]. The author identifies 3 macro indicators peculiar for the selection of potential novel energy crops: i)
the value of the growing rate (thus the biomass yield), ii) the relative low cost (or competitive with respect to the fossil
based fuel), iii) and the mechanical/physical property of the biomass. The use of the macroalgae represents a novel
feedstock with a relative higher growing rate respect any other terrestrial plants, this is beneficial in reference to the
first indicator identified by MacKendry. Nevertheless due to the not complete maturity of the bioenergy algae-based
systems and due to a not favourable biofuel yields the second and third macro-indicators present more criticalities.

Cultivation is energy intensive and thus presents high costs. Marginal costs are also affected by the type of
cultivation adopted. Thus the energy production from seaweed should be framed within a bio-refinery perspective in
fact not considering only a final end product within the transformation of the initial feedstock but rather a gamma of
specific valuable products — i.e. feed for animal, or alginate extraction. In this way the overall cost impact would be
share on several final products or sub products. Energy inputs related to aeration of the ponds and/or feeding are also
recognized as environmental hot spots within the whole biomass production phase. The study have shown that aeration
can be reduced once the concentration of the nutrient is sufficient [8]. In a cost-benefit evaluation, the high level of
moisture (i.e. 78 % and 90 % [58. 61]) which represents a negative impact on the overall economic and energetic
transformation efficiency should also be considered. Recent challenges are looking toward pyrolysis, gasification as
well as hydrothermal carbonisation.

Even if the effect of a high eutrophication of the sea produces an over accumulation of algae biomass on the shore,
in an overall evaluation the loss of biodiversity and disturbance to the local flora and fauna should also be considered
due the depletion of the resource in the harvesting phase.

6. Conclusions

Latvia currently does not have any industry or pilot scale project for macroalgae production and/or cultivation, but
there are some species that are suitable for cultivation in the Baltic Sea and ready to be potentially exploited. The most
abundant algae in the Baltic Sea are green algae Ulva intestinalis, brown algae Fucus vesiculosus and red algae
Furcellaria lumbricalis. These types of macroalgae present a higher biomass yield and a high photosynthetic
efficiency if compared to terrestrial crops.

AD technology is at a rather mature level on implementing seaweed biomass as possibility to optimize biogas and
biomethane yields. Innovative conversion processes such as bioethanol, gasification, pyrolysis and hydrothermal
carbonation from wet macroalgae are promising opportunities but still at an infancy level.
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The washed ashore seaweed biomass collected during beach cleaning in Latvia can be used as energy feedstock
even if there are important legal restrictions related to the protection of natural stocks. The distribution of seaweed
and amount of seaweed washed ashore is not monitored in Latvia, but should be done to evaluate macroalgae as a
potential source of energy in Latvia. The overall potential use of macroalgae from the bioenergy perspective must be
evaluated from life cycle and sustainability perspectives and should take into account the beneficial effect of using
algae and not only to focus on the sole energy purpose.

This study wanted to provide a preliminary overview about the marine macroalgae potential in Latvia and
opportunities of final energy end usages from this biomass. The study underlined the principle and more common
types of sewed available in Latvia and opportunity of their use in the Latvian content as potential alternative energy
crops. The potential of algal biomass for bioenergy purpose in not yet at its mature phase even though several realities
are recognized as already economically feasible and sustainable.
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Abstract

Seaweed biomass is washed ashore on beaches causing recreational problems for local inhabitants and tourists. The
management of marine waste in Latvia is not well developed. Brown algae Fucus vesiculosus is one of the most
abundant seaweeds in Latvia. The chemical composition of brown algae Fucus vesiculosus, collected from the Gulf
of Riga, was evaluated. Algae contain higher amounts of both macroelements (490 — 21500 ppm; P, K, Ca, Mg, Na,
Fe, Mn) and trace elements (0.11 — 930 ppm; Zn, Cu, Cr, Pb, Sr, As, Cd, Se) than terrestrial plants. The obtained
composition was used to describe the potential uses of seaweed. Food, pharmacy and bioenergy were considered as
potentially the best sectors for macroalgae use. Due to high levels of heavy metals in seaweed, it is not recommended
to use F. vesiculosus from Gulf of Riga as a food. The best potential use is found to be using it as biomass feed to
obtain biogas.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Seaweed aquaculture is popular in Asian countries, but the seaweed natural distribution area covers the whole
world including Europe and the Gulf of Riga [1]. Seaweed cultivation industry and mass production of algae is not
developed in Latvia. Seaweed in the Baltic Sea is abundant in three different forms. Firstly, an important part of
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seaweed is attached to the substrate and is protected, some part of seaweed are detached of substrate and drift
subordinated by waves and currents [2]. Eventually seaweed is washed up on shore, waves and currents — respectively
affected by wind speed and direction [3] — define their pathway on surface and finally to the shore, creating the third
form. The appearance of macroalgae on a beach is not a permanent or regular process, thus the composition and
amount of the biomass washed ashore is not predictable [4]. Although it is a natural coastal process, it can be an
important problem during the tourism season, when decomposing algae decreases the recreational value of beaches
[S]. Historically algae waste has been used as a fertilizer on agricultural lands by local inhabitants. According to EU
Bathing Water Directive 2006/7/EC, during the beach season in the places where it might interfere with people,
washed out algae is collected by local municipalities [6].

In regard to macroalgae in the Latvian context, Fucus vesiculosus L. is a dominant brown alga on the rocky bottoms
of the Baltic Sea coastal areas [7, 8]. In the coastal waters F. vesiculosus forms dense canopies [9]. It is the most
abundant marine brown algae in the Gulf of Riga.

The use of marine macroalgae could be wide. Raw seaweed and seaweed food products in Asian countries have
been consumed for centuries. More recently seaweed products as a source of polysaccharides for food and
pharmaceutical uses are becoming popular in Europe [10]. The seaweed mineral content is higher than mineral level
in terrestrial plants and animal products. High mineral content and low fat content makes it a perfect food supplement
[11]. Polysaccharides found in seaweed make it attractive to the pharmaceutical industry. Fucoidans found in brown
algae exhibit various biological activities with potential health benefits [12]. Marine seaweed biomass can also be
used as a feedstock for energetic purposes. Seaweed can be transformed in different types of biofuels such as biogas,
bioethanol, and biodiesel [13, 14].

This study investigates the chemical element composition of brown algae Fucus vesiculosus collected on the coastal
zone of the Gulf of Riga. Three different types of algae end uses are discussed. The results of analysing the chemical
composition and the available information is taken into account when considering the most appropriate end uses. F.
vesiculosus can be used as a food supplement, biomass for bioenergy and as a source of pharmaceutically important
matters. Due to high content of heavy metals in the biomass of F. vesiculosus in the Gulf of Riga, it is suggested to
use this algae as a feedstock of bioenergy. It is not suggested to be used in human consumption unless heavy metals
are removed.

2. Materials and methods
2.1. Sample collection

Fucus vesiculosus was manually collected from the beach zone in Jirmala, central Latvia (56°59" N and 23°51' E)
in January 2015. The algae was identified using a taxonomical identification key [15]. The site is characterised by
shallow depths (0.5 — 1 m) and high nutrient levels. At the laboratory the algae was rinsed with freshwater to remove
sand. Additives like wooden pieces, grass and shells were separated from the sample manually. The collected algae
samples were preserved in a plastic bags in a freezer (-18°C) and defrosted one day before analysis.

2.2. Ash content

The ash content of the seaweed was determined by heating the dried (at 105 °C) samples in a muffle furnace
(at 550 °C) following the standard method LVS EN 14775.

2.3. Chemical composition

Chemical analysis was carried out in the Latvian Environment, Geology and Meteorology Centre following the
Latvian standard methodologies (US EPA Method 7060A:1994, LVS EN ISO 15586:2003, LVS ISO 11047:1998,
US EPA Method 7380:1986, LVS EN ISO 7980:2000, LVS EN 14672:2005, LVS ISO 11261:2002, LVS ISO 9964-
3:1993,, LVS ISO 11466:1995, LVS ISO 11463:2006. Macroelements C, H, N, S were analysed in Latvian Institute
of Organic Synthesis using atomic spectroscopy.
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3. Results and discussion
3.1. Chemical composition of Fucus vesiculosus

The chemical composition of the brown algae F. vesiculosus analysed in this study is listed in Table 1. The organic
elements, macroelements, microelements and metal contents are given.

Table 1. Fucus vesiculosus chemical composition.

Organic element % TS  Macroelement mgkg' TS Microclements mgkg' TS  Heavy metals mgkg' TS
Carbon (C) 36.98  Potassium (K) 11000 Iron (Fe) 490 Selenium (Se¢) 0.11
Hydrogen (H) 5.12 Phosphorous (P) 1400 Manganese (Mn) 1680 Lead (Pb) 11

Oxygen (O) 34.66 Calcium (Ca) 21500 Chromium (Cr) 9.6 Zinc (Zn) 89
Nitrogen (N) 202 Magnesium (Mg) 9300 Strontium (Sr) 930 Copper (Cu) 12.7
Sulphur (S) 282 Sodium (Na) 6300 Arsenic (As) 135

Ash (inorganic clements)  18.40 Cadmium (Cd) 1.7

The chemical analysis indicates that F. vesiculosus is lower in C, H and O than terrestrial biomass and higher in N
and S. Similar characteristics are also reported in the study by Ross [13, 16]. By contrast, the amount of macronutrients
obtained in these laboratory tests is different from that in other publications. In the study by Ross, higher values of P
and N and lower amounts of Ca and Mg were reported for . vesiculosus collected on the south coast of England. This
could be explained by the effect related to local harvesting conditions and seasonal variations as reported and
confirmed by Allen [13]. The variation observed in microelement and heavy metal composition of F. vesiculosus at
different places is considerable and could be attributed to different geographical locations. The amount of Fe in
different publications has been reported 440 mg kg' TS in the North Sea near Scotland to 2860 mg kg™' TS on the
South coast of England. The amount of other microelements and heavy metals also show great fluctuations depending
on the gathering place.

Seaweed is able to accumulate different metals. The ability of seaweed to absorb minerals and nutrients from the
surrounding environment is greater than in terrestrial plants [12]. It has been reported that levels of heavy metals in
the Baltic Sea water are up to 20 times higher compared to the North Atlantic [17] thus affecting the algal biomass
composition. The polluted algal growth environment has resulted in increased amounts of some minerals in seaweed.
Once pollution is released into the Baltic Sea, heavy metals can remain in the water for very long periods [17].
Chemical composition of seaweed is dependent on many different endogenous and exogenous factors. Endogenous
factors like the cell wall structure and the seaweed type are components that display different mineral sorbent capacity.
It has been reported that brown seaweed varieties have a higher capacity to absorb minerals, because of a larger amount
of polysaccharides in their walls [ 18]. Chemical composition of the seaweed is also affected by the exogenous factors
like geographic location, season, wave exposure, and sea water temperature, mineral levels in seawater, pH level and
salinity. In order to identify the reason for these differences in element composition, an in-depth analysis of sediments,
water and surrounding environment is necessary.

3.2, Potential use of Fucus vesiculosus
Brown algae is not properly used in Latvia. It is known that it has been used as a fertilizer - playing an important
role on local agricultural land and contributing nutrients to the beach ecosystem preserving biodiversity. Because of

the high capacity to absorb environmental pollution, it can be used as a biosorbent to remove heavy metals from the
environment [19].
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3.2.1. Food

The level of Na is dependent on the salinity of the sea. A higher level of sodium in Fucus vesiculosus is found
closer to the Atlantic Ocean where the salinity is higher. A high salt level is also reported in the publication of Peinado
[20] who found 49.8 — 51.2 mg/g NaCl in dry weight. F. vesiculosus presents a high level of lipids as well as high
nucleotide content. The dominating fatty acid has been mentioned oleic acid, which is classified as a monounsaturated
omega-9 fatty acid. High antioxidant activity supported by high levels of nucleotides and fatty acids makes it not only
nutritional, but also healthy. In addition, using F. vesiculosus as a food supplement can increase the umami taste and
reduce the need for additional salt [20]. Concerns persist because of level of heavy metals in algae. To evaluate the
level of heavy metals in seaweed, current amount of As. Cd. Pb in Fucus vesiculosus was compared with the maximal
levels applied to edible seaweeds in France (Regulation (EC) No 629/2008 on Edible Seaweed & French Regulation).
Comparison is displayed in Table 2.

Table 2. Quality criteria applied to edible seaweeds sold in France.

Maximal level (mg kg' TS) Current amount (mg kg TS)
Arsenic As 3 13.5
Cadmium Cd 0.5 1.7
Lead Pb 5 11

The level of arsenic in the algae analysed was 13.5 mg kg!' TS, while the amount of lead (11 mg kg TS) and
cadmium (1.7 mg kg'' TS) were lower. These concentrations are higher than maximum levels allowed in edible
seaweed for these contaminants. The allowed level of arsenic in edible seaweed is 3 mg kg-1 TS but in Fucus found
in Gulf of Riga this level is almost four times higher. In seaweed cadmium is found 1.7 mg kg' TS, that is three times
greater than the limited amount (0.5 mg kg™ TS). Amount of lead in Fucus found in the Baltic Sea is 11 mg kg TS,
which is more than the maximal level (5 mg kg™’ TS).

Fucus vesiculosus could serve as a good protein source, but the utilization of algae as a food can be complicated
because of the high level of heavy metals. This means that extraction of algal compounds, such as proteins, minerals
and fatty acids, for use as ingredients in food production may be a better strategy.

3.2.2. Pharmacy

Medicinal benefits of F. vesiculosus have already been evaluated for centuries. Simulation of the thyroid gland as
a treatment for problems like obesity and cellulite has been mentioned as the main benefit to medicine from the use
of this plant. Seaweed is also well known for its high iodine content which is not detected in our analysis, but is
reported in many publications [10, 20, 21] . The high iodine content of F. vesiculosus stimulates thyroid function
which boosts metabolic processes and solves problems with lipid balance which may help to reduce weight [23]. It is
reported that Fucus can solve hormonal problems, it has anti-cancer potential, it reduces blood sugar, and it works as
an anticoagulant and can be used to treat high blood pressure. As shown in Table 1, F. vesiculosus is also rich with
calcium, magnesium, potassium, sodium and it also contains essential elements like phosphorus, selenium, manganese
and zinc which could be beneficial as a food supplement. It is also mentioned in literature that algae contain A, C, E,
G and B complex vitamins. Algae is also rich in alginin and mannitol, carotene and zeaxantin [12].

As mentioned above, apart from the many positive traits associated with intake of algae, there are also concerns to
take into account. It is suggested to use Fucus as a supplement but avoid consuming it in large amounts because of
the high iodine level and heavy metal contamination that can cause negative side effects [24]. Heavy metals
accumulated in algae may be detrimental to human health. The amount of heavy metals found in our analysis is higher
and exceeds maximum levels (as mentioned in previous section).
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3.2.3. Bioenergy

Fucus vesiculosus biomass washed ashore in Latvia could be a potential bioenergy source. The transformation
routes of the seaweeds for energy can be different. Dgbowski [25] identified the final algae-based fuels in terms of
biogas, bioethanol, biodiesel and bio-oils specifically obtained from the conversion processes of anaerobic digestion,
fermentation, transesterification, liquefaction and pyrolysis methods. These represent the most valuable and feasible
conversion routes with some constraints related to the algae biomass composition.

Looking toward biogas production, there is a lot of literature about the yield and effectiveness of anaerobic
digestion (AD) processes [26, 27]. Several studies confirm anaerobic digestion to be an effective technology for algae
biomass conversion for energetic purposes [28-30].

The methane production in Fucus vesiculosus can vary from 47 mL CHs g' VS of F. vesiculosus unwashed
biomass up to the value of 113 mL CH; g VS of pre-treated biomass [31]. Even though there are several constraint
factors that can include: the resistance of cell walls to be degraded during the AD processes due to a too high level
of cellulose or hemicellulose, the capability of algae to release compounds inhibiting the activity of the anaerobic
bacteria (i.c. alkaline metals), and the improper C:N ratio in the biomass subjected to the fermentation processes
[32, 33] (in fact to get a higher yield of CHy, the optimal C:N ratio is necessary — i.e. 20 — 30) meaning that the
nitrogen content in some algae could be too high.

In this study C:N ratio varies between 18 and 19 and these numbers are higher than reported in other publications
[13, 16]. Bucholc et al. reported C:N ratio 26 for F. vesiculosus and this value is in the range best for AD.

Table 3. Organic element content (% TS), C/N ratios in Fucus vesiculosus.

Location C H (6] N C/N
Gulf of Riga January, 37.07 5.1 3455 2.05 18
Gulf of Riga January, 36.89 5.14 34.76 1.98 19
South coast of England [16] February 32.88 4.77 35.63 2.53 13
South coast of Ireland [13] August 26.80 3.20 44.50 1.50 18

Some of these problems can be overcome by taking into account specific physical or chemical pre-treatment
methods that can favour the breakdown of cell walls facilitating easier access to the algae matter from the methanogen
bacteria or mixing of macroalgae in a co-digestion in order to re-establish a correct C:N ratios more beneficial for the
biogas production [33, 34]. Mechanical chopping is one of the most common pre-treatment methods in order to favour
methanogen bacteria activity.

As mentioned before, an important factor (to be considered while evaluating the economic feasibility) is related to
the overall biogas/biomethane yield depending on the pre-treatment procedure [26]: a proper method can better
enhance the biomethane fraction within the biogas mix. Montigelli [26] suggests a mild pre-treatment, due to the low
content of lignin within the algal biomass if compared with other biomass feedstock for AD. In this perspective, the
author suggests physical pre-treatments in terms of simplicity and effectiveness.

A potential method for energy conversion of macro algae biomass is fermentation to obtain bioethanol as
transportation fuel [27]. Macroalgae presents a high level of carbohydrates and a small amount of lignin [36] thus can
be considered a proper substrate in fermentation prior hydrolysis process. Although there are some concerns on the
macroalgae bioethanol production yield [37].

Macroalgae is more beneficial for production routes involving biogas and bioethanol rather than biodiesel due to
the low level of triglycerides [27] (i.e. the microalgae lipid content ranges from 3-20 % d.w. [38] with a peak of 90
% d.w.. macroalgae lipid content range from 0.4 to 3.5 % d.w. [26]). Macroalgae biodiesel has been investigated
with rather poor results if compared with the use of microalgae [39.40].

It has been found that brown seaweed has low levels of easily fermentable sugars [41] thus it would be more
beneficial for standard AD that requests pre-treatment to break the polysaccharides into monomers prior to hydrolysis.
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4. Conclusion

Fucus vesiculosus is a dominant brown alga growing on the rocky bottoms of the Baltic Sea coastal area. Algae
washed up on shore can cause recreational problems and should be removed. Within this study, the chemical element
composition was determined in order to find the potentially most appropriate use for such type of algal biomass.

F. vesiculosus chemical analysis showed a high level of different minerals. Algae could successfully be used as a
food or pharmaceutical compound, but based on the analysis this final use pathway is not suggested due to high levels
of heavy metals, which exceed permissible levels. Nevertheless, the potential use of F. vesiculosus biomass as a
feedstock for bioenergy is proposed. In fact F. vesiculosus show chemical properties, suitable for use in anaerobic
digestion.

Further research is necessary to evaluate the available algal biomass in the Gulf of Riga. More analysis is required
to assess chemical composition in different seasons.
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Abstract — Seaweed valuables have been researched a lot in the last decades but there is a lack
of information on brackish seaweed at the eastern part of the Baltic Sea. Previous research
shows that Baltic seaweed can be used as a source for phycocolloids as well as for bioenergy.
The amount of available usable biomass is not clear, also seaweed in brackish seawater does
not reach the dimensions such as the same species in Western parts of the Baltic Sea where
the salinity is higher. Therefore, the use of this biomass must be smart to create economic
benefit. Three abundant Baltic brackish seaweed species were chosen, to represent green,
brown and red seaweed groups and an in-depth information analysis was made to clarify
possible focus substances that could be extracted from these species. In this paper we
summarize literature of common seaweed components, traditional extraction technology, and
potential amount in seaweed and give an overview of novel methods for extraction of seaweed
bioactive compounds.

Keywords — Bioeconomy; extraction; Fucus vesiculosus; Furcellaria lumbricalis;
macroalgae; phytobenthos; Ulva sp.

1. INTRODUCTION

Biorefinery is an important part of the biobased economy and biotechonomy integrating
different biomass conversion processes to produce energy and value-added products into a
single facility. Biotechonomy is the sustainable conversion of a biomass to produce energy,
food, feed, pharmaceuticals and other materials [1]-[3]. The production of these products
through a biorefinery concept and in compliance with the biotechonomy approach make the
cultivation and seaweed processing economically and environmentally feasible, respecting
social and policy angles. Nowadays the global biorefinery concept mainly includes terrestrial
biomass with plants and forest on top and only a small part has recently been devoted to
algae [4].

Marine macroalgae or seaweed have the potential to partly replace terrestrial biomass. With
current research going on in this field it is already declared that algae are a third generation
bioresource and do not compete with food and feed plants, nor do they use resources for their
growth. Valuable substances that can be found in algae can be a way to promising low-carbon
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economy. Seaweed aquaculture is already popular in Asian countries [5], but seaweed natural
distribution area covers the world, including Europe and the Baltic Sea [6]. Recently seaweed
products have become popular in Europe as a source of polysaccharides for food and
pharmaceutical use [7], [8]. The seaweed mineral content is higher than the mineral level in
terrestrial plants and animal products [9], [10]. High mineral and low-fat content makes
seaweed a suitable feedstock for food and feed.

Even though seaweed compounds have recently been widely researched, there has been lack
of information on brackish seaweed naturally growing on the eastern part of the Baltic Sea.
In any case, the amount of available biomass is not clear, but it is known that specimens do
not develop to a great size as the same species in the Western parts of the Baltic Sea. To gain
the maximum benefit from a minimum amount of biomass, a smart biorefinery strategy has
to be used.

In this review, a summary of scaweed biorefinery potential compiling the most common
seaweed compounds and their contents have been developed. Three Baltic Sea brackish
seaweed species were chosen to represent green, brown, and red seaweed groups and an
in-depth information analysis was conducted to clarify possible focus substances that could
be extracted from these species. Extraction techniques that would allow to use leftover
biomass from extraction processes were summarized and discussed.

This review focuses on seaweeds abundant in Eastern Baltic Sea region, where salinity
ranges from 5 % to 7 %. A comprehensive literature review was done to investigate the
potential added value compounds contained in three Eastern Baltic typical seaweed species
and their extraction technologies to build the analytical basis for prediction and planning of
Baltic seaweed application pathways under the biorefinery concept. An in-depth literature
search was done to summarize the research performed on seaweed extraction, and relevant
quantitative and qualitative data on seaweed extraction was summarized and combined in
tables.

2. EASTERN BALTIC SEAWEED POTENTIAL

2.1. Seaweed Components

Seaweed is composed of a special composition of substances. Even though it is often
considered as a close ancestor to terrestrial plants, substances found in seaweed are
different [11]. Known for their high nutritional and pharmaceutical value, they are widely
consumed as food and as herbal remedies to cure health problems like eczema, psoriasis, renal
disorders, digestive system problems, heart and cardiovascular diseases and are even
mentioned as a treatment for cancer [I12]-[15]. Seaweed use as feed, food, fertilizer,
fungicide, herbicide has developed a demand for seaweed as a valuable resource [15]-[17].

Nutrient composition in seaweed varies. depending on the species. time of collection,
geographic location and environmental conditions such as temperature, light and nutrient
concentration in water. Even the same seaweed genus can have great differences in their
nutritional composition.

Seaweed biomass has a high polysaccharide amount (Table 1) that exists in the cell wall
structures and has numerous commercial applications in products such as stabilisers,
thickeners, emulsifiers, food, feed, beverages, etc [I8], [19]. The total amount of
polysaccharides can range from 4 % to 76 % of dry weight.
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TABLE 1. MAJOR SACCHARIDES AND POLYSACCHARIDES FOUND IN EACH
OF THE THREE TYPES OF SEAWEED [20]

Green algae Brown algae Red algae
Cellulose Cellulose Cellulose
Starch Laminarin starch Floridean starch
Mannan or galactan  Mannitol (monomer)  Agar
Heteroglycan Alginic acid Carrageenan
Ulvan Fucoidans Xylan

Xylan Galactan

Structural features of polysaccharides give them the ability to bind water up to 20 times
their weight to give hydrogel, which qualifies them to be referred to as hydrocolloids or
phycocolloids. The formation of gel involves non-covalent interaction, such as hydrogen
bonding, hydrophobic and ionic interaction among the constituents and are formed from
cooling of heated solutions of polymers. Many polysaccharides can form hydrogels by either
heating or cooling. The gel is composed of at least two components, where a polymer forms
a three-dimensional network in a liquid medium such as water.

The amount of proteins in seaweed varies in relation to surrounding environmental factors
and species [21]. Highest protein concentrations are reported in winter and early spring
months and lowest concentrations regarding to nitrogen concentrations have been observed
from July to October. In general, red and green seaweed have relatively high protein
concentrations (10 %30 % dry matter), while brown seaweed contains an average of 3 %-—
15 % of dry weight [22]. Brackish red seaweced Furcellaria lumbricalis sometimes is
assimilated to Palmaria palmata for which protein content can represent even up to 35 % and
47 % of the dry mass. That is higher protein amount than legumes, like soybean with 35 % of
protein in dry mass, meaning it can be alternative dietary addition for vegetarian and vegan
diet. The amino acid composition of seaweeds can be compared to other protein sources such
as eggs and soybean. For most seaweed, glutamic acid and aspartic acids together make a
large part of the total amount of amino acids [21].

As photosynthetic organisms, seaweed contains pigments that are responsible for the
variety of colours observed in brown, green and red seaweed. These pigments allow seaweed
to absorb the light necessary for photosynthesis at depths that have various degrees of light
intensity. These pigments can be divided into three main groups which include chlorophylls,
phycobiliproteins and carotenoids and have various health benefits (Table 2).

TABLE 2. DOMINANT PIGMENTS REPRESENTING THE THREE MACROALGAE GROUPS

Pigment Class Green Algae Brown Algae Red Algae Reference
Chlorophylls Chlorophyll a, Chlorophyll a Chlorophylls a [23]
Chlarophyll b, Chlorophyll b Chlorophyll d
derivatives Chlorophyll ¢ derivatives  derivatives
Carotenoids a, f}, y-carotene, Fucoxanthin Xanthophylls [20], [23]-[25])
Xanthophylls Xanthophylls u, fl-carotene
f-carotene
Phycobiliproteins - - Phycoerythrin [23], [24]
Phycocyanin

Chlorophyll and its derivatives are associated with a number of health benefits including
antioxidant and anti-mutagenic activities which may help to prevent cancer [26]. Carotenoids
found in seaweed include f-carotene, fucoxanthin, astaxanthin, violaxanthin, tocopherol,
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zeaxanthin and lutein [19]. Fucoxanthin is another carotenoid present in brown seaweed such
as Ascophyllum nodosum and Laminaria digitata [27]. Phycobiliproteins are water-soluble
pigments that are found in red seaweed and include phycoerythrin, phycocyanin and allo-
phycocyanin. Previous scientific studies have reported that this group of proteins possess anti-
inflammatory, liver protecting, anti-viral, anti-tumour, serum lipid reducing and anti-oxidant
properties [14]. Phycobiliproteins are found in red seaweed such as Chondrus chrispus and
Furcellaria lumbricalis and are responsible for the red-brown colour of these species [28].

Lipids represent only 1-5 % of seaweed dry matter and show a valuable polyunsaturated
fatty acid (PUFA) composition particularly regarding with omega-3 and omega-6 acids which
play a role in the prevention of cardio-vascular diseases, osteoarthritis and diabetes. The green
algae show interesting levels of alpha linolenic acid. The lipid content in seaweed is very
sensitive and has significant differences between species, it also varies by geographical
location, season, temperature, salinity and light intensity [29]. Although oxidative stability of
PUFAs in brown seaweed lipids is not clear yet, these lipids could be applied to nutraceuticals
and functional foods as an oxidative stable omega-3 source.

The mineral composition varies according to genera as well as various other factors such
as seasonal, environmental, geographical and physiological variations, as well as the seaweed
type such as wild type and cultivated type [15]. Seaweed contains significant amounts of
essential minerals (Na, K, Ca, and Mg) and trace elements (Fe, Zn, Mn, and Cu), which play
an important role in building human tissues and regulating vital reactions as related elements
of many metalloenzymes due to their cell surface polysaccharides (e.g., agar, carrageenan,
alginic acid, alginate, salt of alginate acids, and cellulose), enabling them to absorb inorganic
substances from the ambient environment [15]. The mineral content in the form of ash of the
seaweed reaches levels of up to 55 % on a dry weight basis.

Phenolic compounds are a group of secondary metabolites comprising a wide variety of
compounds produced by both terrestrial and aquatic plants, which include seaweed [30].
One of their most outstanding features is their antioxidant properties, as they prevent the
formation of many free radicals because of their metal ion chelating capacity [20], [31].
Phenolic compounds include: flavonoids — that are associated with various bioactivities,
including the antioxidant and radical scavenging activity, lignans, tannins, tocopherols, and
phenolic acids [32]. Flavonoids that are known as safe and non-toxic antioxidants, have an
important function to protect the plant against UV radiation [33]. The capacity of flavonoids
to act as antioxidants depends on their molecular structure. The position of hydroxyl groups
and other features in the chemical structure of flavonoids are important for their antioxidant
and free radical scavenging activities [34].

2.2. Eastern Baltic Seaweed Biorefinery Potential

To estimate Baltic seaweed biorefinery potential, the most abundant species were chosen
and in-depth literature research was carried out to seek for possible compositions. Findings
from researched scientific literature were summarized in Table 3. It must be mentioned that
data summarized in this table is not only from seaweed from the Baltic Sea but also from the
same species of algae growing around the world. In this way, we can evaluate all potential
quantities that could be extracted from these species of seaweed. As mentioned before,
seaweed composition can change from season, location, depth and other factors both biotic
and abiotic. This table shows all concentrations of the substances that can be expected from
these types of biomass. Before commencing any kind of production, it is necessary to carry
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out in-depth composition analysis for locally available seaweed, and repeat analysis 2-4 times
through the year to see the composition dynamics during the seasons.

TABLE 3. EASTERN BALTIC SEAWEED BIOREFINERY POTENTIAL

Green algae Brown algae Red algae
(Ulva intestinalis) (Fucus vesiculosus) (Furcellaria lumbricalis)
Carbohydrates (% DW) 31.34-92 [35}-{39] 65.7 7 554
Polysacchrides 4.9-59 [35]. 231-22 [43]
i8],
{40}-[42]
Agar 19-28 [44]
Alginate 2-59 [38]
Furcellaran 40-50
Cellulose 3457 [28],
[45]
Proteins (% DW) 9.49-20.60  [35], 1.4-11.3 [9]). 13.1-28 [28],
(37} [48] [49)-
[39], [51]
[41],
[42],
[46], [47]
Pigments (% of total pigments)
Chla 0.394 [52] 0.157-5 [52], 0.228 [52]
[53]
Chlb 0.078
Chle 0.035 [52]
B carotenoids 0.2 [53] 13.3-28.6 [2%],
[32]
Fucoxantin |
R-phycoerythrin 0.1 [28]
Xantophyll (mg/kg) 328 [50]
Phenolic compounds 184 [20], 22546 (28],
(% ww water extracts) (53], (52]
[54]
Lipids (% DW) 1.16-22.0 [9],[39], 39548 [48]. 1% [49],
[47, (58] (0]
[55}-(57)
Fatty acids (FA) [9], [55], [9], [50],
SFA (% of total FA) 250606  [S6RB9 243 {gg} 38 {;‘,}
C10:0 2.8-188
Cl14:0 1.8-5.38 7.5-13.9 5.07
C16:0 17.9-23.2 9.6-12.1 29.36
MUFA (% of total FA) 21.81-248 47.1 28.80
Cl6:1,n7 1.8-6.56 46.9-31.9 8.54
CI8:1,n7 7.6-152 4.80
CI8:1.n9 1.5-54 46.0 10.22
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PUFA (% of total FA) 14.8-37.1 258 14.45

C16:4.n3 4.8-10.0

CI18:2.n6 4.6-58 7.5-10 248

C18:3.n3 8.55-24.1 2.7-34 2,05

C18:4.n3 4.39-144 22 0.92

C20:4.n6 1.4-1.5 74 1.63

C20:5. n3 08-543 3.7-6.7 326

Minerals (mg/100g) [47], [60] _ [6]. [7]. [70], [76] [60]

Mg I 6.7 89

K 12 25 42

Ca 29 30 37

Na 8.5 I8 10

P 1.7 1 12

Cu 5.7 37 6.2

Fe 5800 290 130

| 130 260 84

Mn 180 37 7.5

Se 0.76 0.08 0.1

Zn 21 28 23

Total ASH (% DW) 542-294  [38), 18.74-3030  [7). 9-41 (45],
[42], (9). [50].
[46], [10], [51]
[47]. [61] [54]

As illustrated in the table, green algae can be rich with carbohydrates, therefore can be used
as a source for cellulose and alginate. Red algae are rich with pigments, that also are valuable
antioxidants, therefore can be used for nutritional and pharmaceutical purposes. Values of
minerals and phenolic compounds in brown algae show that those could be potential use
pathways for these types of seaweed. The amount of the substances detected in the biomass
depends mainly on the extraction technologies used.

3. TECHNOLOGICAL SCHEME OF SEAWEED EXTRACTION

3.1. Selection of Criteria for Seaweed Biomass Extraction

To determine extraction parameters for an application of seaweed extracts it is necessary to
define its field of application before using the macroalgae. The degree of purity of the product
and impurities are co-factors that determine the national economy sector in which the extract
is to be used. In context of biorefinery, the field of application also determines the number of
extraction steps, theoretical structure of the plant and technological steps [62], [63]. Seaweed
composition varies significantly between species depending on nutrient availability,
seasonality and other environmental factors [63], [64]. The choice of species of algae for the
desired production is an important factor as it affects not only the ability to produce
large-scale biomass but also the composition of valuable compounds under relevant
environmental conditions. Although each species of algae offers a unique proportion of
proteins, carbohydrates and lipids, some are high in lipids while others are high in protein or
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carbohydrates. Selection criteria should be based on their nutrient content as well as their
specific use requirements [65].
The following criteria should be considered when selecting the appropriate algae for food,
feed and fuel production:
~ Constantly and steadily growing (open pond/sea);
— Produce large-scale biomass:
— Produce high quality and relatively constant ingredients of desirable nutritional value;
~ Survive and grow seasonally and with daily climate change:
— Exhibit high photosynthesis efficiency and energy conversion rate;
—~ Provide minimal dirt from attachment to environment;
— Easy to collect and extract substances [66].

Selection of criteria also includes seaweed harvest, pre-treatment and storage methods [67].
According to the Baltic Marine Environment Protection Commission (HELCOM), the
following seaweed species are available for biomass extraction in the Baltic Sea: Furcellaria
lumbricalis, Fucus vesiculosus, Cladophora aegagrophila, Laminaria digitata, Chorda filum,
Fucus serratus, Chorda tomentosa, Fucus spiralis, Laminaria sacchari [68]. This list
includes two of the Eastern Baltic seaweed species used in this research: Furcellaria
lumbricalis and Fucus vesiculosus.

In order to obtain the highest quality product, there are several steps to increase efficiency
of seaweed extraction (Fig. 1).

Assessment of geographical availability and mechanical harvesting of algae

2
Selection of algae or mixture of algae based on 'criteria for seaweed biomass extraction'
. $ 4
Pretreatment methods used (one or more)
2
First pretreatment
Washing | Drying | Milling
. B

Secondary pretreatment (concerning extraction process)

Mechanical-physical pretreatment l Chemical pretreatment I Enzymatic pretreatment

Extraction process;
Conventional I Novel

Fig. 1. Scheme of seaweed handling before extraction.

Extraction process of seaweed can be done in different ways depending on product quality
parameters and specific biomolecules needed. Based on previous work [62], it is clear that
the use of biorefinery principles is needed to ensure the economical and sustainable extraction
of algae products. The conceptual model proposed in the previous work states that a high
added value product is obtained and biomass is used with maximum efficiency meaning that
physical, chemical and biological transformation processes must operate in a sequential
system and in a symbiotic operation to ensure efficient, and hence more profitable, product
production [62].

184

116



Environmental and Climate Technologies

2020/ 24

Existing scientific literature offers two perspectives on extraction. The first approach is: (a)
based on the treatment of substrates under defined conditions with conventional extraction
methods, in this case, seaweed extraction to obtain biomolecules, (b) second approach is
based on novel extraction techniques and methods that reduce the cost of extraction, reduce
the number of extraction steps and increase the yield of biomolecules.

Traditional and innovative methods can be combined to get the best extraction yield at the
lowest cost and least impact on the environment. Traditional extraction methods are based on
thermomechanical effects and chemical hydrolysis processes, while novel techniques are a
significant improvement on existing technologies and are based on the use of physical
phenomena (pressure, electric field, ultrasound, microwaves) and biological (enzymes)
effects on the matrix [69], [70]. This review article does not address groups of substances or
compounds that are relatively unexplored and commercially insignificant.

Just before the extraction of the bioactive substances, it is necessary to process the biomass
in order to obtain maximum yield. Secondary pre-treatment methods are divided into three
groups of methods that can be used to extract different bioactive substances — lipids, Pigments
and sugars [71]:

— Mechanical-physical _pre-treatment _methods e.g. autoclaving, bead-beating,
microwave, sonication, freeze-drying, mechanical crushing, lyophilization and pulsed
clectric field technology.

~ Chemical pre-treatment methods e.g. liquid nitrogen, nitric acid, acetic acid,
hydrolysis by NaOH, HCI, H:SOs, NaCl solution, nitrous acid.

- Enzymatic pre-treatment methods e.g. cellulase, protease K, driselase, alginate lyase S.

3.2. Conventional Extraction Techniques

Conventional extraction methods use organic solvents (i.e. petroleum ether, hexane,
cyclohexane, isooctane, toluene, benzene, diethyl ether, dichloromethane, isopropanol,
chloroform, acetone, methanol, ethanol etc.) and acids or alkalis, and water. The main purpose
of these aggressive substances is to disrupt cell membranes and allow substances contained
in the algae to enter the extraction matrix. According to current trends, the solvent used in the
extraction process should be cheap and non-toxic [71].

Several types of extraction methods have been used based on the literature on extraction of
bioactive compounds from various matrices. Existing conventional extraction methods
include:

Hydrodistillation;

Soxhlet extraction;

Maceration;

Percolation;

Infusion;

Decoction; hot continuous extraction [72].

I:ffcc,tweness of these methods depends on various influencing parameters, such as solvent
properties (polarity, toxicity, volatility, viscosity, and purity), sample size and concentration,
particle size, time, polarity of extractant [73], [74]. Drawbacks of conventional techniques
are long extraction time, need for very high purity solvents, energy consumption associated
with evaporation of a large amount of solvent, relatively low extraction yield, selective and
thermolabile degradation of the components used [75]. Traditional extraction methods are
relatively well described in scientific literature (lab scale). Environmental policy and resource
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consumption, scientific research viewpoint has advanced green extraction methods
(innovative - modern - non-conventional) [69], [70], [75], [76].

Seaweed carbohydrate extraction methods: 1) Food grade — agar, alginate, carrageenan,
mannitol; 2) Nonfood grade polysaccharides —  fucose-containing sulfated
polysaccharides/fucoidan, laminaran, ulvan; their sources, structures and physical properties
and uses are well described in Rioux and Turgeon, 2015 [77], in context of hydrocolloids [78]
and dietary fibers [76]. Generally, seaweed carbohydrate compounds are extracted using the
following methods: i) heating in water; ii) by heating in water with an alkali compound
(e.g.. sodium bicarbonate) followed by cooling, separation and purification. One of the major
drawbacks of the current industrial extraction of seaweed hydrocolloids is the huge time,
energy and water consumption. Extraction of seaweed hydrocolloids usually takes 3 hours to
achieve optimum yield, depending on the type of hydrocolloids involved. Basically, agar,
alginate, and carrageenan extraction should take 2 to 4 hours, but with green methods, it may
take up to a few minutes [63], [77], [78]. Seaweed cellulose also belongs to this product group
but is not mentioned because existing land-based biomass is a much more accessible and
easily obtainable source of cellulose.

Extraction of seaweed proteins, peptides, and amino acids is mainly done on a laboratory
scale. Main methods for extracting seaweed protein fractions in the context of traditional
methods are solvent extraction, proteolytic hydrolysis (enzymes from microorganisms,
plants), hydrolysis by proteolytic microorganisms during fermentation. The overall view of
protein in seaweed and extraction methods, is well considered in Pangestuti and Kim, 2015;
Bleakley and Hayes, 2017; Kazir et al., 2019 [79]-[81]. Algae proteins are extracted by water,
acid and alkali methods followed by several centrifugations, dialysis and recovery steps using
methods such as ultrafiltration, precipitation or chromatography. Successful extraction of
algae proteins can be greatly influenced by the availability of protein molecules, which are
significantly inhibited by high viscosity and anion cell wall polysaccharides such as alginates
and carrageenans [80].

Macroalgae are generally considered unsuitable for the production of oil-based products
since most species have a low total lipid content <5 % by weight [64], [82]. Oils from algae,
plant biomass are extracted through a variety of methods including organic solvents and
water [83]. However, the green extraction process is better suited for low oil oxidation and
high yield [84]. The most common traditional lipid extraction methods are water vapour
extraction or solvent extraction, such as soxhlet [72].

Seaweed contains a large amount of minerals, up to 30 % of dry weight. Minerals include
Na, Ca, Mg, K, CI, S and P and trace elements (Fe, Zn, Mn, Cu). Mineral content of seaweed
is generally high (8-40 %). Minerals and trace elements essential for human consumption are
predominantly in brown and red algae [64], [82]. Part of the minerals from the algae biomass
can be extracted by incineration and acid treatment of the resulting material [85].

3.3. Novel Extraction Techniques

Extraction of biologically active compounds from macroalgae can be conducted through
novel methods. These methods are often qualified as green methods. Green methods have
several advantages over conventional, including reduced amount of solvent used (including
its recovery), shorter time of extraction, and technological performance at lower
temperatures. These methods also include improved selectivity for isolation of the desired
compounds while avoiding the formation of by-products during extraction and adverse
reactions [86]. Most of the extraction methods listed below are considered “green” because
they meet the standards that have crystallized in green extraction [87], [88]. Compared to
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conventional extraction methods, the main advantages of innovative extraction methods are
higher efficiency, use of water, renewable raw materials, more environmentally friendly
treatment conditions, significantly reduced use of hazardous chemicals, safer co-solvents,
energy efficiency, reduced derivatives [72]. Based on the reviewed papers and others, there
are six novel techniques for biomolecule extraction from seaweed [67], [71]. [72], [74]. [75].
[86], [89]:

— Supercritical fluid extraction (SFE) — SC-CO3;

~  Microwave-assisted extraction (MAE);

—~ Ultrasound-assisted extraction (UAE);

— High-pressure methods (HPM);

~ lonic liquids extraction (ILE);

— Enzymes-assisted extraction (EAE);

— Pulsed electric field extraction (PEF) (see Annex Table 1),

Supercritical fluid extraction (SCF-CO;) applies supercritical fluids to separate compound
from matrix using SC-CO: as solvent. The most important factors affecting the extraction are
pressure, temperature, time and SC-CO; flow rate. The prerequisite for the method is
extraction in a dry environment where humidity is below 20 % in the extraction matrix. As a
result, SCF-CO: extracts non-polar materials, The co-solvents used, such as methanol or
ethanol, make the spectrum and method of extraction more efficient (for polar materials).

Microwave-assisted extraction (MAE) uses microwaves to warm the solvents in contact
with solid matrix to extract contents from the solution. The solvents used, the temperature
range, the time of extraction and the power used affect the MAE. This method makes it easier
to obtain a spectrum of different polar compounds. The selectivity is affected by the solvent
used.

Ultrasound-assisted extraction (UAE) utilizes ultrasound to penetrate solvents in contact
with the solid matrix to extract content from the solution. The advantages of the UAE method
are the low operating temperatures, efficient cell disruption and various extraction media.
Disadvantages are high energy consumption and low extraction volumes, which significantly
complicate the technology scale-up.

Enzymatic hydrolysis uses exogenous enzymes to digest material. The efficiency of the
method is influenced by the enzyme used, its activity and concentration, temperature, pH.
The method is ineffective at elevated temperatures due to enzyme denaturation. Hydrolysis
is stopped by heating the material.

High-pressure methods use solvents under critical conditions (increased temperature and/or
pressure) to speed up extraction rate of solvents used. There are different variations of
high-pressure methods. For example, “Subcritical Water Extraction (SWE)™ and “Accelerated
Solvent Extraction (ASE)". The influencing parameters are pressure, extraction temperature,
solvent concentration and time. In the case of water as a solvent and other solvents, these
parameters differ significantly (see Annex Table Al).

lonic liquid extraction uses specially designed ionic liquids to extract a wide range of
compounds. Applied extraction conditions strongly depends on target compound.
Pulsed electric field extraction utilizes an electric field to disintegrate cell matrix.

4. CONCLUSION

Literature analysis shows several reviews on extraction of biomolecules from biomass in
different contexts, like conventional and novel extraction, as well as pre-treatment of algae
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biomass, compounds from other marine organisms such as fish and crustacean. Our review
shows there are many differences in bioactive compounds between Baltic seaweed species. It
is possible to extract main seaweed polysaccharides, proteins, lipids, pigments, minerals
using novel methods. The studies referred to in this review show the possibility of using
eastern Baltic seaweed biomass to extract different kinds of valuables. Even though the
quantities of valuables can change a lot due to environmental parameters, this analysis can be
used to predict and plan Baltic seaweed application pathways. Novel methods are
characterized by more environmentally friendly extraction conditions, high power
consumption, need for ongoing optimization of processes. Availability and quality of algae
species play an important role in integrating these extraction methods (scale-up). Seaweed
biorefinery focuses on single product extraction, newer literature shows increase in products
and extraction techniques. For development of more than single phase extraction system,
further research in different directions, regarding optimal process parameters, consumption
of chemicals (co-solvents), biotechnology and extraction vessels is needed. Our analysis also
shows that most extraction processes and results are obtained from laboratory-scale
experiments and there is a need for industrial scale data. Limited technologies and
unpredictable amounts and quality of seaweed biomass still could be serious problems to limit
extraction. This review can be used as a tool to consider ways to apply cascade principle to
extraction process.

Still many challenges remain with respect to use of Baltic seaweed for chemical production,
such as seaweed availability and large seasonal variation in the chemical and nutritional
composition of the seaweed. Seaweed biomass varies between species, locations, season and
the yields and type of products obtained are highly dependent on the processing technologies.
Further research is suggested to analyse seaweed biomass and change of biomass composition
during the different seasons and locations.
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Abstract

Seaweed, also called marine macroalgae, have a potential to be a valuable feedstock for biorefinery. Depending from seaweed type
and species it is possible to extract different fatty acids, oils, natural pigments, antioxidants, high value biological components and
other substances which can be potentially used in an industrial production system. The seaweed biorefinery framework presents a
conceptual model for high value added product production along with production of biofuels either fluid or gaseous. This in turn
reduces the cost of fuel production with maximum utilization of the biomass. The role of seaweed biorefinery concept is analysed
in this paper under the perspective of bioeconomy principles and through a SWOT analysis was made to indicate the role biorefinery
concept can play to support the development of sustainable bioeconomy.
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1. Introduction

Seaweed has been widely used already for centuries, but their role has emerged in last decades when the problem
of global population and food amount has been becoming an issue [1]. Similar to algae [2-5], unique composition of
seaweeds allows to use them as food, feed and energy source [6]. Seaweeds are used as a feedstock for different kind
of materials including biopolymers, cosmetics, agrifood and food supplements with several benefits for health [7, 8].
Algae processing to any kind of products generates leftovers and waste products, which are usually disposed [9].
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Nowadays we have to focus on sustainable bioeconomy and a production system where no waste flow is created.
Biorefinery is a way to decrease negative impact on environment and create products with higher added value to get
more economical and environmental benefits.

The integration of different biomass conversion processes to produce energy and value added products into a single
facility is called a biorefinery [10]. Advances of biorefinery — combinations of processes and technologies for
conversion of biomass to food, feed, energy and other value added products with minimal amount of waste — offers a
way to develop sustainable industrial economy and reduce impact on climate change. Biorefinery approach is
considered sustainable because the processes produce minimal waste to the environment in fact decreasing the
environmental burden and the pressure on ecosystem services. The biorefinery concept is a technical application of
this principle in which exploitation of biomass is enhanced beyond bioenergy production. In the biorefinery, available
compounds of the biomass ere exploited and every step of value chain is used as a way to add value. If all of the
bioresources within the biorefinery structure are efficiently used, including the biological leftovers from a cascade
transformation process approach, a nearly zero waste production is achieved.

Biorefinery International Energy Agency (IEA) Bioenergy task 42 has a task devoted to biorefineries. The main goal
of the task is to contribute to the development and implementation of sustainable biorefineries — as a part of highly
efficient, zero waste value chains — synergistically producing biobased food and non-food products [11]. Since 2007,
when the task was set, European and the global view to the task has been changed. In fact the approach has been growing
and been developed. Nowadays global biorefinery concept mainly includes terrestrial biomass with plants and forest
on top and only small part has recently been devoted to algae [12]. Since mainly first and second generation biomass is
used for liquid biofuels production, it is significantly affecting the economy due to the competition for food and energy.

Marine macroalgae or seaweed have a high potential to partly replace terrestrial biomass. With current research
going on in this field it is already declared that algae is a 3rd generation bioresource and doesn’t compete with food
and feed plants, nor is using resources for their growth. Valuable substances that can be found in algae can be a way
to promising low-carbon economy. It is necessary to create seaweed biorefinery concept that would display
valorization strategy that would display seaweed as a valuable feedstock that can compete with terrestrial biomass.
Development of a seaweed biorefinery concept has attracted lot of attention recently and many ongoing research are
focused on developing the seaweed biorefinery concept [10, 13-16].

This paper would like to explore the state-of-art of the biorefinery concept implementation in bioeconomy. In fact
the paper would like to create a baseline for potential biorefinery concept integration at commercial dimension
evaluating where important synergies can be identified among both commercial actors, stakeholders and private
investors. Moreover the paper looks toward the identification of prerequisites for better exploitation of local available
(and valuable) biorefinery feedstocks within bioeconomy overarching perspective. This will be essential in the
direction of reaching the set targets of low-carbon economy, higher sustainability and optimal bioresource use
efficiency. This paper review current state of art and display the basic structure of seaweed biorefinery concept and
analyse its role in sustainable bioeconomy while focusing on Baltic Sea region.

2. Methodology
2.1. Seaweed biorefinery concept

Seaweed aquaculture is already popular in Asian countries [17], but seaweed natural distribution area is covering
all over the world, including Europe and the Baltic Sea [18]. Seaweed cultivation industry and mass production of
algae is underdeveloped in Eastern Europe. Seaweed cultivation could represent a promising opportunity to obtain
scaweed biomass meanwhile reducing eutrophication problems [19] The opportunities of the marine macroalgae use
can thus be wide.

Raw seaweeds and seaweed-based food products in Asian countries have been consumed for centuries [20]. More
recently seaweed products as a source of polysaccharides for food and pharmaceutical uses are becoming popular in
Europe [21, 22]. The seaweed mineral content is higher than mineral level in terrestrial plants and animal products
[23, 24]. High mineral content and low fat content represent a suitable feedstock for food and feed. Macroalgae contain
unique composition of carbohydrates, which have different properties than those from terrestrial plants [25].
Laminaran and mannitol are energy storage units in algae, like starch in the plants, but alginates are structural
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compounds like cellulose and lignin in plants [26]. Polysaccharides found in seaweeds make them attractive not only
to food industry, but also to the pharmaceutical industry. Fucoidans and laminaran found in brown algae exhibit
various biological activities with potential health benefits [23, 27]. Marine macroalgae biomass can also be used as
a feedstock for energy purposes. They can be transformed in different types of biofuels such as biogas, bioethanol,
and biodiesel, replacing a part of fossil fuels [28].

Seaweed biorefinery concept
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Fig. 1. Seaweed biorefinery concept.

The seaweed biorefinery concept presents a conceptual model for high value added product production along with
production of biofuels. Biomass is used with maximum efficiency and expenses related to fuel production are reduced.
It is important when planning production process and units, to use capable biorefinery concept where all biomass and
energy from production processes would be used to the fullest extent. Conversion processes (physical. chemical,
biological and thermal) used in production of products should work in symbiotic way, individually or in system to
create economically sustainable products [28]. The various uses of products obtained from algal biorefineries include
transport fuels, therapeutics, food additives and biofertilizers [28].

Products derived from feedstock can be separated in products which can be already used in market or they can be
used as feedstock for further manufacturing operations to obtain value-added products. The waste and leftovers products
obtained after each step of treatment are used as raw material inflows for a parallel production chains on cascading
approach (see Fig. 1). Only leftovers which can’t be utilized in further production processes with a low quality biomass
are used for energy production. This approach allows minimizing the amount of waste produced in seaweed biorefinery
concept to a nearly zero waste system. Seaweed biorefinery concept is mainly addressed to use particular seaweed
species whose overgrowth, as a result of eutrophication, is causing ecological damages and affects the sustainability of
coastal environments. Instead seaweeds can be used for remediation of environment since together with seaweed
biomass certain amount of nitrogen and phosphorous is removed from water, nevertheless the identification of the
thresholds affecting the overall ecosystem service provide by the depletion of a natural resources is a sensitive issue.
Seaweed biorefinery concept can have a major impact by showing different aspects for utilizing seaweed to produce
a wide range of value-added products, biofuels, and bioenergy within a concept, rather than focusing in a single product.

When developed and implemented in industry, practical impacts of biorefinery concept can be relevant at different
levels: within the seaweed farming and industry, as employment increase in the sectors of the bioeconomy, triggering
new investments, unlock incentive and favouring the integration of renewable energy within the overall energy
systems [29]. The biorefinery concept used in bioeconomy has the potential for strengthening the global
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competitiveness of a broad spectrum of industries. These include agriculture, forestry, and fisheries, as well as
strengthening the competitiveness of biobased industries, green platform chemicals, materials and biopolymers, and
both new and existing food and feed ingredients and processing industries.

2.2. Strengthening the role of biorefinery under bioeconomy principles

Sustainable development of bioeconomy is dependent not only from economic sectors and properties of the
biorefinery end products, but also from different external factors like: financial resources, human resources, climate,
environmental, technological, economic and socioeconomically aspects [30]. Bioeconomy key principles has been
developed by European Commission to preserve the main goals of bioeconomy — provide food security, guarantee
sustainable use of resources, reduce the impact on climate and create jobs and ensure competitiveness [31]. Seaweed
biorefinery concept is following these principles and it has a significant role in strengthening the bioeconomy.

2.2.1. Food first

Food safety is set as a first principle and it is focusing on food quality and availability. Seaweed biorefinery concept
is matching the aim of this principle. Nutritional value and health benefits of seaweeds are already well known for
years. Seaweeds can provide human organism with necessary vitamins, minerals and antioxidants and is a valuable
calorie source [32, 33]. Moreover, seaweeds are not competing for land with plants, and land can still be used for
agriculture or forestry. Grown in the sea they do not require freshwater and additional nutrients, like terrestrial plants.
It is predicted that in 2050, global population will reach 9 billion of people and with current food production it is
possible to provide a food only for half of them [34], so it is necessary to find a new food resources or increase food
quality. Valuable nutritional value of seaweeds matches with this demand for this additional food base.

2.2.2. Sustainable yields

Sustainable seaweed production currently might be the main challenging, since it is relatively young form of
aquaculture. World production has exponentially increased during the last 50 years and it tripled between 1997 and 2012,
from 7 million tons to 24 million tons and it is still increasing [35]. Seaweed yield sustainability is dependent of the
region. Seaweed farming is rapidly increasing in some countries, while in others it is slowly gaining acceptance [36].
There are still more than 150 countries with coastal area which are not yet considering seaweed cultivation. Reasons are
different: seasonality, lack of infrastructure and missing demand from society are the main reasons that hampers the
development of the area. Also in Baltic region these are the main reasons that slows down the seaweed cultivation. In
addition low level salinity sets some limitations regarding on cultivation species and yield sustainability.

2.2.3. Cascading approach

To ensure sustainable use of biomass, cascading approach has been developed which promotes that product with
the highest value is made first, then the second highest is made and so on. The problem is that today large amount of
valuable biomass which could be used for high value products is used to produce biofuels and bioenergy [37]. Seaweed
biorefinery concept has been developed in a way that products with highest value are made first and products with
lower value are made after. Bioenergy and biofuels are made using leftovers from other production processes. This
approach increases resource efficiency and adds even higher value to used biomass, which is a part of circular
economy. Increased resource efficiency also is saving the raw material supply, because biomass can be used
repeatedly. With this principle usually the problem is that leftover biomass has to be transported from one location to
another to continue with the next step of production, but biorefinery concept solves this problem since the concept is
meant to be implemented in one location.
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2.2.4. Circularity

Since cascading approach does not address the waste problem by itself, circularity principle has to be followed.
The circular economy is built on tree basic rules: (1) there is no waste, since products are reusable and recyclable; (2)
consumed materials should be returnable to the environment without any threats after cascading sequence of use, to provide
their stock restoration, but durables should be reusable and upgradeable; and (3) and energy for all processes should be
provided from renewable and sustainable sources. The same rules has been used in seaweed biorefinery concept and
amount of waste is reduced to minimum and waste energy is used to supply energy to production processes [38].

2.2.5. Diversity

Seaweed biorefinery concept has been made to be diverse and it cover many sectors. Production systems has to be
various and produce different outputs using different techniques. A diversity is a key to resilience, and bioeconomy
require to develop more innovations to create diversity rather than limit it.

These five main properties does not give a limitation to this seaweed biorefinery concept, instead they are defining
guidelines and basic rules biorefinery concept should follow to give the most benefit for bioeconomy. Not only all
biorefinery concept together should be based on bioeconomy guidelines, but every step and phase of the concept,
starting from input material and production and all life cycle of products they should follow the directions given by
bioeconomy principles to give the highest social, environmental and economic benefits.

3. Results and Discussion.
3.1. SWOT analysis

The perspective of a constant evolution of biorefineries will reveal new feedstock and increase their conversion
efficiency. It will give opportunity to find new technologies and products. It will positively affect all existing sectors
of bioeconomy and develop rural areas. New technologies with high production yield, low use of resources or waste
use instead of valuable resources, gives more sustainable approach. Innovative technologies developed for biorefinery
increases level of opportunities to all sectors. The creating of a biobased economy has the ability to not only move the
world through current challenges on deficiency of biobased resources but will be also give benefits for production
meaning reduced impact on environment. Specfically in this section we address the strengths, weaknesses,
opportunities and threats of seaweed biorefinery concept and indicate the role biorefinery concept can play to support
the development of sustainable bioeconomy within a SWOT analysis of a seaweed-based biorefinery concept.

Table 1. Pros and Cons of seaweed biorefinery concept: SWOT analysis.

Positive Negative

Internal Strengths Weaknesses

*  Adding value to the biomass; e Collaboration between representatives of different

Y e ol b1 1es: . .

Development of novel biotechnologies; market sectors (agro, energy, chemical, ...) over full
e Environmentally friendly resource since it is not biomass value chain necessary;
requiring drinking water and nutrients and it reduces o Most encouraging biorefinery processes/concepts not
eutrophication cleds:

Increase biomass conversion efficiency — reducing raw
material requirements

Production of biobased products and bioenergy feeding
the full bioeconomy

Circular approach with no waste principle

Scientific and technological challenges in not mature
technologies;

Studying and concept development instead of real market
implementation;
Variability of quality and energy density of biomass.
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External Opportunities Threats
e (Cascading approach gives more value to biomass e Economic change and fluctuation of fossil fuel prices
e Strengthening of the economic position of numerous e Competition of other renewable energy technologies
bioeconomy sectors (e.g. agriculture, fishery, chemical satisfying the market needs
and energy) e Higher quality standards are applied to bioresource and
e Seaweed biorefinery can give significant input in bioenergy than to traditional products
sustainable bioeconomy e Availability and quality of raw materials (e.g. climate
e Popularization of sustainable use of seaweed for the change, policies, logistics)
production of energy is setting new goals for policy « Difficulties to find investment capital for pilot and demo
e International agreement that resource should be used as refineries, and adjusting existing refineries
efficiently as possible, develops spreading of biorefinery e  Changing governmental policies
concept in other sectors e No market demand for products
e International development of technological aspects of e Increase of environmental pollution can limit range of

biorefinery concepts. products in biorefinery concept

3.1.1. Strenghts and weaknesses

Seaweeds are water organisms and comparing to land plants they do not require drinking water and nutrients, Since
additional resource is not needed it reduce cost and energy related to growing. In the same time, since seaweed are
consuming nutrients found in environment, eutrophication level can be reduced, meaning that there are both economic
and environmental advantages. Seghetta et al. have obtained a reduction in marine eutrophication of 16.3 kg N eq./ha,
thanks to bioextraction of nitrogen. It depends from type of seaweed. However seaweed biomass can differ not only
in different species and regions, but also from season. That can cause some difficulties regarding to conversion
efficiency [39, 40].

It is clear that additional value to biomass gives more economical benefits to involved sides. It is also agreed by
Bruton who agrees that adding value to the biomass, which otherwise would be wasted, stimulates economics and
raises innovations and investments [41]. Higher economic stability and innovations allows to develop novel
biotechnologies. Number of technologies for algae processing has been increased because of growing interest in this
field, which has also been reported in State of Technology Review — Algae Bioenergy [28].

Novel technologies and conversion methods allows to increase biomass conversion efficiency using cascading
biorefinery approach for coproduction of high-value specialty and commodity chemicals. Huijgen et al. notes, that
seaweed is still quite expensive feedstock and cascading approach allows to use biomass in full amount. However lots
of concepts/approaches are still theoretical since technologies are not mature and some technical and scientific
challenges still exist [13]. To make cascading approach to be the most profitable collaboration between representatives
of different market sectors over full biomass value chain is necessary.

3.1.2. Opportunities and threats

Seaweed biorefinery could create a great opportunity to strengthen economic position of numerous bioeconomy
sectors (e.g. agriculture, fishery, chemical and energy) if there will be enough political and social support. Valderrama
et al. have analysed social and economic dimensions of seaweed farming and processing and they agree on economic
profits but also accent that political support is very meaningful, saying that, political instability and insufficient
governmental and external-aid-funded support for the sector are further risk factors for the industry’s development
potential [42].

While political support can be a threat to seaweed biorefinery concept, this concept can also set new political goals,
which would promote a sustainable use of seaweed for the production.

Development of the concept would also increase international cooperation in resource management and
technological development issues. It would also be necessary to avoid threats like fluctuating oil price and availability
of resources that could affect economic feasibility of seaweed biorefinery concept.
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4. Conclusions

Within a biotechonomy perspective the sustainable conversion of any biomass is a key aspect moving toward the
implementation of novel technologies and integrated concepts in order to reach a sustainable economic growth and
market development. This is properly reflected within a seaweed-based biorefinery concept as sustainable and
potentially economically viable solution of producing both high value added products and bioenergy. Depending from
seaweed types and species it is possible to extract different fatty acids, oils, natural pigments, antioxidants, high value
biological components and other substances which can be used in production. This is the reason why seaweed can
positively affects several biotechnology areas like biofuels, cosmetics, food and food supplement production and have
an impact on aquacultures and pollution removal.

We conclude that seaweed biorefinery concept can make a significant contribution to sustainable development by
adding value to the original biobased feedstock but it is crucial to undergo to a more clear understanding of the overall
technological processes and pathways. Seaweed conversion into wide spectrum of products using cascade conversion
should be adapted to local conditions. This concept allows maximizing the biomass conversion efficiency and reducing
the amount of raw material needed within a nearly-zero waste approach. Biorefinery concept is thus merging different
bioeconomy sectors to potentially create multi- (and inter-) disciplinary partnerships between stakeholders.

In the same time seaweed biorefinery concept satisfy bioeconomy principles. Seaweed biorefinery is taking care of
food availability and quality and uses cascading approach in this way increasing resource efficiency. The described
five main properties of biorefinery concept do should not be seen as limitation to this seaweed biorefinery concept
itself, instead they are defining guidelines and basic rules on how get the biorefinery concept most beneficial for a
more sustainable bioeconomy. Not only all biorefinery concept together should be based on bioeconomy guidelines,
but every step and phase of the concept, starting from input material and production and all life cycle of products they
should follow the directions given by bioeconomy principles to give the highest social, environmental and economic
benefits. Some concerns still exist with the sustainable yield principle. Seaweed availability is dependent on season,
climate and nature conditions and this can be challenging factor regarding on sustainability.

Biorefinery concept presents a great way to efficient use of seaweeds. Some barriers like limited technologies and
unpredictable amount and quality of seaweed biomass still exist. Once the difficulties are defeated, seaweeds have all
necessary properties to significantly contribute to sustainable bioeconomy as a promising biomass.
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Abstract

New seaweed cultivation laboratory was developed and primary laboratory bench was tested if the conditions are relevant for
seaweed cultivation. Simple experiment was carried out using Ulva intestinalis as test organism. Different nutrient levels were
provided to see, which amount of nutrient is the best for cultivation of U. intestinalis. Experiment results showed that best growth
rate for Ulva intestinalis was on concentration 2 ml L' where growth rate reached on average 7.13 + 3.44 % per day. Higher
nutrient amounts slow down algae growth.
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1. Introduction

Energy demand has rapidly grown since the beginning of the Industrial Revolution and it is still increasing at a
rapid pace [1]. In 2009 it was estimated that 86 % of world energy consumption is derived from fossil fuels such as
oil, coal and gas. Furthermore, increasing population will increase demand of fossil fuels by 20 % in the next 20 years
if a new cost effective and viable energy source is not found [2]. Excessive use of fossil fuels has a negative effect on
both the environment and the economy. Overuse of fossil fuels leads to enormous amount of greenhouse gas emissions
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which contribute to global warming, rising sea levels and many other concerns such as loss of biodiversity or receding
of glaciers. All of these factors contribute to the need for an alternative, sustainable, effective, cost effective and
cleaner energy resource that would be able to meet future demand and needs [3-7].

Macroalgae are macroscopic multicellular organisms that, depending on their pigmentation, are divided into three
groups: brown, red and green algac. While most of the species live in seawater, some species are found in freshwater
as well. Macroalgae found in seawater are called seaweeds [8, 9]. Usually they are present near to the shore where
they are attached to different types of substrates. Both microalgae and macroalgae are considered to be a third
generation energy resource and scientists hope that this kind of bio energy will overcome imperfections of previous
generations of bio energy [10, 11].

Bio energy is an excellent alternative to the traditional fossil fuels because instead of using gas, oil or coal to
produce energy, for bio energy production a renewable resource — biomass is used. During the process of seaweed
growth, light energy and CO, is absorbed to produce organic molecules such as carbohydrates and lipids.
These molecules can then be used to produce a different kind of fuel [12, 13]. Seaweed cultivation is attractive with
the fact that it does not require arable land and in the production process freshwater is not used so it does not compete
with traditional crops. Cultivation process does not accelerate ongoing climate changes in any way because algae can
absorb atmospheric CO,. Furthermore, seaweed grow and multiply rapidly and their containing polysaccharides makes
seaweed attractive not only for biofuel and biogas production, but for food, animal feed and various substance
production [1, 3].

Seaweed use in Latvia is limited. Algae beds in the sea are protected, but washed out seaweed called “seawaste™ are
taken to landfill. Although due to the low salinity the size and biomass of seaweeds is not that big as in the southern
Baltic Sea, seaweed biomass could give major input. The most effective way to increase available seaweed biomass
would be to develop off shore seaweed cultivation systems. Seaweed consume various nutrients found in seawater and
in such way cleans seawater and even could be a way to reduce eutrophication level in the Baltic Sea [14].

Since seaweed are sedentary organisms, they need to be resistant to a variety of physical conditions such as salinity,
temperature, light intensity, water motion, nutrient level and CO concentrations. For optimal growth, all of these
factors should be in a certain, usually very narrow, range. For each of the species this range can vary so it is crucial to
determine the best conditions for each species [3]. Although for many highly popular seaweed species all of these
factors are studied and explored [15], studies on Latvian conditions are still scarce. One of the things that has to be
done before starting seaweed cultivation for bio energy production, is to explore optimal growth conditions for the
most popular seaweed species in Latvia Ulva intestinalis, Furcellaria lumbricalis, Fucus vesiculosus [7]. Seaweed
cultivation laboratory is essential to prepare seeding material and identify the best parameters for algae growth in a
laboratory environment. One of the most important parameters is nutrient level so the simple nutrient test was carried
out to test seaweed cultivation laboratory using green secaweed Ulva intestinalis as a test organism.

2. Materials and Methods

Before building up the laboratory bench for seaweed cultivation, available literature was explored and the most
essential parameters were identified and a lab scheme was developed (Fig. 1).
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Fig. 1. Scheme of the laboratory testing bench.

The laboratory bench consists of different devices and equipment to provide water movement and light conditions.
Water movement was ensured using air supply faucet, necessary light conditions were ensured by fluorescent tubes
giving a light intensity of 75 pmol m? s™' as described by Lignell [16]. The light regime was 16 h light followed by 8
h darkness. To gain the maximum seaweed growth all these parameters should be at the optimal level. Seaweed in
different seasons from different geographical locations may require different slight changes in growth environment.
Nutrient test is the simplest test to carry out to test the laboratory bench. Ulva intestinalis was used as a test organism.
Algae growth inhibition test design was used as a base to perform a nutrient test.

2.1. Test organism and environment preparation

Green filamentous scaweed Ulva intestinalis was used as a test organism. The seaweed was collected from coastal
water in the Riga Gulf on April 2016. Seaweed samples were washed to remove impurities. Seawater was collected
using siphoning method to avoid contaminants from the water surface. Water was collected from the seashore into 20
L plastic buckets and delivered to the laboratory within an hour.

The water used in the experiment was filtered through filter paper to remove phytoplankton, zooplankton and
debris. Water was sterilized in the microwave equipped with rotating base for 10 minutes in 700 W to sterilize the
growth media [17]. Complex NPK fertilizer with microelements in chelation structure “Vito Universal” was used,
containing 3.5 % of N, 2.4 % of NOy', 1.1 % of NH4-N, 2.3 % of P05, 5 % of K:0, as well as lower amounts of macro
and micro elements.

Conical glass flasks (250 mL) containing sterilized seawater with nutrients were inoculated with fresh seaweed
thalli approximately 3 cm long. Nutrient concentrations 2, 5, 10, 50 ml L' were chosen based on the concentrations
suggested in the literature [ 18] maximum and minimum was included. Flasks were placed under the light source with
an irradiance of 1000 lux. Temperature remained constant during the experiment at 20 °C. Air was supplied with
rubber tubes to provide constant water motion and gas exchange. Enriched growth media was changed once a week
manually by pouring off most of the old media and replacing it with seawater enriched with nutrients. In case of
evaporation, the water level was adjusted by pouring distilled water to maintain previous salinity.
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2.2. Growth rate calculation methodology

Growth of Ulva intestinalis was measured every 7 days by placing them in a petri dish above millimeter paper and
the growth rate was calculated using Eq. (1) [4]:

[(m][—l ]#100% (1)
W,

0

where W, is length of specimen at the end of experiment, mm; Wy is length of specimen at the beginning of
experiment; mm; t is experiment time in days, d.

3. Results and discussion

The growth of Ulva intestinalis showed the specific growth pattern (Fig. 2). All of the specimens except two
specimens from the highest concentration level have been growing in the first week of experiment. Few of the
specimens have increased their length by 48 mm which is 10.58 % per day.

In the second week growing mostly stopped because of the plasmolysis caused by salinity. Added air supply system
contributed evaporation which led to decreased water level in the flasks. Because water level was not adjusted as soon
as needed, salinity level in the flasks increased and formed hypertonic solution. Water from the alga started to flow
out leading to plasmolysis were cells of an alga starts to lift of from its membrane. Probably different species would
be resistant against such salinity fluctuations but for the Latvian alga salinity that is two times higher than usual is
fatal [19].
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Fig. 2. Growth of U. intestinalis under different nutrient concentrations.

Fig. 2 shows the effect of different nutrient concentrations on algal growth. Data shows that nutrient
concentrations significantly affected growth rate of U. intestinalis. Increasing concentration above 2 ml L'
significantly slows down growth rate. Maximum growth rate was achieved with 2 ml L' high nutrient concentration
and with such conditions growth rate reached in average 7.13 + 3.44 % per day. Increasing concentration to 10 ml
L', U. intestinalis growth rate decreased and showed only 1.27 + 1.05 % growth per day, which is less than the
average growth rate for this species. Previous research with U. intestinalis showed that average growth rate for this
type of alga is 0.15 —0.25 cm per day which is 3.39 — 5.32 % per day [20]. These results were obtained with naturally

occurring alga in the Black sea not with cultivated alga in laboratory and that could be the cause of better growth
[15,21].
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The experimental laboratory provided sufficient conditions for algae cultivation. Main issues for algae cultivation
lab would be the adjustment of the bubbling system to provide smooth bubbling. Current situation was that changing
of water level, changed the strength of bubbling in many batches and evaporation happened in high rate. This
situation could be solved using valves, which regulate air flow before every batch. Also temperature would be
important factor that should be provided. Optimal water temperature for seaweed cultivation would be 10 °C - 15 °C
[21]. This experiment was carried out in room temperature, which in this case was 20 °C. Necessary temperature
should be provided using incubator or cooling system.

Next experiments should be carried out using nutrient concentrations, which exclude higher concentrations, to find
limiting concentrations.

4. Conclusions

Experimental laboratory was provided with good conditions for algae cultivation and results from the first week
showed high growth rate. The second week of experiment results showed slowing in the growth rate and death of
specimens which was contributed to by extremely low water level which raised salinity level and caused plasmolysis.
Nutrient concentration in the growth media significantly affects seaweed U. intestinalis growth rate. Increasing
nutrient concentration above 2 ml L' U. intestinalis growth rate decreases. Too high nutrient content is toxic and
dramatically slows down growth and leads to death of alga. Laboratory should be technically improved before carrying
out the next tests, to avoid problems like evaporation and high temperature.
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Abstract

This study aims to quantitatively evaluate the biogas potential of the green alga Ulva intestinalis from the Gulf of Riga, using BMP
test with sewage sludge as inoculum. Meantime the nutrients role in biomass growth has been explored.

The results from growing rate evaluation show that the growth of macroalgae was observed up to a certain point (typically 6-8 days of
exposure) even within samples without any additional nutrients; on the contrary higher concentration has shown no growth effects, This
could be explained with too high nutrient concentrations jeopardizing other conditions that are vital for macroalgae growth.

The cumulative CHs yields show an important spectrum of cumulative methane yields. with the highest one observed in 1:3 A/l
(algae/inoculum ratio) in which the macroalgae were chopped (92.1 + 33.5 mL CH4/g VS on average), while the lowest one was
observed in 1:5 A/I where the macroalgae had no pre-treatment (36.0 + 10.5 mL CHs/g VS). The results do not show a clear impact
of the pre-treatments. The scenarios with no pre-treatment exhibited the effectiveness in a range of 9.7-24.6 %, while the chopped
ones — 14.56-24.8 %, pre-treated with pestle — 12.9-24.13 %. The results of this study confirm the suitability of U. intestinalis for
biogas production, especially in the Baltic region.
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1. Introduction

With the effects of a dramatic CO; increase in the atmosphere due to carbon-intensive activities, such as continuous
fossil fuel burning, threatening the sustainability and posing multiple risks to the environment, alternative fuel sources
have become an important topic both for national leaders and the scientific community. In this direction biofuels,
biodiesel and biogas, frequently evaluated as either carbon-neutral or even carbon-negative, when sustainable feedstock,
such as Algae, are used represent a viable solution [1] and have gained considerable scientific interest. Nevertheless,
not all species are studied sufficiently well, including the feasible and sustainable techniques for wide scale cultivation.
Lack of cost-efficient mass scale production routes prevents this feedstock from being economically exploitable [2]:
therefore, the use of algae for energy production is still far from being commercialized at large scale, despite the
promising potential [3]. Seaweeds have drawn particular attention due to their capability to consume greenhouse gases
(GHG) as feedstock, as recent studies have found [4], and many studies have been conducted, including industrial
production of not only biogas, but also biodiesel [5, 6], bio-ethanol [7] and hydrogen [8], among others. As most
macroalgae species perform photosynthesis, growing and harvesting them results in removal of nutrients from a system,
and thus minimizing conditions for eutrophication [9]. This might contribute to solving the problem of high chemical
oxygen demand (COD) levels in aquatic ecosystems rich in nutrients. The problem of eutrophication is particularly
relevant in the case of the Baltic Sea, where COD level is one of the highest among the seas in the world [10].
Furthermore, growing seaweed does not require a land to grow, or a competition with food crops, while structural
polysaccharides and low or no lignin content make macroalgae appropriate for biogas production via anaerobic
digestion [11]. All these features make environmental performance of macroalgae significantly more favourable than
natural gas from the Life Cycle Assessment (LCA) perspective [12].

Macroalgae using sludge as inoculum have a potential to be used as biogas feedstock and thus significantly
minimize the waste products by re-utilizing them and closing the loop. As such, using Algae mixed with sewage
sludge for energy recovery can also contribute to enhancing Circular economy, one of the strategies to counter
depletion of resources and traditionally carbon-intense economy. Gasifying sewage sludge is proposed by
D. Buchholz as one of the measures for achieving Circular economy [13]. Even more importantly, studies that have
been conducted so far show that the mixture of sludge and Algae exhibits a better productivity of biogas than the
sludge alone [14]. This can be explained by the optimization of C/N ratio by improving it to 20.0 or higher and thus
preventing from otherwise [15] inhibiting environment for methanogenic bacteria [16, 17].

Biochemical methane potential (BMP) test is a frequently used method to evaluate the anaerobic
biodegradability of a specific substrate and thus assess a specific methane yield [9]. Methane production curves are
usually divided into three stages: Lag phase, decomposition phase, and flattening phase [18]. The lag phase is the
time from the start of the experiment to the start of the methane production. While the results differ, depending on
the experiments, there was no lag phase observed for the bottles with only sewage sludge and with lower (12 % or
25 %) concentrations of algae and only a short lag phase for the bottles with 37 % algae in the experiments,
conducted by Olsson et al. [19]. Such behaviour of methane formation could be justified by the fact that
microorganisms are disturbed and need time to adjust to the new environment, resulting in lack of methane peaks
at the beginning of the incubation.

Conversely, the shorter the lag phase, the more easily microorganisms adapt to the conditions and utilize the
substrate efficiently. Some pre-treatment methods, such as drying the cells, could prolong the lag phase, as observed
with microalgae samples by Olsson et al. [19]. However, the findings by Wang et al. suggest the opposite tendency,
as the lag phase of the microalgae slurry was 20 days [20].

This study is going to evaluate the feasibility of U. intestinalis for biogas production through BMP test and the
amount of nutrients that it would be optimal for a more efficient biomass growth.
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2. Methodology
2.1. Algae selection and primary pre-treatment

Ulva intestinalis samples were collected from the substrates in the Latvian beaches of Mersrags (56°59' N and
23°51" E) and Kesterciems (57°07" N and 23°14" E), the Western part of Riga Gulf on 26 July, 2016. The site is
characterised by shallow depths (0.5-1 m), high nutrient levels and low salinity level (5.5-6 %o).

The marine macroalgae sample was then transported to the laboratory. The first pre-treatment involved washing
the samples for the removal of sediments, small crustaceans and traces of other Algae. 12 fragments were allocated
for further Algae growing for an experiment where the nutrient concentration impact on Algae growth was evaluated.
The rest of biomass was frozen at —18 °C and defrosted a day before the start of BMP experiments.

2.2. Nutrients usage and Algae growth

Three different concentrations of nutrient were tested, in addition to a sample with no nutrients. Complex NPK
fertilizer with microelements in chelation structure “Vito Universal” was used, containing 3.5 % of N, 2.4 % of NOs,
1.1 % of NH4-N, 2.3 % of P»0s, 5 % of K-0, as well as lower amounts of macro and micro elements. Three 250 mL
flasks filled with sea water from Riga Gulf were used per each nutrient concentration, with a fragment of macroalga
added to each flask and the whole chain connected to the aeration source, as depicted in Fig. 1. The experiment was
screened for 21 days and area of the seaweed was measured manually using a millimeter paper, in square millimeters.
The concentrations of nutrient were equal 0 mg/l (A1-A3), 2 mg/l (B1-B3), 10 mg/l (C1-C3) and 30 mg/l (D1-D3).
16/8 h day/night cycle was applied to loosely simulate the conditions of summer in Latvia.
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Fig. 1. The scheme depicting a placement of Algae samples in a chain.
Measurements were compared and the biomass growth was calculated in percentage using the Eq. (1):

1
(ﬁ) -1 [x100% (N

0

where: W, — the length of alga fragment at the end of the experiment, mm; W, — the length of alga fragment in the
beginning of the experiment, mm; t — number of days.

2.3. Biomethane potential (BMP) test
BMP test was conducted in a batch mode using 100 ml serum bottles with a working volume of 60 ml. Each bottle
was filled with 30 ml of distilled water, 20 ml of inoculum with different amounts of U. intestinalis submerged in it.

A buffer basal solution of 3 mole NaHCOj; in a concentration of 3 g/LL was also flushed for securing buffer capacity and
avoiding fluctuation of pH (Fig. 2). pH values below 6.0-6.5 are known to inhibit methanogenic bacteria activity [22].
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Fig. 2. The principal BMP scheme. Readapted from [21).

The samples were prepared simulating three conditions (algae/inoculum ratio, the type of sludge and pre-treatment,
Table 1). Three replicates for a control assay (both for PFS and FS), containing only inoculum, were also set up in
order to measure methane production of the residual substrate and thus to exclude this fraction.

The serum bottles were sealed and the headspace flushed with N> for approximately 2 min before sealing them
with rubber stoppers and metal cramps. The test bottles were incubated in mesophilic conditions (37 °C) in the
ECOCell © incubator for 30 days. The batched were manually shaken on average | time per day in order to maintain
homogeneity in a substrate, preventing stratification of organic material and improving biogas production.

The Buswell equation can be interpreted as a stoichiometric value representing theoretical CHy and CO; volumes,
produced in case the substrate is fully digested by the bacteria within the digester. The equation thus shows a
theoretical CHy fraction in the theoretical BMP in volume is reported within Eq. (2):

C,H,0, ( _ﬁ_k]n,m[ﬁd_é)cm +(ﬂ-ﬂ+2Jco, @
4 2)° 2 8 4 2 8 4 &

where: n — carbon atoms in biomass; a — hydrogen atoms in biomass: b — oxygen atoms in biomass.

Digested wastewater sludge collected from Wastewater treatment plant was used as inoculum for the BMP tests.
2 types of wastewater sludge samples were collected from Daugavgriva plant (Riga district, Latvia): the first just after
the denitro/nitrification processes (PFS) and the second in the last sludge management process (FS). VS and TS
content of U. intestinalis and both types of sludge was evaluated in accordance with EPA Standards [23, 24].

Prior to the BMP experiment the inoculum was put into a water-based incubator for 4 days at 37 °C and constantly
degassed. BMP tests were used to define the amount of methane produced per gram of VS of the substrate function of
different ratios among algae and inoculum (i. e. 1:3 and 1:5). This is significant to denote an optimal mix of sludge and
Algae for biogas production.

Modified Gompertz model was used to analyse data accuracy and compare actual and predicted values of methane
yield [24]. The Eq. (3) determines the maximum CHy production potential £, maximum CH, production rate R, as well
as lag phase (time taken to start biogas production, or the acclimatization time for bacteria, expressed by 4):

M(f)=P.exp<—exp[R“:‘ (/1—!)+le} (3)

where: P — the maximum CHj potential (mL CH4/g vs): Rya — CHa production rate (mL CHa/g vsa); / — lag phase (day).
rRMSE:{Li[i)IIL] ] 4)

mi5\ Y,

where: d; — the deviation between the ji, measured and the predicted values; m — the number of experimental values;
Yj — the jy measured value.
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The three parameters P, R, and 4 were estimated by curve-fitting using the Solver program in MS Excel 2007.
The coefficient of determination for determining how close the data are to the fitted regression line is calculated using
the Eq. (3). The reliability and preciseness of the acquired data are determined by the scope of deviations.

3. Case study

The green alga Ulva, formerly classified under the genus of Enteromorpha [26], is a green alga genus with up to 392
taxa attributable to it [27]. Despite having a wide range of species, Ulva lactuca appears to be one of the best-studied
macroalgae for methane production, with its practical methane yield observed up to 371 L CHa/kg vs [28]. Meanwhile,
its relative U. intestinalis is a commonly found macroalgae species on the coast of the Baltic Sea [29] and is also
potentially feasible feedstock for biogas generation.

Even though several studies have been made about the efficiency of U. intestinalis for biofuels, this one focuses
both on its cultivation and BMP. Furthermore, as the biomass of algae differs depending on the location and such
factors as temperature, salinity, sunshine hours and nutrients, this case study aims at better understanding macroalgae
potential in the Gulf of Riga, as well as U. intestinalis methane potential. Conditions in the Gulf of Riga are peculiar
due to low salinity which might result in poorer biomass growth [30]. Another unfavourable condition that macroalgae
face in this location are waves and streams that can easily move the substrate around and thus not letting seaweed to
form algal strands [31]. Despite that, 17 species of macroalgae have been evaluated as abundant on the coastline of
Latvia, including the Gulf of Riga for some of them [29]. Consequently, this study serves as a contribution to the
macroalgae potential evaluation in the Gulf of Riga and thus the Baltic Region as such. Furthermore, the data collected
about the impact of nutrient concentration on the biomass growth might suggest more efficient set up of U. intestinalis
energy plantations.

4. Results and Conclusions
4.1. Inoculum and substrate characterization

Volatile solids (VS) and total solids (TS) values were determined prior to the BMP test experiments. The results
showed almost the same values of TS content in both PFS and FS (2.77 %) and similar value of VS (60.4 % and
61.3 % respectively). These values were higher for U. intestinalis (78.5 % of VS and 21.3 % of TS).

The chemical composition of the green alga U. intestinalis, was determined in a laboratory at the Latvian Institute
of Organic Synthesis, LIOS. A stoichiometric equation was Cs; gHs2025N. Additionally, VS constituted an important
part of the macroalgal biomass with a value of almost 79 %. Following the equation 1), this corresponds to a maximum
theoretical yield of 371 L CHu/kg vs, with a theoretical share of 33.52 % volume of CHsand 66.48 % volume of CO»,
or 24.46 m* of CH, and 17.64 m* of CO: per 1 t of feedstock. This maximum theoretical amount of methane is further
compared with the real outcomes from the BMP test in the following sections.

In comparison, the theoretical biogas potential from Fucus vesiculosus, also picked from the Bay of Riga and
measured at the LIOS, was lower, showing 277.05 L CHuy/kg vs of theoretical yield and stoichiometric formula less
favourable for bio-methane production than in U. intestinalis case (Cz03H3:0176N).

4.2. Algae growth with supplemented nutrients

While the average data showed the Algae growth peak of 3.78 % on the 3rd day, compared to the start of experiment,
for 2 mL/L fertilizer samples, the peaks were even smaller for A and C samples. However, the biomass growing curves
were much more diverse when comparing all 12 flasks (Fig. 3(a)). The highest peak reached in the sample B3, with
24 % of biomass increase on the 8th day. Overall, the growth of Algae was observed in all samples but D, where the
fragments started to perish on the 2nd day on average. 30 mL/L can be described as an inhibitive concentration for
the Alga cells. No growth can also be partially attributed to the drowsiness (and consequently lack of light) which
occurred due to the accumulation of nutrients and crystal formation, which was over time the case for all other samples,
where fertilizers were used.
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Fig. 3. Graphs showing the change in filament area in 21 days of screening, for all samples (a) and for the average (b).

While most of the screened samples had an increase in biomass in the beginning, 6th-8th days were crucial for
A and B samples, as these were the days when the biomass decrease is being observed. This can also be attributed to
generally undesirable conditions for Algae, as the water temperature was 21 °C and the salinity level fluctuating
significantly during the night, as a result of evaporation. The optimal temperature and salinity values for Ulva are,
however, documented to be 15 °C and 24 %o respectively, while 20 °C is deemed critical [32].

4.3. BMP yield results

Table 1. A table with a set of batch experimental conditions, containing predicted and practical methane yields (in CHy/g VS), lag phase (4, in days)
and R*. The batch number consists of the numeral, inoculum type, A/l ratio and a pre-treatment method.

Experimental condition Ulva intestinalis Inoculum :::;:::nmmt Tplal CH, 4 R? IC’:?‘;::&
Batch no. Wet weight, g Volume, ml TS, g gkl (days)

1_FS (sludge only) - 20 0.556 - 236102 0.00 0.9392 299
2_PFS (sludge only) - 20 0.554 - 21.5+44  0.00 0.9529 244
3_FS.1:3,0 0.872 20 0.556 non-treated 37.1 175  3.66 0.7891 35.2
4 PFS, 1:3,0 0.869 20 0.554 non-treated 91.1+154 0.80 0.6879 844
5_FS, 1:3,1 0.872 20 0.556 chopped 78.7+55 0.55 0.7828  75.6
6 PFS, 1:3.1 0.869 20 0.554 chopped 540+46 1.0l 0.6734 494
7_FS, 1:3,2 0.872 20 0.556 pestied 89.5=11.8 040 0.8046 87.2
8_PFS, 1:3,2 0.869 20 0.554 pestled 51.5+375 0.11 0.8409 51.0
9_FS, 1:5,0 0.523 20 0.556 non-treated 428+04 037 0.7699  36.7
10_PFS, 1:5,0 0.521 20 0.554 non-treated 36.0=105 197 0.7389  30.6
11_FS, 15,1 0.523 20 0.556 chopped TLTE155:  ¥77 0.8525 762
12_PFS, 1:5,1 0.521 20 0.554 chopped 92.1£335 212 09192 985
13_FS, 1:5,2 0.523 20 0.556 pestled 478+£24 125 0.8022 450
14 _PFS, 1:5,2 0.521 20 0.554 pestled 67157 0.19 0.8876  69.1
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Fig. 4. Cumulative bio-methane yields for all batch trials.

BMP test with U. intestinalis batches showed a wide range of data (Fig. 4). While cumulative average yields were
the lowest in control assays (21.47 mL CH4/g vs and 23.6 mL CH./g vs on the average), four sample sets did not
exceed 50 mL CH4/g vs, even though some non-uniform behaviour for belated and non-typical flattening phase was
observed in many batches, including the ones with low yields (3_PFS, 1:3,0: 7 PFS, 1:3, 2; 8 PFS, 1:3,2; 13 PFS,
1:5, 2). Conversely, the highest cumulative CHy yield is observed in 12_PFS_1:5, 1 sample (92.1£33.5 mL CH4/g vs
on average). Overall, 13.3 % of batches exceeded 100.0 mL CH4/g vs cumulative yield, with a peak value of 133.7
mL CHy/g vs (or 36 % of the theoretical potential according to Buswell equation) observed in a slightly mechanically
pre-treated 1:3 PFS batch. Control assays exhibited zero lag phase, while in the case of 1:3 and 1:5 ratios the lag phase
was minimal, amounting to 1.09 and 1.28 days on average and 0.11-3.66 individually (Table 1), supporting the
findings by Olsson et al. [19], but conflicting with the ones by Wang et al. [20].

Another non-uniform behaviour, common for all batches, including control assays, was double methane peaks,
occurring during the 3rd—4th days and a smaller one on the 14th to 15th day. This instance of non-uniformity can be
explained by the issue of changing syringes regularly, as once syringes get older their performance at collecting
methane gas becomes poorer, resulting in the shift of actual peak days.

All sets of batches had cumulative methane yields, accounting to not more than a quarter of the theoretical yield
for U. intestinalis. The scenarios with no pre-treatment exhibited the effectiveness in a range of 9.7-24.6 %, while the
chopped ones — 14.56-24.8 %, pre-treated with pestle — 12.9-24.13 %. In 53 % of the batches, gas fraction was 25 %
or lower, but only in 20 % this value was 20 % or lower. Such relatively significant fractions from inoculum suggest lack
of efficiency in pre-treatment, as increasing C/N ratio should result in more efficient methane production due to improved
conditions for methanogenic bacteria [17].

Gompertz models show rMSE for the algae substrate in the range of 0.9-14.88 %. On the other hand, the range
showed even less uniformity for inoculum-only standard samples (13.6 and 26.9 %). While most samples had obtained
deviations lower than 8.5 %, a higher deviation in the other 4 suggests the presence of deviations in the application of
methodology, namely the issue of regular change of syringes. A non-uniform behaviour of Algae fragments in the flasks
with sea water and nutrients can also be attributed to poorly simulated conditions of their habitat, with too high water
temperature, stress due to high salinity fluctuations during the day and while taking the measurements every 1-2 days.
The scope should be increased for more data for analogical experiments to compare with. The outcome of this study,
however, suggests the possibility for the Baltic States to develop advanced biofuel methods, using Algae which have
not been commercially implemented so far.
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ABSTRACT: Seaweed cultivation is underdeveloped in Baltic countries because low salinity reduce seaweed growing
efficiency. Seaweed grown in brackish water have adapted to low salinity and their physical demands are different than
seaweed growing in ocean water, Therefore, there is a need to determine best cultivation parameters that would favour
brackish scaweed cultivation. The effects of nutrient loading and different lighting colours were assessed on the growth
and morphology of the abundant filamentous green algae Ulva intestinalis, collected in coast of Latvia. Conventional
fertiliser and special algae growth media was used in different concentrations and growth rate was measured. Different
lighting was tested: normal lighting, blue, red, partial lighting and no lighting was compired, and growth rate was
measured. Results show that plant fertilizer gives highest growth rate 3.4 %/day in concentration 2.5 mL-L 'comparing
to Provasoli Enriched scawater medium which gave highest yield in 5 mL-L"'(1.70 %/day). Full light conditions show

highest growth, other rescarched light regimes cause fragmentations of algae matenal and leads to loss of viability,
Keywords: macroalgae, Ulva fntestinalis, laboratory scale, nutrient change, light impact.

1 INTRODUCTION

Even thoughglobal seaweed production is increasing
brackish murine environment is not well known source for
seaweed cultivanon[9]. The Baltic Sea s known as a
unique brackish environmentand it holds great amount of
seaweed biomass which could be used for different kind of
product production [3).Ulva intestinalis is a marine
macrophytic green algn which is widely distributed in
Baltic Sea and could be exploited with gaining economic
benefits[S].Despite the fact that brackish seaweed holds
commercial potential, they are not studied sufficiently
well, and cultivation technigues for wide scale cultivation
are not developed. Cultivation of seaweeds brings not only
cconomic benefits but they contribute to solving the
problem of eutrophication by removing nutrients from
aquatic environment (20,

To initiate production on larger scale, it is important (0
establish feasible and sustainable techniques for seaweed
cultivation| 16].Most important parameters for scaweed
cultivation are salinity, nutrients, temperature, light
intensity water motion and COz concentration.

Scaweeds wre photosynthetic organisms and  their
growth is supported by light and CO3(8). Demand for
lighting conditions vary between different species and
diverse environmental conditions, There are species which
need only30 - 70 pmol m ? 5! light intensity, but some
require  much  higher level of light intensity
200 - 250 pmol m™ §7'[6,11,12]. In companson with
other seaweed green algae are the most similar o vascular
plants and photosynthetic processes are similar,

Photosynthesis is carried out by chlorophyll a and
chlorophyll b{17]. These pigments hold responsibility for
the green colour of the algae. Chlorophyll captures the red
light.abundant in shallow water[13]. Ulve lactuca is
abundant in depth 2 < 5 m and it needs at least 180 pmol
m? s light intensity, but research on Ulva intestinaliy
cultivation in  laboratory environment  showed  that
maximum growth vield is reached on light intensity 250
pmol m* s '[14]. This is very high light intensity and
usually is reached only in tropical regions, Green algae
growing in Latvia has adapted for lower light intensity.

Growth rate of seaweed is also influenced by different
chemicals, their concentrations and their mutual ratios. In
laboratory conditions phosphorous and nitrogen are the
most used nutrient clement. Several other research show
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that these are the clements that have the most positive
impact on scaweed growth, but mainly it depends on
scaweed natural habitat[ 10,19]. Nutrient concentrations
can differ from one pluce 10 another depending from river
inflows which usually contains nutrient rich water from
agncultural  lands.  Nutnient  concentrations  vary in
different water bodies and it affects number of algue there.

As soon as nutrient concentration reaches the optimum
they start to reproduce in high rate [21]. Nygiard in his
research tells about increased photosynthetic activity in
areas with higher nutrient concentrations| 18], These
results suggest that higher nutrient concentrations should
increase seaweed growing. Ulva inrestinalis is green algose
inhabiting coastline of the Baltic Sea. The Baltic Sea is a
partly closed Sea and it is cutrophicated and rich with
nutrients, chemicals and pharmaceuticals| 7). Nitrogen and
phosphorous are the most important elements supporting
algae growth and development. Short-term lack of nitrogen
in the seaweed is also reducing amount of it in seaweed
cells. Critical amount of N varies from 0.7 to 3.2% of dry
mass{4].

Variations in light and nutnient concentration can have
u significant impact on algse growing, therefore it is
necessary to determine precise range of these parameters
to enhance the productivity.

Algal productivity and morphological changes have
been studied in different light and nutrient conditions in
laboratory batch scale, The objective of the study was to
determine optimal nutrient and light regimes for growing
of Ulva intestinalisin lasborstory.

2 MATERIALS AND METHODS

2.1 Algae selection and primary pre-treatment

Ulva  intestinalis  samples  were  collected  from
theirnatural habitat ~ stones of Tuja jetty in the castern
coast of the Riga GulfiS7°29" N and 24°22' E) on 25May
2017. They were collected in shallow zones where it can
be done by hands. The site is characterised by shallow
depths (0.5-1 m), high nutrient levels and low salinity
level (5.5-6 %e). Water temperature 13.7°C.

The scaweed was transported to the laborstory. The
first pre-treatment involved wishing the samples in clean
scawater for the removal of sediments, small crustaceans
and traces of other algae. Cleaned biomass was allocated
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for further maintenance in thermal chamber with
temperature 13.7°C, artificial light 16:8 light : dark and
medium bubbling for a week to adapt to experiment
conditions.Only visually green and healthy specimens
were chosen to be used in experiments. Scawater was
filtered and microwaved in 700W every litre for 10
minutes to kill fungi and bacteria living in seawater [1].

2.2 Experiment design

Both tests were carried out in sterile 250 mL glass
conical flasks in three replicates. Green and healthy algae
specimens were selected, photographed and put in the
flasks with growth medium. The flasks were placed in
thermal chamber in 13.5°C and 16:8 light : darkcycle was
applied to loosely simulate the conditions of summer in
Latvia. Air output channel was usedto provide moderate
bubbling, valves were used to adjust even bubbling in all
batches.

The experiment was screened for 21 days. Every seven
days growth medium and flask was changed, and seaweed
samples were photographed. Pictures were analysed and
surface area was measured using an image processing
software “ImageJ” [22]. Growth of Ulva intestinalis was
measured every 7 days by placing them in a petri dish
above millimetre paper and growth rate was calculated
using formula [15]:

(e -] o0

0

where W, is surface area of specimen at the end of
experiment (mm), Wo issurface area of specimen at the
beginning of experiment (mm); t is experiment time in
days (d).

2.3 Nutrient test

Two types of nutrients in five different concentrations
of nutrient were tested, in addition to a sample with no
nutrients.

As first nutrient source complex NPK fertilizer with
microelements in chelation structure “Vito Universal” was
used, containing 3.5 % of N, 2.4 % of NOs", 1.1 % of NH4-
N, 2.3 % of P20s, 5 % of K20, as well as lower amounts
of macro and micro elements. Universal fertilizer was
diluted with water to make stock solution with relevant N
ion concentrations as special seaweed growing medium
stock  solution.As second nutrient source was
usedProvasoli Enriched SeawaterStock Solution purposed
for seaweed cultivation|1].

Both types of nutrients were tested in concentrations
O mL-L", for control, 25 mL-L", 5mL-L"', 10mL-L", 15
mL-L" and 20 mL-L .

2.4 Light test

Five light regimes were tested during the experiment.
Plastic screen was used to make light filters to provide
different lighting conditions (Table I).
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Table I: Experiment light conditions

g oo " ’ Light intensity
Light condition Filter used (umol photons m 5~)
Full light No filter 30.27
Medium light Grey filter 11.97
No light Black filter 0
Red light Red filter 9.1
Blue light Blue filter 7.6

3 RESULTS AND DISCUSSION
3.1 Effects of nutrients
The growth response over two  weeks

acclimatisedUlva intestinalis was tested using two types of
nutrients at nutrient concentrations: 0 mL-L"', for control,
25 mLL', S mL-L, 10 mL-L, 15 mL-L" and 20 mL-L-
1

Each of these nutrient sources show different impact
on growth yield Figure 1.

@ Universal plant nutrient

Ry
i T Provasoli Enriched
_g 2 Seawater
® I
=0
5 1Y
§°-2
<
4

0 25 5 10 15 20
Nutrient concentration, mL L

Figure 1: Ulva intestinalis average daily growth yield in
two types of nutrients in five different concentrations.

Using universal plant fertilizer in concentrations that
are relevant to special growth medium gives higher growth
results. Best daily average growth yield was reached on
concentration 2. where average daily growth was more
than 3%. Increasing nutrient concentrationto 5 mL-L-
'reduced growth of algaeto 1% per day but concentrations
10 and 15 mLL 'not only stopped seaweed growing but
also caused degradation of U. intestinalis tissue. That
could be caused by proliferation by microscopic algae
which consumed nutrients necessary for growth of Ulva
(Figure 2).

Figure 2: Ulva intestinalis development in 21 days in
plant fertilizer concentration]S mLL' A Start of the
experiment B 7 days C 14 days D 21 day

It was also observed that inthese concentrations algae
material started to fragmentate.
Highest concentration used in this experiment was 20
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mL:L"and it did have a positive impact on algal growth
and fragmentation did not occur comparing to lower
concentrations (Figure 3).It was also noticed that algae
thalli were dark green and healthy.

Figure 3: Ulva intestinalis development in 21 days in plant
fertilizer concentration 20 mL-L' A. Start of the
experiment B. 7 days C. 14 days D. 21 day

Higher growth in 20 mL-L'could be successful
because there were no microalgal pollution and algal
material saved its condition.

Results of using special Provasoli Enriched seawater
show that highest growth was achieved in concentration
SmL-L'and other concentrations was notnot giving
positive results. These results show that Ulva growing in
brackish Baltic Sea environment prefer lower medium
concentration than suggested in literature [1].

For both nutrient sources lower concentrations showed
better growth results. Highest growth can be achieved
when universal plant fertilizer was used as a nutrient
source. Highest biomass yield was achieved with
concentration with 2.5 mL plant fertilizer stock solution to
a litre filtered seawater. More than 3. 4% daily growth was
registered in this concentration. This trend is like results of
previous research in which also plant fertiliser was used as
a nutrient source. Concentration of 2 mL L' allowed to
reach concentration 7% per day [2]. Average growth rate
for the Ulva intestinalis is 0.15 and 0.25 cm.Special
growth media often contain lot of metals, vitamins and
stabilizers, that should provide metabolic processes and
support algae with necessary diet. Results achieved in this
research shows, that it is possible to grow algae using plant
fertiliser and it even gives higher growth rate.

From morphological point of view there were no big
differences observed between types of nutrients. Between
concentrations proliferation of microscopic algae was
observed and some unidentified thalli forming algae was
noticed. Further microscopic analysis should be made to
get more clear results.

3.2 Effects of lighting colour
Results of the experimentwith different lighting
colours can be seen in Figure 4.

-
~N
=]

Area, % of first measurement
8 8 8 8

3
o

o

Day

Figure 4: Effects of different lighting conditions onUlva
intestinalis size.

225

156

¢ and Exhibition, 14-17 May 2018, Copenhagen, Denmark

As it can be seen in the graph, the biggest growth was
reached in full light without any filters. Even though
degradation of seaweed material was observed after first
week of experiment it might be caused by the stress of
changing growth environment. During the next weeks
algae growing was observed and total growth during the
experiment was 18% (Figure 5).

1day

7 days

14 days

21 days

Figure 5: Growing of U. intestinalis in full light
conditions in 21 days.

lday

4 7 days

14 days

21 days

Figure 6: Growing of U. intestinalis in part light
conditions in 21 days.

Reduced light conditions did not have any significant
changes in size in first week, but in next week size of the
seaweed reduced and in the end of the experiment it was
85% of the initial size. Algae material was fresh and green
giving us insight that reduced light conditions did not
affect viability but only growing (Figure 6).

When coloured lights were used, reduction of initial
algae material was observed. Red light initiated 12% and
blue light 28% reduction comparing to initial sample size.

These shades caused insufficient light conditions for
algae life and growth (Figure 7). The specific filters did
not provide enough light to continue photosynthetic
processes.

Red light Blue light

Iday
7 days
14 days

21 days

Figure 7: Growing of U. intestinalis in red and blue light
conditions in 21 days.
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Seaweed which were kept in dark showed no growing
signs and after 14 days 38% reduction was observed and
in 21 days all U. intestinalis material was pale coloured
and decayed with no signs of life (Figure 8).

Iday

7 days

14 days

21 days

Figure 8: U. intestinalis in dark conditions in 21 days.

Photosynthesis is vital process to support metabolism
in algae. Lack of light inhibits photosynthesis and cause
algae death and decaying. Blue and red coloured lights
caused algae material fragmentation, but material still
saved its colour and firm condition.It could be that these
colours stopped some photosynthetic processes but did not
caused complete death of algae. These colours should be
researched more to see the full impact on photosynthesis
of seaweed.Tt is known, that for process of photosynthesis
red light is absorbed by Photosystem I1. Red light (540nm-
630nm) activates the photosynthesis even though blue
light is absorbed highest More precise data on light
properties and interactions is needed to get more precise
insight in light impact on growth of Ulva intestinalis.

4 CONCLUSIONS

In conclusion, both nutrient sources gave better results
in lower concentrations. highest growth can be achieved
when universal plant fertilizer was used as a nutrient
source. Highest biomass yield was achieved with
concentration with 2.5 mL plant fertilizer stock solution to
a litre filtered seawater. More than 3 4% daily growth was
registered in this concentration. Full light conditions have
a positive impact on seaweed growing, but reduced light
have a negative impact on growing and even cause
degradation and full loss of viability. More research with
more emphasis on photosynthetic activity is needed.
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