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ABSTRACT

Throughout the years, we have witnessed a disturbing increase in the consumption of resources
provided by our planet as the world population increases. Microalgae have been receiving much
interest as a promising feedstock for biorefinery products, such as nutraceuticals or protein for
human food and animal feed applications, as these microorganisms are extremely competitive

with other plant crops.

The ultimate goal of this thesis is to develop a sustainable and economically viable biorefinery
for the co-production of several added-value products from Nannochloropsis sp. biomass, and
compare its economic results with other solutions that attempt to set up a dedicated production
facility to produce a single product (e.g., biodiesel). This work comprises the optimisation of
several unit operations that are essential to the development of a refining process of

Nannochloropsis sp. biomass.

Firstly, the Nannochloropsis sp. biomass stabilisation through heat treatment was performed. The
stabilisation step aimed to minimise the lipid hydrolysis reactions by inactivating the enzymes
responsible for catalysing those reactions. This step is of extreme importance as the main product
of the proposed biorefinery is an EPA-rich lipid fraction. The optimised operating conditions
(95 °C for 3 min) were able to prevent the degradation of the lipids present in the wet biomass
after the cellular disruption. The cellular disruption is also particularly important for
Nannochloropsis sp. as this strain possesses a robust cell wall. Bead milling was proposed as a
suitable technique and the operating conditions were optimised to enhance the cellular disruption.
The optimised conditions for a pilot-scale bead mill revealed that it is possible to achieve almost

95% of cellular disruption with a single pass at a flow rate of 10 L.h* and a tip speed of 14 m.s™.

Additionally, biomass fractionation steps were studied. Membrane technology was selected to
produce a permeate enriched in soluble proteins, free from coloured chlorophyll a, insoluble
proteins, and with low lipid content. Two different operating approaches were evaluated -
controlled transmembrane pressure and controlled permeate flux — under concentration and
diafiltration modes. Ultrafiltration operated in a diafiltration mode, under controlled permeate
flux conditions, led to the highest soluble protein recovery (78%) with the highest constant

permeate flux (12 L.m.h"Y) and low membrane fouling.

On the other hand, a solvent extraction methodology was selected to produce an EPA-rich polar
lipid extract. The solvent selected (ethanol) is considered a GRAS solvent (Generally Recognized

as Safe), and a food grade solvent. The ethanol to biomass ratio was optimised, and a techno-

vii



economic evaluation was performed. The extraction with a solvent to biomass ratio (v/w) of 5

mL.g* allowed a final extraction efficiency of 71%, with the lowest production cost.

Finally, a biorefinery concept based on EPA-rich Nannochloropsis sp. is proposed, based on a
downstream process where different value-added compounds are targeted. The techno-economic
performance of a single product value chain and a multiproduct value chain biorefinery were
compared. Also, a comparative analysis between five scenarios with different operational costs
was performed. Therefore, the Net Present Value (NPV), the Internal Rate of Return (IRR), and
the Payback Period were calculated and compared. The baseline designed multi-product
biorefinery resulted in estimated economic performance indicators that correspond to an IRR of
20.3%, and a payback period of 4.7 years.

Keywords: Nannochloropsis sp. Microalgae biorefinery, Heat treatment, Cellular disruption,
Ultrafiltration/ Diafiltration, Lipid extraction, Techno-economic assessment
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RESUMO

Ao longo dos ultimos anos, temos vindo a assistir a0 aumento preocupante do consumo dos
recursos fornecidos pelo nosso planeta, aumentando assim a busca por fontes que possam
substituir esses recursos. As microalgas surgem como uma fonte promissora de varios produtos,
como por exemplo suplementos alimentares ou proteina para alimentacdo humana e animal, uma

vez que estes microrganismos sdo extremamente competitivos com outras culturas vegetais.

O objetivo principal desta tese de doutoramento é desenvolver uma biorrefinaria ndo s
economicamente viavel, mas também ambientalmente e socialmente sustentavel, para a producgao
de diferentes produtos de valor acrescentado a partir da biomassa de Nannochloropsis sp.. A
comparagdo dos resultados econdémicos da biorrefinaria proposta com os resultados de outras
solugdes que apostam na definigdo de unidades de producéo dedicadas a producdo de apenas um
produto final (ex. biodiesel), sera também um dos objetivos desta tese. Este trabalho sera focado

na otimizacgdo de diversas operagfes unitarias essenciais a biorrefinaria de Nannochloropsis sp..

Em primeiro lugar, foi realizada a estabilizacdo da biomassa de Nannochloropsis sp. através de
um tratamento térmico. O objetivo desta etapa foi minimizar as reacdes de hidrélise lipidica,
através da inativacdo das enzimas responsaveis por catalisar essas mesmas reacdes. As condi¢des
de operacao otimizadas (95 °C por 3min) permitiram prevenir a degradacado dos lipidos presentes
na biomassa himida, ap6s a rutura celular. A rutura celular é também um passo particularmente
importante no caso da Nannochloropsis sp., uma vez que esta espécie € conhecida por possuir
uma parede celular robusta. A rutura celular em moinho de esferas foi proposta como a técnica
mais adequada e as suas condi¢es de operacdo foram otimizadas de forma a atingir o0 maximo
de rutura celular. As condic6es otimizadas para um moinho de esferas em escala piloto revelaram
gue é possivel atingir quase 95% de rutura celular com uma Unica passagem a um caudal de

operacéo de 10 L.h* e uma velocidade de rotagdo do veio de 14 m.s™.

Adicionalmente foi estudado o fracionamento da biomassa. A tecnologia de membranas foi
selecionada para produzir um permeado enriquecido em proteinas soltveis, livre de clorofila a e
de proteinas insoliveis e com baixo teor de lipidos. Foram avaliadas duas abordagens
operacionais - pressdo transmembranar controlada e fluxo de permeado controlado - nos modos
de concentracéo e diafiltracdo. A ultrafiltracdo operada no modo de diafiltracdo, sob condigdes
controladas de fluxo de permeado, resultou numa maior recuperacéo de proteina soltvel (78%) e

permitiu manter um fluxo de permeado mais elevado (12 L.m2.h%).



Por outro lado, foi selecionada e testada uma metodologia de extracdo com solvente de forma a
produzir um extrato de lipidos polares rico em EPA. O solvente selecionado (etanol) é um
solvente considerado seguro e de grau alimentar. O racio etanol/biomassa foi otimizado e uma
avaliacdo técnico-econdmica foi realizada. A extracdo com uma razdo (v/w) solvente/biomassa
de 5 mL.g* resultou numa eficiéncia final de extracdo de 71%, exibindo esta um custo de

producdo menor.

Finalmente, foi desenvolvido um processo de biorrefinaria de forma a fracionar e recuperar
compostos de valor acrescentado. Foi realizada a comparagdo entre o desempenho técnico-
econémico de uma unidade produtiva para producdo de um produto Unico e uma biorrefinaria
multiproduto. Além disso, foi realizada uma analise comparativa entre cinco cenarios cujos custos
operacionais se diferenciam devido as disparidades existentes no preco de compra da biomassa.
Foram calculados e comparados o valor presente liquido (VPL), a taxa interna de retorno (TIR) e
0 periodo de retorno. A biorrefinaria multiproduto projetada teve como resultados do seu
desempenho econdmico uma TIR de 20.3% e um periodo de retorno de 4.7 anos.

Palavras-chave: Nannochloropsis sp., Biorrefinaria de microalgas, Tratamento térmico, Rutura
celular, Ultrafiltracdo/ Diafiltragdo, Extracdo de lipidos, Avaliacdo técnico-econémica
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HT — Heat treatment
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1. BACKGROUND AND MOTIVATION

1.1.  Background and Motivation

Throughout history, humans have learned how to use different resources provided by nature for material,
food and energy production. The needs have grown over time, both in diversity and quantity. The last
century witnessed a massive growth of the world population and, consequently, an avid consumption of
the limited resources produced by our planet [1]. Human interference with the climate system led to an
unparalleled ecological debt that is growing every year: an increase in the global temperature, an
increase in the ocean level and the increase in the number of natural disasters [1]. On the other hand,
typical protein sources, such as meat, fish and soy, cannot be produced at this growth rate. This shortage
in global fish stock [2] may also have a negative impact on food supplements attributed to several health
benefits (e.g., omega-3), as the most commonly used omega-3 PUFA sources are fish oil, such as EPA
omega-3 [3]. Thus, alternative measures are mandatory in the present scenario to provide solutions for

a sustainable future.

Microalgae are a promising bio-based/ food feedstock with a unique lipid composition and a high protein
and carbohydrate content [4]. Their interesting biochemical composition may contribute to addressing
the problem of growing demand for alternative resources in response to the increase in world population
and the need for sustainable sources of energy and food [5]. Microalgae biomass predominantly
comprises proteins, lipids, carbohydrates, and pigments. In terms of its composition, under optimal
cultivation conditions, protein is always the major organic constituent, followed by lipids and

carbohydrates [5]:

(1) Proteins - Biologically active proteins are polymers consisting of amino acids linked by covalent
peptide bonds [6]. The different properties of the amino acid side chains give proteins an amphipathic
character [6]. The topic can be simplified by grouping the amino acids into five main classes based on
the properties of their R groups, in particular, their polarity or tendency to interact with water at
biological pH (near pH 7.0): nonpolar, aliphatic R groups (e.g., alanine, valine and leucine), aromatic R
groups (e.g., tyrosine and tryptophan), polar, uncharged R groups (e.g., serine, glutamine and
asparagine), and positively charged (e.g., lysine and arginine) or negatively charged (e.g., aspartate and
glutamate) R groups. The R groups' polarity varies from nonpolar and hydrophobic to highly polar and

hydrophilic. Some microalgae are a rich source of amino acids [7] essential to human beings [8].

(2) Lipids - The lipid content of microalgae usually varies from species to species [9], and frequently

microalgae have an average lipid content of 5 - 20% when grown under nutrient-replete conditions [10].

1



1. Background and Motivation

Lipids are a heterogeneous group of molecules, defined by their limited solubility in water and their
extractability into organic solvents [8]. Typically, lipids can be divided into two major classes: neutral
lipids (storage lipids) [10], in which the entire molecule is hydrophobic and are commonly represented
by tri-, di- and monoglycerides (a glycerol backbone with three, two or one fatty acid, respectively) [11];
and polar lipids (membrane lipids), with hydrophilic and hydrophobic regions within the same molecule,
commonly represented by phospholipids (a glycerol molecule with an alcohol group esterified by a
phosphoric acid molecule and two fatty acids) and glycolipids (a mono- or oligosaccharide group
attached to a sphingolipid or a glycerol group with one or two fatty acids) [11]. As mentioned before,
fatty acids are essential constituents of the majority of lipids, and microalgae are a recognised source of
essential fatty acids such as omega-3 fatty acids (e.g., eicosapentaenoic acid, EPA C20:5w3) and omega-
6 fatty acids (arachidonic acid, ARA C20:4w6).

A fatty acid is a simple structure based on a long hydrocarbon and one or more carboxylic groups (-
COOH) at one end. Fatty acids are relatively uncommon in their free form in nature [6] but are an
important component of most lipids [8]. If the carbon-to-carbon bonds are all single, the fatty acid is
typically called saturated; however, if any of the bonds is double or triple, the fatty acid is named
unsaturated and is more reactive. A single, double bond results in a monounsaturated fatty acid (MUFA)
[12], and further desaturation results in a polyunsaturated fatty acid (PUFA) [13,14]. There are two main
types of polyunsaturated fats: omega-3 fatty acids and omega-6 fatty acids [15]. A fatty acid is called
omega-3 when the first double bond is located at the third carbon from the methyl group, and omega-6
when the double bond is at the sixth carbon of the chain from the same radical [16]. Both types provide
health benefits and the most common are omega-6 linoleic acid (LA; 18:2 n-6) and omega-3
a-linolenic acid (ALA,; 18:3 n-3) [15]. The most common are omega-6 linoleic acid (LA, 18:2 n-6) and
omega-3 a-linolenic acid (ALA; 18:3 n-3), and they are the precursors to the longer chain n-6 and n-3
series of fatty acids, respectively [15]. Figure 1.1, shows how linoleic acid is converted to arachidonic

acid, and a-linoleic acid can be converted to eicosapentaenoic acid, and docosahexaenoic acid [17].
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Figure 1.1. Metabolic pathways of linoleic acid and a-linolenic acid, which compete for the same enzymes

biosynthetic pathways. Adapted from [15]

Microalgae are a known source of essential fatty acids such as omega-3 fatty acids, and omega-6 fatty
acids. In the following table (Table 1.1) are presented the terms and symbols designating major fatty
acids in food [18].

Table 1.1. Terms and symbols designating the majority of fatty acids found in nature. Adapted from [18]

CoNr:nTSn LC; T}Z‘S} DB(())erc):llse Symbol | Sy?rab ol SymEOI Systematic Name
Caproic 6 0 Cso 6:0 n-Hexanoic
Caprylic 8 0 Cso 8:0 n-Octanoic
Capric 10 0 Cio0 10:0 n-Decanoic
Lauric 12 0 Ci20 12:0 n-Dodecanoic
Myristic 14 0 Cua0 14:0 n-Tetradecanoic
Palmitic 16 0 Cie0 16:0 n-Hexadecanoic
Palmitoleic 16 1 Ci61 Cieawr 16:1n-7  cis-9-Hexadecanoic
Stearic 18 0 Ciso 18:0 n-Octadecanoic
Oleic 18 1 Cis:1 Cis:awe 18:1n-9  cis-9-Octadecanoic
Linoleic 18 2 Cis2 Cis:2we 18:2n-6  cis, cis-9,12-Octadecadienoic
v-Linoleic 18 3 Ciss Cig:aws 18:3n-6  All cis-6,9,12-octadecatrienoic
a-Linolenic 18 3 Cis:s Cis:awe 18:3n-6 | All cis-9,12,15-Octadecatrienoic
Gadoleic 20 1 Ca01 Ca0:1w0 20:1n-9  n-11-Eicosenoic
Arachidonic 20 4 Ca0a Ca0:4w6 20:4n-6 | All cis-5,8,11,14-Eicosatetraenoic
EPA 20 5 Caos Coo5w3 20:5n-3  cis-5.8.11.14.17-Eicosapentaenoic
DHA 22 6 Cxs6 Ca2:6ws 22:6 n-3 | cis-4,7,10,13,16,19-Docosahexaenoic

[Tamt)

2 carbon atoms are numbered from the methyl group, “w” indicates the first carbon where the point of unsaturation is found.

[Tt}

b carbon atoms are numbered from the methyl group, “n” indicates the first carbon where the point of unsaturation is found.
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(3) Carbohydrates - The term “carbohydrates” refers to both monomers and polymers of sugars and
sugar derivatives such as uronic acids and amino sugars [19]. Carbohydrates in microalgae can be found
in the form of starch, glucose, sugars and other polysaccharides. The production of carbohydrates serves
two main purposes for algae; they act as structural components in the cell walls, and as storage
components inside the cell. Carbohydrates, as storage compounds, provide the energy needed for the
metabolic processes of the organisms and allow, if needed, temporary survival in dark conditions, for
example during the night-time [20].

(4) Pigments - Microalgae pigments are considered essential to the photosynthesis process since they
are responsible for light harvesting and energy transfer to the reaction centres [21]. Pigments are
typically aggregated into three major groups: chlorophylls, carotenoids and phycobiliproteins [22]. The
phycobilins are linear tetrapyrroles present in cyanobacteria and red algae. These accessory pigments
absorb blue-green, green, yellow, or orange light (500 - 560 nm) [22]. Carotenoids are a large group of
biological chromophores with a known adsorption range between 400 and 550 nm [22]. The
chlorophylls are characterized by having a tetrapyrrole ring that contains a central magnesium atom, and
a long-chain terpenoid alcohol. The chlorophylls are known to adsorb blue or blue-green (450 - 475
nm), and red (630 - 675 nm) [22]. Besides the importance of the pigment's biological role, they have
several properties highly attractive to the food, pharmaceutical, and cosmetic industries [21].

Over the last few years, the cultivation of microalgae has proved to be a pathway with high potential for
replacement products such as food, pharmaceutical, cosmetic and nutraceutical applications [23].
Microalgal biotechnology is comparable to conventional agriculture, but it offers great sustainability
due to the rapid growth rate of microalgae. As a consequence of the rapid growth rate of microalgae,
higher productivity than traditional crops is achieved, and unlike traditional crops, microalgae can grow

into areas and climates unsuitable for agricultural purposes (e.g., desert and seashore lands) [24].

The Food and Drug Administration (FDA) and the European Food and Safety Authority (EFSA), within
the Novel Foods regulation [25], have recognised several microalgae as safe for food use (Arthrospira
sp., Chlorella sp., Tetraselmis chuii and, Odontella aurita) [26]. Additionally, some microalgae are
added to conventional foods aiming at the creation of functional foods. In Europe, functional foods for
which a health claim is made must be in agreement with the EFSA’s regulation within the Novel Foods
regulation (e.g., Ulkenia sp. oil rich in DHA, Schizochytrium sp. oil rich in DHA and EPA) [25].
Numerous accepted health claims apply to molecules extracted from microalgae (e.g., fatty acids EPA

and ARA) [27]. Pigments, which are part of the photosynthetic system of microalgae, are also great
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additions to functional foods as, for example, carotenoids might be powerful biological antioxidants,
protecting membranous phospholipids and other lipids against peroxidation [28].

There is a huge potential for the exploitation of eustigmatophyte microalgae Nannochloropsis sp., which
is considered one of the most interesting marine microalgae to produce biofuels and food additives due
to its high lipid accumulation [29] (up to 50% of salt-free dry weight, when produced under nitrogen-
deplete conditions [30]) and rapid growth rate [31]. Nonetheless, Nannochloropsis sp. has a significant
content in total protein [32], when produced under nitrogen-replete conditions (50% to 55% [33] of dry
weight), both soluble (up to 20% dry weight) [34], and insoluble protein. The cells of Nannochloropsis
sp. are small (3 - 5 um) spherical or slightly ovoid [35], with a single chloroplast lodging a large volume
of the cell [31]. Nannochloropsis genus has specific biochemical characteristics such as the lack of
accessory chlorophylls b and c, and interesting xanthophyll pigments [36]. Also, when produced under
optimal growth conditions, this species might present a relatively high content of eicosapentaenoic acid
(3% [37] to 5% dry biomass [33]) [38]. EPA C20:5w3 is an essential fatty acid for human beings, and
its market was estimated at US$ 582.4 million in 2020, and it is projected to reach US$ 1.1 billion in
2027 [39].

A refinery is known as a production plant that is composed of a group of unit processes that fractionate
a raw material into different products of value, monetising the raw material. Petroleum refineries, where
crude oil is converted into several products (e.g., gasoline, diesel and lubricating oil), are the most known
type of refineries. The biorefinery concept arises from the original refinery concept, where the biomass
can be fractionated to co-produce several products of interest. A biorefinery can use several kinds of
biomass from agriculture, aquaculture, residues from industry, organic residues, forest rests, and aquatic
biomass (algae and seaweeds) [40]. However, microalgae biomass brings real advantages as its
metabolic flexibility offers the possibility to modify its biochemical pathways and cellular composition
by varying culture conditions [41]. A typical microalgae biorefinery integrates the upstream, midstream,
and downstream processing of biomass into a variety of products [40], and Figure 1.2 shows a

simplified scheme of the different steps within a microalgae biorefinery.

Harvesting and I:> Stabilisation

Fractionation I;I> Purification
Dewatering Stage Stage

Cultivation Stage E> I:> Disruption Stage I;I> Stage Stage
Figure 1.2. Simplified scheme of the different steps of a microalgae biorefinery. The boxes highlighted in grey

represent the biorefinery steps within the main focus of this PhD project.
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Although a microalgae biorefinery is typically known to include the six steps presented in Figure 1.2,
this PhD project will only address the downstream processing of Nannochloropsis sp., which is widely
known for its EPA-omega 3 accumulation capacity. Typically, the downstream is known to comprise:

(1) Cell harvesting/dewatering - This step is defined by the concentration of the previously cultivated
microalgae culture. Usually, after the production stage, the cell concentration in the culture is around
0.1 to 10 g.Lt. The main objective of this stage is to increase the cell concentration up to
100 - 200 g.L?, depending on the technique applied in the process [42]. The choice of the technology
used in this step depends not only on the desired final cell concentration, as mentioned but also on the
properties of the microalgae itself since some of the harvesting techniques might damage the microalgae
cell wall, releasing the intracellular contents into the medium in a yearly stage of the downstream
process. Common harvesting and dewatering techniques include centrifugation, membrane filtration,

flocculation, and gravity sedimentation [43].

(2) Stabilization - The biomass stabilisation step is essential to a biorefinery whose raw material is wet
biomass to avoid hydrolysis reactions that might affect the quality of the compounds. Hydrolysis is
characterised by the cleavage of chemical bonds in the presence of water, which is generally catalysed
by enzymes in biological systems [44]. In the particular case of a Nannochloropsis sp. biorefinery, one
of the main concerns is lipid stability during wet biomass processing, as the fatty acids might be released
from the backbone of neutral and polar lipids during lipid hydrolysis [44]. It is known that some external
agents, such as high or low temperature, extreme pH, organic solvents, and high pressure, might be used
to inactivate the enzymes responsible for hydrolysis reactions [45]. Heat treatments to inactivate lipases
have been commonly used by food industries to enhance the stability and shelf-life of, for example,

processed oats [46] or whole wheat flour [47].

(3) Cell disruption - For most algae strains, the value-added compounds are encapsulated within the
cellular structures, including the cell membrane and cell wall. Most of the cell walls are mainly
composed of complex carbohydrates and glycoproteins with high mechanical strength and chemical
resistance, so the disruption step is often considered necessary [48]. In the particular case of
Nannochloropsis sp., the cell wall is a robust structure composed of a cellulosic internal wall and a
hydrophobic algaenan outer layer [49], which might affect the ease of rupture. Cell disruption methods

can be classified into two groups: mechanical and non-mechanical (Figure 1.3).
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Figure 1.3. Cellular disruption methods, adapted [50]

Typically, mechanical methods are more energy-intensive than non-mechanical methods. However,

non-mechanical, while not energy-intensive, might involve the use of harmful solvents, which may not

assure cell rupture if a robust cell wall is present [51]. Also, the non-mechanical methods are not ideal

for industrial-scale processing [51]. Mechanical cell disruption techniques using shear forces are the

most conventional methods for cell rupture. Bead milling has a high potential for industrial

implementations, and it is already used by some companies within the microalgae industry, given its

practical scalability, repeatability and the fact that it could be used for concentrated suspensions (Table

1.2). Also, bead milling exhibits high disruption efficiency in single-pass operations [50].

Table 1.2. Comparison of cell mechanical disruption methods in terms of key aspects, adapted [52]

Disruption method Mildness

Bead milling

High-pressure
homogenization

Ultrasonication

Microwave

Optimum '

concentration
Yes/No  Concentrated
Yes/No ggr?éee(rj\{[rated
Yes/No  Diluted
Yes/No  Diluted

Energy
consumption

High/Medium
High/Medium

High/ Low

High/Medium

* + Low Repeatability; + + + Medium Repeatability; + + + + High Repeatability

Practical
scalability

Yes
Yes

Yes/No

Yes/No

Repeatability*
++++
++++

+++

+++
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(4) Fractionation of target compounds - One of the most important steps within a biorefinery process
is the fractionation step. The fractionation step will often include phase separations (e.g., separate the
paste from the aqueous phase), and extractions which may include aqueous extractions or solvent
extractions. Most extractions in biotechnology include the transfer of soluble bioproducts which have,

at times, to be transferred between phases.

Supercritical extraction using CO; has been advanced as a green technology for recovering lipids from
microalgae biomass. However, CO; has a low polarity; therefore, a polar co-solvent such as ethanol
must be added to extract polar compounds such as polar lipids [53], which is a disadvantage. Also, the
high-pressure requirements during the process are another disadvantage as the operation costs highly

increase due to the safety requirements needed [54].

Conventional extraction techniques often select an organic solvent as the extracting liquid when the
solute to be extracted is stable in the organic solvent. Therefore, the selection of proper solvents and the
development of efficient extraction techniques for biomolecules are necessary [55]. Presently, hexane
is the most used solvent for the extraction of neutral lipids, for its ideal functionalities in terms of lipid
selectivity [56]. However, the research of greener and non-dangerous solvents has become a major
concern for academic and industrial research. Terpenes, natural solvents existing both in citrus fruits
and in many other plants [57], have been investigated as an alternative to organic solvent extraction [58]
for the extraction of oil from oil-containing materials [59]. D-limonene has the chemical name (4R)-(1)-
4-isopropenyl 1-methylcyclohexane and had been considered as GRAS (Generally Recognized as Safe)
material by the U.S. Food and Drug Administration [59]. Limonene is not as abundant as hexane and
the price of limonene is therefore higher. However, many health-promoting lipophilic nutraceuticals
(e.g., carotenoids, lycopene) have been extracted with hexane, which is disturbing since these health
products may contain residual hexane. Consumers would likely prefer those nutraceuticals processed
with non-toxic and natural solvents [58]. D-limonene is completely miscible with oils and slightly more
polar than  hexane  (considering their  dielectric  constant) as indicated in
Table 1.3.
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Table 1.3. Relevant properties of n-hexane and D-limonene

Solvent

Chemical Structure

Molecular formula

Molecular weight (g.mol?)
Density, 25 °C (g.cm™)

Flash point (°C)

Boiling point (°C)

Viscosity, 25 (cP)

Enthalpy of vaporization (kJ.mol™)
Surface tension, 25 °C (dyne.cm™)
Dielectric constant, 20 °C

Hansen solubility parameters

6 (cal*2.cm3?2)

dd

Jp

oh

On the other hand, ethanol (cheap and safe solvent [60]) has been mentioned by several authors as the

n-Hexane

Hs
Hscw

CeHu4
86.18
0.675
-23
69
0.31
29.74
20.3
1.87

7.3
7.3

solvent selected for the polar lipid extraction from wet biomass [61].

(5) Purification - After fractionation, the added-value products must be purified. Membrane technology
is very suitable for biological processes since it is usually operated at mild temperatures and pressures
and requires no chemical additives or phase changes, thus diminishing the degree of denaturation,

deactivation, and/or degradation of biological products [62]. In addition, the separation of components

D-Limonene

CHy

.

o
CioHa6
136.23
0.834

48.3
176
0.83
39.49
25.8
244

0.1
0.1

based on low energy consumption and mild operating conditions is a massive advantage [1].

However, in this specific PhD project, cell harvesting/dewatering will not be contemplated in the
downstream processing of Nannochloropsis sp., since his stage has been extensively studied by A4F —
Algae for Future in the past. Therefore, the main focus of this project will be on the last four stages of
the downstream within a biorefinery concept: stabilisation, disruption, fractionation, and purification.

From now on, whenever the term biorefinery is used in this document it will exclude the first two steps:

the cultivation stage, and harvesting/ dewatering stage.
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Microalgae biorefineries are emerging and there are numerous microalgae biomass refining processes
described in the literature. Monte et al. [63] and Harvey et al. [64] proposed a biorefinery approach to
produce carotenoids from Dunaliella salina. Ashokkumar et al. [65] described an Haematococcus sp, a
biorefinery to produce astaxanthin. Koyande et al. [66] and Chia et al. [67] proposed different
biorefinery approaches to produce value-added products from Chlorella sorokiniana and Spirulina,

respectively.

The majority of Nannochloropsis sp. biorefineries approaches have been focused on the total lipid
extraction for biodiesel production. Mendoza et al. [68] studied the effect of the lipid extraction used in
biodiesel production on the integrated recovery of biodiesel from Nannochloropsis gaditana. Taher et
al. [69] described the biodiesel production from Nannochloropsis gaditana using supercritical CO2 for
lipid extraction. Turkkul et al. [70] studied biodiesel production from Spirulina and Nannochloropsis

oculata microalgal lipids over alumina-calcium oxide catalyst.

Nevertheless, the recovery of microalgae proteins for food or feed [71], and the recovery of EPA omega-
3 fatty acids for food supplements have also gained significant interest within the biorefinery concept
[51]. For the development of a sustainable and economically feasible biorefinery, it is essential to focus
on the compounds with added value that could be recovered at a relative abundance to overcome the
production costs [72].

1.2.  Research Strategy and Objectives

The research strategy of this PhD project was carried out within a business environment and, more
particularly, within an industrial context. Therefore, the work developed during this PhD has a great
component of optimisation of unit operations at a pilot scale that will allow an easy scale-up to an
industrial scale. The aim was to produce added-value products such as EPA omega-3 and proteins to
incorporate into aquaculture feeds and to replace the fish oil used in EPA omega-3 functional

supplements.

The research strategy of this PhD comprises the optimisation of several unit operations essential to the
development of a suitable refining process of Nannochloropsis sp. biomass. This strain is widely known
for its capacity to accumulate lipids and, more specifically, to accumulate polyunsaturated fatty acids

such as EPA omega-3.

Therefore, biomass stabilisation through heat treatment was studied to achieve the inactivation of the
enzymes responsible for catalysing lipid hydrolysis reactions. The optimised operating conditions were

able to prevent the degradation of the lipids present in the wet biomass after the cellular disruption.
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After the optimisation of the operating conditions of the stabilisation step, the disruption step was also
optimised. The cellular disruption is particularly important for Nannochloropsis sp. as this strain
possesses a robust cell wall. High cellular disruption efficiencies lead to higher recovery rates of the

targeted compounds.

The cellular disruption made all the added-value compounds available for the fractionation step and a
solid-liquid separation step (centrifugation), where a supernatant (rich in soluble proteins) and a

pellet/paste (rich in lipids and insoluble proteins) were obtained.

Consequently, the soluble protein-rich supernatant was processed via membrane filtration for the
recovery of soluble proteins in the permeate (free from insoluble components, chlorophyll a, and other
lipids). This process was studied in depth and optimised after the comparison of different operating
conditions (controlled TMP or controlled permeate flux) and different operation modes (ultrafiltration

under concentration or diafiltration mode).

Afterwards, the lipids extraction from the remaining pellet was also studied and optimised. Several
scenarios and solvent (ethanol 99% v/v) to biomass ratios were proposed and evaluated in terms of lipids
and EPA omega-3 extraction efficiency and economic sustainability.

Finally, a biorefinery concept based on EPA-rich Nannochloropsis sp. is proposed based on a
downstream process where different value-added compounds are targeted. After biomass stabilisation
and cellular disruption, two main routes were projected: an aqueous route and an ethanolic route. In the
first one, through the combination of an aqueous extraction and membrane processing, a fraction rich in
soluble protein was produced. Regarding the ethanolic route, an ethanolic extraction with an optimised
solvent to biomass ratio was performed for the recovery of EPA-rich polar lipids fraction. Also, the

defatted biomass was recovered to produce a fraction rich in insoluble proteins and carbohydrates.

This work demonstrates the potential of using Nannochloropsis sp. as a feedstock for the production of

different compounds, improving the revenues of the microalgae industry.
The main objectives of this work are:

I. Study biomass stabilisation through heat treatment, to reduce the lipid degradation during a wet

fractionation process, by inactivation of the enzymes responsible to catalyse lipid hydrolysis reactions.

Il. Optimise the biomass pre-treatment aiming at increasing intracellular compounds extraction

efficiencies. Particularly, optimise the operational parameters of the bead milling to increase the cellular
disruption achieved.

I11. Study and define a soluble proteins fractionation methodology involving membrane technology aiming

at achieving the maximum soluble protein recovery in the permeate, and free from insoluble compounds.
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Additionally, optimise the operation to minimise the fouling phenomenon and maximise the membrane
life time.

IV. Evaluate and optimise the lipid extraction step to maximise the polar lipids extraction efficiency.
Particularly, the assessment of the solvent to biomass ratio aiming for a higher lipid extraction efficiency
with a lower production cost.

V. Design and propose a suitable biorefinery scheme, starting from EPA-rich Nannochloropsis sp., aiming

at the recovery of three different fractions of compounds.

1.3. Thesis Outline

The studies and the work performed during this PhD project are ordered in the following way: a first
chapter where the project background, motivation and outline are presented, five chapters that
correspond to scientific work performed and the results attained during this PhD project, and a final
chapter that presents the overall conclusions of the work and suggestions for future work. The fourth
chapter, with the title “Nannochloropsis sp. Biorefinery: Recovery of soluble protein by membrane

ultrafiltration/ diafiltration”, corresponds to an original scientific paper accepted for publication.
A summary of the content of each section is presented below:

Chapter 1. Background and Motivation — Defines the background and the motivation for this PhD

thesis, the fundamental objectives and the thesis outline.

Chapter 2. Nannochloropsis sp. Biorefinery: Biomass stabilisation through heat treatment —
Reports a pilot-scale biomass stabilisation method ensuring that the lipids present in the biomass remain
stable until the end of the process within the microalgae biorefinery concept. The biomass stabilisation
was performed through heat treatment, and two different conditions were evaluated to optimise the
biomass stabilisation methodology. The global efficiency of the heat treatment was mainly quantified
by pigment content, the pH measurement (FFAs might decrease the pH of the biomass), and the

fractionation of the lipids classes as an indicator of FFA formation due to lipid hydrolysis.

Chapter 3. Nannochloropsis sp. Biorefinery: Bead-milling optimisation for intracellular
compounds extraction — Describes the optimisation of the cellular disruption step. Several processing
parameters were optimised to increase the degree of disintegration of the cells, namely: flow rate,
agitator tip speed, and the number of passes of the microalgae suspension through the grinding chamber.
The global efficiency of the disruption step was qualitatively evaluated through microscopic observation
and quantitatively evaluated by the extraction efficiency of total pigments from the disrupted

Nannochloropsis sp. biomass.

12
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Chapter 4. Nannochloropsis sp. Biorefinery: Recovery of soluble protein by membrane
ultrafiltration/ diafiltration — Reports the soluble protein fractionation through membrane technology,
producing a permeate enriched in uncoloured soluble proteins. Different operating conditions
(controlled TMP or controlled permeate flux) and operation modes (ultrafiltration under concentration
or diafiltration mode) were studied. The relevant parameters, namely: volumetric permeate flux,
permeance, and soluble protein recovery, were assessed to select the optimal operating condition and
the optimal operation mode. This chapter corresponds to an original scientific paper accepted for
publication (Ribeiro et al., Nannochloropsis sp. Biorefinery: Recovery of Soluble Protein by Membrane
Ultrafiltration/ Diafiltration, Membranes 2022).

Chapter 5. Nannochloropsis sp. Biorefinery: Polar lipids extraction for omega-3 extract
production — Describes the development and optimisation of an eco-friendly solvent methodology to
carry out a polar lipid extraction from wet Nannochloropsis sp. biomass with high efficiency. Firstly, a
neutral lipid extraction followed by a polar lipid extraction was evaluated. However, the results were
not satisfactory. Therefore, the direct extraction of polar lipids with ethanol was studied and optimised.
For the optimisation of the extraction step, several scenarios were proposed, and the lipid extraction
efficiency, as well as the EPA omega-3 extraction efficiency, were evaluated. Additionally, a techno-
economic analysis of the tested scenarios was performed, and a suitable scenario was selected.

Chapter 6. Nannochloropsis sp. Biorefinery: Process design and techno-economic assessment —
Presents a suitable process for the production of three different fractions from Nannochloropsis sp.
biomass, namely soluble protein-rich fraction, EPA omega-3 rich polar lipids fraction, and insoluble
protein-rich fraction. The biorefinery scheme proposed integrates a biomass stabilisation step, a cellular
disruption step, a soluble protein recovery step through membrane technology, and the solvent
extraction (eco-friendly solvent) for the recovery of the EPA-rich polar lipids fraction and the defatted
insoluble protein-rich fraction. Additionally, the techno-economic assessment of the biorefinery

proposed was performed.

Chapter 7. Conclusions and Future Work — Describes the overall conclusions and results of this PhD

project and suggestions for future work.
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2 . NANNOCHLOROPSIS SP. BIOREFINERY: BIOMASS STABILISATION

THROUGH HEAT-TREATMENT

2.1. Abstract

Nannochloropsis sp. lipids have a massive potential in numerous applications such as biofuels, food and
feed. However, during wet biomass storage, which is frequently needed between the different steps of
the biorefinery, enzymatic lipolytic reactions can contribute to the formation of high amounts of free
fatty acids (FFA). For the specific case of a Nannochloropsis sp. biorefinery for eicosapentaenoic acid
(EPA) - omega-3 food supplements production is essential to avoid lipolysis not only because the
bioavailability of omega-3 in the form of polar lipids is greater than that FFA but also because the
presence of high amounts of free fatty acids can cause off-flavours. In this study, a heat treatment
approach was suggested to achieve the inactivation of the endogenous enzymes that might catalyse
hydrolysis reactions of the lipids present in the wet Nannochloropsis sp. biomass. A pilot-scale
experiment using the pre-optimised conditions of the heat treatment concluded that the heat treatment
at 95 °C for 3 min was effective in preventing lipid degradation as well as pigment degradation in wet

stored samples (4 °C or -25 °C for 7 days) after the heat treatment.

2.2. Introduction

Microalgae are considered one of the most relevant next-generation bio-based/ food feedstocks with a
special lipid composition, high protein content, and an unlimited amount of other valuable compounds
[73]. Furthermore, microalgae can grow in fresh or marine water, multiply rapidly, not compete with
arable land, and have higher CO; fixation from waste gas emissions than terrestrial plants [74]. In
addition, numerous microalgae species possess a high content of lipids (up to 50% of the biomass [44],
when growth under stress conditions such as nutrient limitation). They are, therefore, promising lipid
sources for biofuel, food and high-value applications such as dietary supplements or pharmaceuticals
[75].

Microalgae can accumulate lipids in two different fractions [76], the polar lipids fraction (PL), mainly
phospholipids (PhLs) and glycolipids (GLs); and the neutral lipid fraction (NL), mainly in the form of
triacylglycerols (TAGS) [77]. Most microalgae biorefineries reported have been focused on total lipid
extraction for biodiesel production [68]. Hereto, triacylglycerols are transformed to methyl esters by a

transesterification reaction catalysed by acid or alkali catalysts or lipase enzymes [78].
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However, it has great disadvantages compared with fossil fuel production costs, thus illustrating an
economic need to obtain profitable microalgae biorefinery processes [79]. Besides neutral lipids for
biodiesel production, microalgae have other products of interest within their lipid fraction (e.g., polar
lipids and polyunsaturated fatty acids - PUFAS) [80]. Polar lipids have considerable interest in the food
or pharmaceutical industry as they are excellent emulsifying agents [81]. Also, the lipid fraction of some
marine species contains a substantial amount of PUFAs, predominantly docosahexaenoic acid (DHA
C22:6n-3), and eicosapentaenoic acid (EPA C20:5n-3) [75], which have been established as health-

promoting compounds [82].

Nannochloropsis sp. is one of the marine species that is widely known for the production of high-value
oil containing omega-3 fatty acids, specifically EPA (up to 5% dry biomass when produced under
optimal growth conditions) [33]. Nannochloropsis sp. can accumulate lipids up to 50% of the dry
biomass when growing under environmental stress conditions (mostly TAGS) [30]; however, that is not
reflected in EPA accumulation [83,84]. This long-chain (LC) PUFA is mostly accumulated in the cell
membrane [85] in the form of polar lipids [84] (phospholipids and glycolipids [86]), which is considered
a great advantage [87] as the bioavailability of omega-3 PUFAs in the form of polar lipids is greater
than that of triacylglycerol or free fatty acids [88].

Nannochloropsis sp. photosynthetic apparatus is characterised by the presence of only chlorophyll a and
lacking other accessory chlorophylls [89]. In the chloroplasts, chlorophylls are found attached to

carotenoids, lipoproteins, and other lipids via noncovalent bonds.

When the wet microalgae biomass (5% to 25% of dry matter) is used as raw material for food, feed or
the pharmaceutical industry, it is extremely important to preserve the biomass biochemical composition
during the storage or during the transport from production to consumer [90]. Specifically, for

applications of microalgae lipids, as mentioned before, their stability is of major importance.

One of the main difficulties in terms of lipid stability during wet biomass storage is lipid hydrolysis
(lipolysis). Hydrolysis is characterised by the cleavage of chemical bonds in the presence of water,
which is generally catalysed by enzymes in biological systems. During lipid hydrolysis, facilitated by
endogenous enzymes (lipases), the fatty acids are released from the backbones of neutral lipids,
glycolipids and phospholipids [44]. This process promotes the formation of high amounts of free fatty
acids (FFA), which are disadvantageous for microalgae lipids applications. The presence of high
amounts of FFA in food or high-value applications can cause off-flavours [91], and the consequential
acidic conditions may result in the degradation of chlorophyll (bright green [92]) to pheophytin (olive-
brown) [93]. Similarly, the chlorophyllase-generated chlorophyllide might be converted to

pheophorbide under hight temperatures and acidic conditions [94]. Also, FFA are known to have a pro-
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oxidative effect [95] and to be more readily oxidised by lipoxygenase enzymes [47], which may have a
negative impact on the flavour (rancid off-flavour) and nutritional value of the final product [75].
Additionally, for specific applications, such as Nannochloropsis sp. omega-3 supplements, it is
extremely important to avoid lipolytic reactions and to maintain the omega-3 PUFASs in the form of
polar lipids since their bioavailability in this form is greater than that of triacylglycerol or free fatty

acids, as mentioned before.

Several studies have indicated that lipolysis may be a serious problem not only during wet microalgae
biomass storage but also during the wet stages of the production process (e.g., cell disruption,
centrifugation or lipid extraction). Ryckebosh et al. [90] reported that lipolytic reactions occurred after
two days of wet storage at 4 °C of microalgae paste of Phaeodactylum tricornutum. Chen et al. [96]
described an increase in FFA content from trace to 62% of FFA in the lipids extracted from the
Scenedesmus sp. paste storage for 4 days at 4 °C. Balduyck et al. [80] showed the temperature
dependence of the lipolysis reactions in T-Isochrysis lutea biomass: a rapid increase of the FFA content
was observed at 20 °C and 4 °C. In contrast, at - 20 °C, almost no changes were observed.

Later, Balduyck et al. [44] concluded that cell wall strength plays a major role in lipolytic stability. The
study showed no FFA formation in the non-disrupted Nannochloropsis oculata cells during 7 days of
wet storage at 4 °C, while in the previously disrupted cells, lipolysis starts very rapidly during and
immediately after cell disruption. Thus, it is extremely important to inhibit lipid hydrolysis reactions
before or immediately after the step that disrupts the cells, which may be the harvesting step for species
with a weak cell structure or the cell disruption step (e.g., bead milling) for microalgae with a strong

cell wall.

The most obvious solution is to remove the water present in the biomass, to avoid hydrolysis through
drying processes such as spray dryer or freeze dryer. The removal of water through drying processes
minimises microbial growth and deterioration by chemical reactions. However, drying is an expensive
step with high energy consumption [90] and might be responsible for the biochemical decomposition
and, thus, the nutritional value modification [97]. Therefore, the inactivation of lipolytic enzymes at an
early stage is an alternative to avoid extensive FFA formation during the wet storage of the disrupted

and non-disrupted biomass.

Enzymes are high compact globular proteins of more or less spherical shape [98], and a specific
conformation is required (native state) to exhibit biological activity. The three-dimensional structure of
globular proteins is stabilised by noncovalent forces, hydrogen bonding, van der Waals forces and

hydrophobic interactions that are in a very delicate balance [45]. However, some external agents may
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affect this subtle balance, such as high or low temperature, extreme pH, organic solvents, and high
pressure, which will unfold the structure (denaturation) [45].

Heat treatments to inactivate lipases have been commonly used by food industries to enhance the
stability and shelf-life of, for example, processed oats [46] or whole wheat flour [47]. Hereto, avoiding
rancid off-flavours and the decrease of nutritional value related to FFA formation during lipolysis
reactions. Several studies on lipolytic reactions occurring in microalgal biomass revealed that the
optimum temperature for lipolytic enzymes is between 45 °C [99] and 50 °C [100], and the optimum pH
is between 6.5 [99] and 10 [100].

However, it is also known that chlorophyll is susceptible to heat treatments, and long periods of heat
treatment may cause the replacement of the central magnesium atom of the porphyrin ring by two
hydrogen atoms and the formation of pheophytin [101]. On the other hand, it has been exposed that
high-temperature short-time (HTST) treatments might be an effective approach to preserving
chlorophyll [102]. Also, the chlorophyllase activity is seriously reduced when heated above 80 °C, and
its activity is completely lost when heated to 100 °C [103]. Chlorophyllase is the only enzyme known
to catalyse the degradation of chlorophyll. Characteristically, chlorophyllase catalyses the cleavage of
phytol from chlorophyll and pheophytin, forming chlorophyllides and pheophorbides, respectively [94].

Several studies using a boiling water treatment of wet biomass of Isochrysis galbana [104], Pseudo-
nitzschia [105], and Skeletonema costatum [106] have been reported. Balduyck et al. [75] studied the
wet storage of T-Isochrysis lutea for a long term (7 days) at 4 °C, after a heat treatment at 65 °C, 80 °C
or 95 °C for 3, 8 or 13 min. The author reported that the heating to 65 °C might have favoured the activity
of the lipases as these temperatures were closer to the optimal temperature of the enzymes. However, a
heat treatment at 95 °C (minimum 3 min) prevented lipolytic reactions, and no FFA formation occurred

during the wet storage (at 4 °C for 7 days).

The main objective of this study is to define and optimise a heat treatment approach to achieve biomass
stabilisation through the inactivation of endogenous enzymes that might catalyse the cleavage of lipids
and pigments. The biomass stabilisation should avoid the degradation of the added value compounds
and enable the wet storage of disrupted Nannochloropsis sp. biomass. Primarily, the optimisation of the
heat treatment at a laboratory scale was accomplished. Then, the lab-scale optimised parameters were
tested in pilot-scale heat treatment of Nannochloropsis sp. biomass, aiming at achieving wet stored
biomass without lipid degradation and, consequently, no FFA formation. To our knowledge, pilot-scale
heat treatment of Nannochloropsis sp. biomass has never been reported as a methodology for biomass
stabilisation, allowing wet storage within the microalgae biorefinery concept. The global efficiency of

the heat treatment was mainly quantified by pigments content (chlorophyll a, chlorophyll a degradation
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products - pheophytin a equivalents, and carotenoids), the pH measurement (FFAs might decrease the
pH of the biomass), and through the fractionation of the lipids classes as an indicator of FFA formation
due to lipid hydrolysis.

2.3.Materials and Methods

2.3.1. Materials

The strain of Nannochloropsis sp. was grown in flat-panel photobioreactors (PBR) of A4F — Algae for
Future (Portugal) in marine, N-replete culture medium and concentrated up to a 200 gsrow/L Wet paste
(between 30 to 35 g/L of salt), to facilitate the transport. For analytical procedures acetone 99.0% and
methanol, 99.8% were purchased from JMGS (Odivelas, Portugal), chloroform and diethyl ether were
obtained from Honeywell/ Riedel-de Haén (Seelze, Germany), n-hexane 99.0% was purchased from
VWR Chemicals BDH® (Poole, United Kingdom), acetyl chloride 98% and 2,6-Di-tert-butyl-4-
methylphenol (BHT) were obtained from Alfa Aesar (Karlsruhe, Germany), petroleum ether 60 - 80 °C
was purchased from Fisher Scientific (Leicestershire, United Kingdom), and the internal standard C17:0

was obtained from Dr. Ehrenstorfer GmbH (Augsburg, Germany).

2.3.2. Influence of different heat treatments at laboratory scale on pigments

degradation during wet storage

In this first part of the experiment, the influence of different heat treatment conditions on pigment
degradation immediately after heat treatment and during wet storage was studied. This first experiment
was accomplished on a laboratory scale. The harvested Nannochloropsis sp. paste (approximately 200
gsrow.L 1) was diluted with a culture medium to approximately 100 gsrow.L . After homogenisation by
stirring, the biomass at 20 £ 0.3 °C and pH 7.3 £ 0.1 was divided in glass tubes (12 mL). The biomass
was not disrupted, and the qualitative analysis was made through microscopic observation (data not
shown). The glass tubes were put in a water bath (JP Selecta, Precisterm 6000138, Spain) at a certain
temperature for a certain period, as summarised in Table 2.1. Balduyck et al. [75] reported that the heat-
treatment at 95 °C (minimum 3 min) of T-Isochrysis lutea prevented lipolytic reactions, and no FFA
formation occurred during the wet storage (at 4 °C for 7 days). Therefore, the heat treatment conditions

for Nannochloropsis sp. were selected following the results reported.
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After the heat treatment, the tubes were placed in an ice bath and kept there until they reached room
temperature. The samples obtained after each heat treatment were divided into two portions so that one
portion could be stored for 7 days at 4 °C and the other for 7 days at -25 °C (Table 2.1).

Table 2.1. Scheme of the heat treatment experiments at a laboratory scale.

Experiment Tem;)_'e-lr-ature HT Time Teritsg?gire, Storage Time,

(°C) (min) after HT () ater HT (days)
HT.0.1 - - 4 7
HT.0.2 - - 5 Z
HT.1.1 80 8 4 Z
HT.1.2 80 8 5 Z
HT.2.1 95 3 4 Z
HT.2.2 95 3 5 Z

After the heat treatment, and previous to wet storage, samples were disrupted (about 90% of cell
disruption) through bead beating (0.4 - 0.6 mm diameter). The heat treatment is conducted before cell
disruption, as the enzyme's hydrolytic activity increases once they are released to the aqueous medium
after cell disruption. A schematic representation of the different process steps to which the samples were

submitted is presented in Figure 2.1.

HT11

HT.1.2 Heat Treatment

HT 21

HT22

Harvesting Cell Disruption Wet Storage

HTO0.1

HT.0 2 No Heat

Treatment

Figure 2.1. Schematic representation of the different steps of the first experiment.

After 7 days of wet storage, all the samples were analysed in terms of pigment content (chlorophyll a,
chlorophyll a degradation products, and carotenoids). The control sample was not subjected to heat
treatment and was analysed in terms of pigment content and pH immediately after the harvesting

process. In addition to pigments analysis, the pH of all the heat-treated (HT) samples was measured as
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an indicator of lipolysis, as the decrease of pH may be associated with FFA release from the glycerol
backbone [107].

2.3.3. Influence of heat treatment at pilot scale on pigments and lipids

degradation during wet storage

For the second part of the experiment, only one condition for the heat treatment was selected, based on
the results of the experiment described in section 2.3.2: the selected condition was 3 min at 95 °C. This
second part of the experiment was accomplished at a pilot scale. The experiment started with the
resuspension of 10 kg of fresh Nannochloropsis sp. paste (approximately 200 gsrow.L™) in 10 L of
culture media to obtain 20 L of biomass with a concentration of approximately 100 gsrow.L ™. Again, the
biomass was not disrupted, and the qualitative analysis was made through microscopic observation (data
not shown). After homogenisation by stirring, the biomass at 25 + 0.2 °C and pH 7.5 + 0.1 was fed to
the pilot-scale batch pasteuriser, and the heat treatment program was selected (3 min at 95 °C), and the
setpoint for the cooling process was 10 °C. During the entire process of heat treatment, the biomass was
stirred by the flat blade stirrer, which is shown in Figure 2.2. Also, the biomass is prevented from
sticking to the pasteuriser walls and consequently heated to higher temperatures by the white scrapers

exhibited in Figure 2.2.

Figure 2.2. Image of the interior of the pasteuriser. A) flat blade stirrer, and B) scrapers.

After the heat treatment, two samples were collected, disrupted and stored in the same conditions
described before (section 2.3.2), one for 7 days at 4 °C, and the other for 7 days at -25 °C as shown in
Table 2.2.
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Table 2.2. Scheme of the heat treatment experiments at a pilot scale.

HT . Storage ;
Experiment Temperature H'(I'm'li':]r)ne Temperz?ture, asf;{grreﬁ'?' B;nyeé)
(C) after HT (°C)
HT.0.3 - - 4 !
HT.0.4 - - 25 !
HT.1.3 95 3 4 !
HT.1.4 95 3 25 !

Previous to wet storage, the heat-treated samples were disrupted (about 90% of cell disruption) through
bead beating (0.4 - 0.6 mm diameter), as the enzyme’s activity increases once they are released to the
aqueous medium after cell disruption. A schematic representation of the different process steps that the
samples submitted is presented in Figure 2.3.

HT.1.3 [ Heat Treatment ]
HT.1.4

[ Harvesting ] [Cell Dismption] [ Wet Storage ]

HT.0.3
T 0.4 No Heat
Treatment

Figure 2.3. Schematic representation of the different steps of the pilot-scale experiment.

After 7 days of wet storage, all the samples were analysed in terms of pigments content, pH value and
fractionated lipid classes content. The control sample was not subjected to heat treatment and was
analysed in terms of pigments content, pH value and fractionated lipid class content immediately after

the harvesting process.

2.3.4. Dry weight and salinity quantification

The dry weight was determined by weight variance after the water evaporation. The drying was run at
105 °C until a constant weight was reached in a moisture analyser (Kern DBS 60-3, Kern, Germany).
An amount of the previous dried sample (100 mg) was weighed into a glass tube, using an analytical
balance (Kern, ABJ 220, Kern, Germany), and a knowing volume of demineralised water (1 mL) was
added to the tube, to determine the sample salt-free dry weight (SFDW). The salt faction present in the

demineralised water was measured through a salinity refractometer (Kern ORA 1SA, Kern, Germany).
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2.3.5. Total lipids quantification

The total lipid content was quantified as described by Ryckebosch et al. [108]. Briefly, 500 mg of a
fresh disrupted biomass paste (20% of salt-free dry weight) was mixed with 4 mL methanol.
Subsequently, 2 mL of chloroform and 0.4 mL of water were added, and the sample was mixed in the
vortex for 45 s. Then, 2 mL of chloroform and 2 mL of water were added, and the sample was mixed
once again. Later, the sample was centrifuged (4,000 x g for 10 min), and the superior layer was kept in
a glass tube. The cellular debris were re-extracted with a 4 mL methanol: chloroform 1:1. The
centrifugation described before was repeated, and the collected solvent layers were filtered in a column
filled with anhydrous sodium sulphate. After, the solvent was evaporated under a N, stream, and the

lipid content was weighed.

2.3.6. Lipid Fractionation

After total lipid extraction, the lipids were separated into two distinct fractions: neutral lipids + free fatty
acids (NL + FFA) and polar lipids (PL). Total lipids were extracted with a solvent mixture of 1:1
methanol: chloroform, as defined by Ryckebosch et al. [108]. The lipid fractionation was performed as
proposed by Breuer et al. [109] and Ledn-Saiki et al. [110], with some modifications. The methodology
was validated as described in Appendix A. The lipids previously extracted were dissolved in a mixture
of hexane: diethyl ether (7:1 v/v) to obtain a concentration of 25 + 5 mg.mL™. The lipid extract was
separated into neutral (+ FFA) and polar lipids using a Sep-Pak Silica Plus Long Cartridge (690 mg,
Waters). The silica cartridge was prewashed with 10 mL of hexane before loading the sample onto the
column. The neutral lipid fraction was eluted with 7 mL of hexane: diethyl ether (7:1 v/v). The polar
lipid fraction was eluted with 7 mL of methanol: acetone: diethyl ether (2:2:1 v/v/v). Both extracts were
evaporated under a N, stream and then weighed in the analytical balance (Kern, ABJ 220, Kern,
Germany). Afterwards, both extracts were submitted to transesterification and the fatty acids were
quantified using gas chromatography (GC). The gas chromatography required for the analysis was

performed by an external supplier.

2.3.7. Total fatty acids transesterification

The total fatty acids transesterification was carried out after a lipid extraction process and/ or a lipid
fractionation process, modifying Lepage and Roy [111]. Before total fatty acids transesterification, a

known volume of the lipid extract sample (3 - 4 mL) was evaporated in a glass tube (12 mL) under a
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nitrogen stream. The glass tube (12 mL) with the dried lipid fraction was strictly weighed (Kern, ABJ
220, Kern, Germany), and the weight of the empty glass tube was subtracted. The lipid fraction
previously obtained was mixed with 200 pL of internal standard C17:0 (standard heptadecanoic acid
dissolved in petroleum ether 60-80 °C with a concentration of 5 mg.mL™) before the transesterification
reaction. Finally, 4 mL of acetyl chloride/methanol solution with a 5:100 ratio was added to the tube
and vortexed. The mixture was heated at 100 °C for 1 hour in a water bath to conduct a transesterification
reaction. The samples were thoroughly mixed during heating. The reaction tube was slowly cooled down
to room temperature. Then, 2 mL of n-hexane was added to the tubes and mixed through a vortex stirrer.
To aid in phase separation, 2 mL of demineralised water was added to the mixture and after
centrifugation (for 3 min at 2,500 x g) the n-hexane layer that contained fatty acids methyl esters were
collected and transferred to a glass vial passing through a cotton filter filled with sodium sulphate to
prevent moisture and impurities. The gas chromatography (GC) required for the analysis was performed

by an external supplier.

2.3.8. Pigments quantification

Chlorophyll a, chlorophyll a degradation products - pheophytin a equivalents, and carotenoids
quantification was performed through spectrophotometric analysis. Briefly, 1 mL of a biomass sample
with a concentration of 1 gseow L™ was centrifuged 4,000 x g (for 10 min, 5 °C). The supernatant was
rejected, and the remaining pellet (1 mg of salt-free dry weight) was mixed with 4 mL 99,0% acetone
and vortex mixed for 60 s. After, the sample was once again centrifuged at 4,000 x g (for 10 min, 5 °C).
The extracted pigments, recovered in the supernatant, were analysed by spectrophotometry (Genesys
10S UV-VIS). After measuring the visible absorption spectrum of the pigment solution, each pigment
concentration was determined by spectral decomposition: an iterative method that matched the sum of
the absorbance spectra of each accounted pigment to the measured spectrum. The method was already

implemented in the A4F laboratory for Nannochloropsis sp. pigments quantification.

2.4.Results and Discussion

2.4.1. Influence of different heat treatments at laboratory scale on pigments

degradation during wet storage

The influence of two different heat treatments on pigment degradation, both before and after wet storage,

was evaluated. The heat treatments at a laboratory scale were performed in a water bath at
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80 °C and 95 °C for 8 and 3 minutes, respectively. The actual temperature in the Nannochloropsis sp.
biomass during and immediately after the treatment was followed by a thermocouple (Gesa, DT-1,
Spain), as shown in Figure 2.4. The temperature data acquisition revealed that the biomass sample
temperature remained under the desired temperature for both experiments: 79 °C and 93 °C instead of
80 °C and 95 °C, respectively.
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Figure 2.4. The actual temperature in Nannochloropsis sp. biomass (°C) during heat treatment in the water bath
at 80 °C for 8 min (1 HT 80 °C, 8 min) and in the water bath at 95 °C for 3 min (A HT 95 °C, 3 min) and subsequent
cooling in an ice bath.

The Nannochloropsis sp. biomass control sample exhibit a total chlorophyll a content of 26.1 + 0.5
mg.gsrowt, and a total carotenoids content of 7.9 + 0.2 mg.gssowl. The chlorophyll a degradation
products content was non-existent, which suggests that the control sample was intact and didn’t suffer
any degradation during the harvesting step [94]. No noticeable decrease in the total chlorophyll content
was detected from the control sample (26.1 + 0.5 mg.gsrow ) to the heat-treated samples at 80 °C for 8
min (25.4 + 0.4 mg.gsrow t) and 95 °C for 3 min (25.3 + 0.6 mg.gsrowX). However, the high temperatures
of both heat treatments (80 °C, 8 min and 95 °C, 3 min) might have favoured the formation of
chlorophyll a degradation products - pheophytin a equivalents in the heat-treated samples, as reported
by Schwartz et al. [101]. The pheophytin equivalents content slightly increased from non-existent
content in the control sample to 0.672 + 0.01 mg.gsrow™ and 0.661+ 0.02 mg.gseow® in the heat-treated

samples at 80 °C for 8 min and 95 °C for 3 min, respectively.
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The effect of the different heat treatments (80 °C, 8 min and 95 °C, 3 min) on the pigments degradation
during wet storage was studied through long-term wet storage (7 days) of samples refrigerated at 4 °C
and samples frozen at -25 °C (Figure 2.5 A and B). The results suggest that the heat treatment at 95 °C
for 3 min might be somewhat better than the heat treatment at 80 °C for 8 min. The chlorophyll a content
decreased from 25.4 + 0.4 mg.gsrow in the sample immediately after the heat treatment at 80 °C during
8min (TO), to 24.0 + 0.2 mg.gsrow* in the sample after wet storage at 4 °C during 7 days (Tws), while
the chlorophyll a content remained practically constant in the sample wet stored in the same conditions
after the heat treatment at 95 °C during 3 min (Figure 2.5 A). These results might be related to the
decrease of the chlorophyllase activity when heated above 80 °C and its complete loss of activity when
heated until 100 °C [103].

However, such difference between the two different heat treatments was not noticed when the samples
were stored at -25 °C for 7 days, as the chlorophyll a remained almost constant before and after the wet

storage for both heat treatments (Figure 2.5 B).

A) Wet Storage at 4 °C, during 7 days B) Wet Storage at -25 °C, during 7 days
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Figure 2.5. Pigment content in the disrupted Nannochloropsis sp. biomass, expressed as Mgpigment. gsrow ™. A)
Comparison of the heat-treated sample at 80 °C for 8 min (HT.1.1) and heat-treated sample at 95 °C for 3 min
(HT.2.1), before (T0) and after (Tws) the wet storage at 4 °C for 7 days. B) Comparison of the heat-treated sample
at 80 °C for 8 min (HT.1.2) and heat-treated sample at 95 °C for 3 min (HT.2.2), before (T0) and after (Tws) the
wet storage at -25 °C for 7 days. The control sample was not heat-treated nor wet stored. Results are based on 3
replicates for each sample pigment analysis. The error bars represent the standard deviation calculated from the

replicates.

The importance of heat treatment as a way to stabilise the biomass through the inactivation of

endogenous enzymes previous to wet storage is shown in Figure 2.6 A and B. The non-heat-treated
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sample wet stored for 7 days at 4 °C suffered a severe degradation of the chlorophyll a and carotenoids.
The chlorophyll a and carotenoids content decreased from 26.1 + 0.5 mg.gsrow and 7.9 + 0.2
mg.gsrow* in the control sample, respectively, to 6.4 + 0.8 mg. gsrow™ and 3.8 + 0.6 mg. gsrow™ in the
non-heat-treated sample after wet storage, respectively. That severe decrease after 7 days of wet storage
at 4 °C was not noticed in the heat-treated samples. However, as mentioned before, the sample heat-
treated at 80 °C for 8 min had a slightly higher decrease of the chlorophyll a content than the one heat-
treated at 95 °C for 3 min (Figure 2.6 A). Furthermore, Figure 2.6 B evidences the necessity of biomass
stabilisation before the wet storage even when the samples are frozen at -25 °C. The results showed that
the wet storage for 7 days at -25 °C of a non-heat-treated sample led to a significant decrease of
chlorophyll a content from 26.1 + 0.5 mg.gsrow* in the control sample, to 20.5 + 0.5 mg.gsrow® in the
non-heat-treated sample after wet storage. Contrarily, the total pigments content of heat-treated samples

remained almost constant before and after the wet storage at -25 °C for 7 days for both heat treatments

(Figure 2.6 B).
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Figure 2.6. Pigment content in the disrupted Nannochloropsis sp. biomass, expressed as Mgpigment Jsrow ™. A)
Comparison of a no heat-treated sample (HT.0.1), a heat-treated at 80 °C for 8 min sample (HT.1.1), and a heat-
treated at 95 °C for 3 min sample (HT.2.1), wet stored (Tws) at 4 °C for 7 days. B) Comparison of a not heat-
treated sample (HT.0.2), a heat-treated at 80 °C for 8 min sample (HT.1.2), and a heat-treated at 95 °C for 3 min
sample (HT.2.2), wet stored (Tws) at -25 °C for 7 days. The control sample was not heat-treated nor wet stored.
Results are based on 3 replicates for each sample pigment analysis. The error bars represent the standard deviation

calculated from the replicates.

In addition to pigments degradation analysis, the pH of all the samples was measured, as an indicator of
lipid hydrolysis, as mentioned in section 2.3.2. The results of the pH measurements of heat-treated and
non-heat samples after wet storage are shown in Figure 2.7 A and B. The non-heat-treated samples

exhibit higher decreases in the pH value after 7 days of wet storage than the heat-treated samples, which
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might suggest lipid degradation through lipolysis. After 7 days of wet storage at 4 °C, the pH decreased
from pH 7.0 £ 0.1 in the control sample to pH 5.9 + 0.1 in non-heat-treated sample. Furthermore, after
wet storage at 4 °C for 7 days, the pH decreasing in the sample heat-treated at 95 °C for 3 min (pH 6.9
+ 0.1) was smaller than in the sample heat-treated at 80 °C for 8min (pH 6.5 + 0.1), comparing to the
control sample (pH 7.0 £ 0.1) (Figure 2.7 A). The results are also following the previous results
discussed regarding pigments degradation during wet storage and indicate that the heat treatment at
95 °C for 3 min might be slightly better than the heat treatment at 80 °C for 8 min.

A) Wet Storage at 4 °C, during 7 days B) Wet Storage at -25 °C, during 7 days
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Figure 2.7. Nannochloropsis sp. biomass pH as an indicator of biomass degradation, specifically of lipids
degradation through lipolysis. A) Comparison of a no heat-treated sample (HT.0.1), a heat-treated at 80 °C for 8
min sample (HT.1.1), and a heat-treated at 95 °C for 3 min sample (HT.2.1), wet stored (Tws) at 4 °C for 7 days.
B) Comparison of a no heat-treated sample (HT.0.2), a heat-treated at 80 °C for 8 min sample (HT.1.2), and a heat-
treated at 95 °C for 3 min sample (HT.2.2), wet stored (Tws) at -25 °C for 7 days. The control sample was not heat-
treated nor wet stored. Results are based on 3 replicates for each sample pigment analysis. The error bars represent
the standard deviation calculated from the replicates.

2.4.2. Influence of heat treatment at pilot scale on pigments and lipids

degradation during wet storage

The previous study (section 2.4.1) revealed that the heat treatment at 95 °C for 3 min has better results
in terms of reduction of pigments degradation during wet storage (4 °C for 7 days or -25 °C for 7 days)
than the heat treatment at 80 °C for 8 min. Therefore, the studies reported in the present section were
performed with the previously selected heat treatment: 95 °C for 3 min. The actual temperature in the
Nannochloropsis sp. biomass during and immediately after the treatment was followed through the

temperature sensor of the pilot-scale batch pasteuriser, as shown in Figure 2.8. The temperature data
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acquisition revealed an overshoot of the setpoint (95 °C) of 1.2 = 0.2 °C, and that is believed to be a
limitation of the temperature controller of the pilot-scale batch pasteuriser.
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Figure 2.8. The actual temperature in Nannochloropsis sp. biomass (°C) during heat treatment in the pilot-scale
batch pasteuriser (95 °C, 3 min). The experiment was performed two times, and the results are based on the 2

experiment replicates. The error bars represent the standard deviation calculated from the replicates.

The pigment degradation during the heat treatment program in the pilot-scale batch pasteuriser and after
the wet storage was evaluated through the same methodology used in the study at the laboratory scale.
The Nannochloropsis sp. biomass control sample exhibit a total chlorophyll a content of
29.2 + 0.3 mg.gsrow L, and a total carotenoids content of 9.9 + 0.1 mg.gsrow>. Again, the chlorophyll a
degradation products content was non-existent. Comparing the control sample with the sample
immediately after heat treatment, it is possible to notice a slight decrease in the total carotenoids content
from 9.9 + 0.1 mg.gsrowt in the control sample to 8.3 + 0.4 mg.gsrow™ in the heat-treated sample at 95
°C for 3 min, which might be an effect of the high temperate of the heat treatment. The high temperatures
of the heat treatment favoured the formation of chlorophyll a degradation products — pheophytin a
equivalents in the heat-treated samples [101]. The pheophytin a equivalents content slightly increased
from non-existent content in the control sample to 0.701 + 0.02 mg.gsrow® in the heat-treated sample at
95 °C for 3 min. This result suggests a slight degradation of chlorophyll a when the biomass is heat-

treated at high temperatures, as reported by Schwartz et al. [101].

The effect of the heat treatment (95 °C, 3 min), performed in the pilot-scale batch pasteuriser, on the

inhibition of pigments degradation during wet storage was studied through long-term wet storage (7
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days) of samples refrigerated at 4 °C and samples that were frozen at -25 °C, as showed in Figure 2.9 A
and B. As seen before in the study at the laboratory scale, the heat treatment at 95 °C for 3 min seems
to exhibit the capacity to inactivate chlorophyllases [103]. The chlorophyll a content remained constant
in the wet stored samples for 7 days (4 °C and -25 °C), after the heat treatment at 95 °C for 3 min (Figure
2.9 A and B).
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Figure 2.9. Pigment content in the disrupted Nannochloropsis sp. biomass, expressed as Mgpigment.gsrow™t. A)
Comparison of a heat-treated sample at 95 °C for 3 min (HT.1.3) before (TO) and after (Tws) wet storage at 4 °C
for 7 days. B) Comparison of a heat-treated sample at 95 °C for 3 min (HT.1.4) before (T0) and after wet (Tws)
storage at -25 °C for 7 days. The control sample was not heat-treated nor wet stored. Results are based on 3
replicates for each sample pigment analysis. The error bars represent the standard deviation calculated from the
replicates.

Figure 2.10 A and B highlight the importance of heat treatment as a pre-treatment for biomass
stabilisation. The results obtained on a pilot scale are in agreement with the previous results obtained on
a laboratory scale. Again, the non-heat-treated samples wet stored for 7 days suffered a severe
degradation of the chlorophyll a and carotenoids. As expected, the degradation was even more evident
in the sample wet stored at 4 °C for 7 days: the chlorophyll a and carotenoids content decreased from
29.2 + 0.3 mg.gsow® and 9.9 * 0.1 mg.gsow?, respectively, in the control sample, to
4.4 + 0.5 mg.gsrow™ and 3.8 + 0.6 mg.gsrow™, respectively, in the non-heat-treated sample after wet
storage. That severe decrease after 7 days of wet storage at 4 °C was not noticed in the heat-treated
samples (Figure 2.10 A). Also, the wet storage at -25 °C for 7 days of a non-heat-treated sample led to
a significant pigment degradation: the chlorophyll a and carotenoids content decreased from 29.2 + 0.3

mg.gsrow > and 9.9 + 0.1 mg.gseow®, respectively, in the control sample, to 14.2 + 0.1 mg.gsrow ™ and 5.0
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+ 0.1 mg.gsrow?, respectively, in the non-heat-treated sample after wet storage. Contrarily, the total
pigments content of the heat-treated sample (95 °C, 3 min) remained almost constant before and after
the wet storage at -25 °C for 7 days, for both heat treatments (Figure 2.10 B).

A) Wet Storage at 4 °C, during 7 days B) Wet Storage at -25 °C, during 7 days

40 A O Control
35 | W HT.0.4_No HT (Tws)
BHT.1.4_95 °C, 3 min (Tws)

40 1 OControl
35 - mHT.0.3_No HT (Tws)
30 BHT.1.3_95 °C, 3 min (Tws)

L[

Chlorophyll-a Pheophytin-a  Carotenoids Total pigments Chlorophyll-a Pheophytin-a  Carotenoids Total pigments
Equivalents Equivalents

30 A
25 A 25 A
20 A 20 1
15 A 15 A

10 A 10 A

Pigment content (Mg. Gsrpw™)
Pigment content (Mg. Gsrow™)

Figure 2.10. Pigment content in the disrupted Nannochloropsis sp. biomass, expressed as mgpigment/Jsrow. A)
Comparison of a no heat-treated sample (HT.0.3), and a heat-treated at 95 °C for 3 min sample (HT.1.3), wet stored
(Tws) at 4 °C for 7 days. B) Comparison of a no heat-treated sample (HT.0.4), heat-treated at 95 °C for 3 min
sample (HT.1.4), wet stored (Tws) at -25 °C for 7 days. The control sample was not heat-treated nor wet stored.
Results are based on 3 replicates for each sample pigment analysis. The error bars represent the standard deviation

calculated from the replicates.

In addition to pigment degradation, the lipids degradation during wet storage of disrupted biomass
samples (heat-treated and non-heat-treated) was evaluated. Primarily, the pH of all the samples was
measured, as an indicator of lipid hydrolysis, as performed in the laboratory scale study. The results of
the pH measurements of heat-treated and non-heat samples, after wet storage, are shown in Figure 2.11
A and B. Again, the results at a pilot scale are comparable with the results at a laboratory scale: the non-
heat-treated sample exhibit a slightly higher decrease in the pH value after 7 days of wet storage than
the heat-treated sample, which might suggest lipid degradation through lipolysis. After 7 days of wet
storage at 4 °C, the pH decreased from pH 7.6 + 0.03 in the control sample to pH 6.8 £ 0.2 in the non-
heat-treated sample, while the pH of the heat-treated sample remained constant (Figure 2.11 A).
Additionally, after wet storage at -25 °C for 7 days, the pH of the non-heat-treated sample decreased
from pH 7.6 £ 0.03 in the control sample to pH 7.0 + 0.05 in the non-heat-treated sample, while the pH
of the heat-treated sample remained constant (Figure 2.11 B). The presented results may indicate the

occurrence of lipid hydrolysis during wet storage of non-heat-treated samples, as the presence of free
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fatty acids may decrease the pH of the biomass [44], and the stabilisation of the biomass through
inactivation of endogenous enzymes by heat treatment at 95 °C during 3 min.

A) Wet Storage at 4°C, during 7 days B) Wet Storage at -25°C, during 7 days

O Control O Control
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Figure 2.11. Nannochloropsis sp. biomass pH as an indicator of lipids degradation through lipolysis.
A) Comparison of no heat-treated (HT.0.3) and heat-treated at 95 °C for 3 min sample (HT.1.3), wet stored (Tws)
at 4 °C for 7 days. B) Comparison of no heat-treated (HT.0.4) and heat-treated at 95 °C for 3 min sample (HT.1.4),
wet stored (Tws) at -25 °C for 7 days. The control sample was not heat-treated nor wet stored. Results are based
on 3 replicates for each sample pigment analysis. The error bars represent the standard deviation calculated from
the replicates.

As mentioned, in addition to pH measurement as an indicator of lipid hydrolysis, lipid degradation was
evaluated in terms of the amount of free fatty acids (FFA) present in the heat-treated and non-heat
samples. The results of the lipid fractionation of heat-treated and non-heat samples, after wet storage,
are shown in Figure 2.12 A and B. The results presented are in agreement with all the results presented
above. It was noticed an increase in the neutral lipids + FFA fraction from 6.9 + 0.5% in the control
sample to 8.6 £ 0.5% in the non-heat-treated sample after 7 days of wet storage at 4 °C (Figure 2.12 A).
Also, a decrease in the polar lipid fraction from 26.9 £ 0.5% in the control sample to 23.0 £ 0.5% in the
non-heat-treated sample after 7 days of wet storage at 4 °C, was observed. This result might be explained
by the occurrence of lipid hydrolysis during the wet storage as there was a significant decrease in the
polar lipid fraction and a proportional increase in the fraction where the FFAs are found. After the
hydrolysis reaction, the fatty acids that were previously attached to polar lipids change to their free form
and were, therefore, fractionated and measured in the neutral lipids + FFA fraction. On the other hand,
when comparing the control sample with the heat-treated sample (HT.1.3) after 7 days of wet storage at

4 °C, no significant changes in the fraction neutral lipids + FFA were noticed, which might indicate that
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the lipolytic enzymes were successfully inactivated through the heat treatment sat 95 °C during 3 min.
Similar results were described by Balduyck et al. [44], the author concluded that lipolysis occurrence in
previously disrupted and non-heat treated Nannochloropsis oculata cells was very high during the wet
storage (at 4 °C for 7 days). Later, Balduyck et al. [75], reported that no FFA formation occurred during
the wet storage (at 4 °C for 7 days) of T-1sochrysis lutea (which possesses a much fragile cell wall), after

a heat treatment at 95 °C (minimum 3 min).

The results after the wet storage for 7 days at -25 °C (Figure 2.12 B) were following the ones previously
presented for the wet storage at 4 °C for 7 days. Again, it was detected an increase in the neutral lipids
+ FFA fraction from 6.9 £ 0.5% in the control sample to 8.2 + 0.4% in the non-heat-treated sample after
7 days of wet storage at -25 °C. Correspondingly, a decrease of the polar lipid fraction from 26.9 + 0.5%
in the control sample to 23.6 + 0.5% in the non-heat-treated sample after 7 days of wet storage at -25 °C

was observed.
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Figure 2.12. Nannochloropsis sp. lipid fractionation. A) Comparison of no heat-treated (HT.0.3) and heat-treated
at 95 °C for 3 min sample (HT.1.3), wet stored (Tws) at 4 °C for 7 days. B) Comparison of no heat-treated (HT.0.4)
and heat-treated at 95 °C for 3 min sample (HT.1.4), wet stored (Tws) at -25 °C for 7 days. The control sample
was not heat-treated nor wet stored. Results are based on 3 replicates for each sample pigment analysis. The error

bars represent the standard deviation calculated from the replicates.

The fatty acids present in both fractions (polar lipid fraction and neutral lipid + FFA fraction) were also
analysed and the results are shown in Figure 2.13 A and B, and Figure 2.14 A and B. The fatty acids

present in the polar lipid fraction exhibited a decrease from 9.8 = 0.06% in the control sample to
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7.7 £ 0.14% in the non-heat-treated sample after 7 days of wet storage at 4 °C (Figure 2.13 A). Also,
when comparing the control sample with the heat-treated sample (HT.1.3) after 7 days of wet storage at
4 °C, no significant variations in the amount of total fatty acids were noticed. The previously described
behaviour was also observed in the samples after 7 days of wet storage at -25 °C (Figure 2.13 B). These
results reinforce the hypothesis of the occurrence of lipid hydrolysis in the wet stored samples without
prior heat-treatment, and the inactivation of the enzymes responsible for the hydrolysis reactions through
a heat-treatment at 95 °C for 3 min, as reported by Balduyck et al. [75].
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Figure 2.13. Nannochloropsis sp. fatty acids in the polar lipid fraction. A) Comparison of no heat-treated (HT.0.3)
and heat-treated at 95 °C for 3 min sample (HT.1.3), wet stored (Tws) at 4 °C for 7 days. B) Comparison of no
heat-treated (HT.0.4) and heat-treated at 95 °C for 3 min sample (HT.1.4), wet stored (Tws) at -25 °C for 7 days.
The control sample was not heat-treated nor wet stored. Results are based on 3 replicates for each sample pigment
analysis. The error bars represent the standard deviation calculated from the replicates.

On the other hand, the fatty acids present in the neutral lipid + FFA fraction exhibited an increase from
1.0 £ 0.06% in the control sample to 1.6 £ 0.07% in the non-heat-treated sample after 7 days of wet
storage at 4 °C (Figure 2.14 A). The results might indicate the formation of FFA due to lipid hydrolysis
reactions on the non-heat-treated samples. Also, as expected, no significant variations in the amount of
total fatty acids of the heat-treated sample (HT.1.3), after wet storage (7 days at 4 °C), were noticed
when compared with the control sample. This result highlights the prevention of FFA formation due to
heat-treatment at 95 °C for 3 min. Similarly, it was noticed an increase in the total fatty acids in the
neutral lipid + FFA fraction of the non-heat-treated sample (1.3 + 0.07%) stored at -25 °C for 7 days,

when compared with the control sample (1.0 = 0.06%). The heat-treated sample, stored at -25 °C for 7
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days, did not show significant disparities from the control sample. Again, the results are in agreement
with the results presented by Balduyck et al. [75].
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Figure 2.14. Nannochloropsis sp. fatty acids in the neutral lipid fraction. A) Comparison of no heat-treated
(HT.0.3) and heat-treated at 95 °C for 3 min sample (HT.1.3), wet stored (Tws) at 4 °C for 7 days. B) Comparison
of no heat-treated (HT.0.4) and heat-treated at 95 °C for 3 min sample (HT.1.4), wet stored (Tws) at -25 °C for 7
days. The control sample was not heat-treated nor wet stored. Results are based on 3 replicates for each sample

pigment analysis. The error bars represent the standard deviation calculated from the replicates.

2.5.Conclusions

A heat treatment approach was suggested to achieve the inactivation of the endogenous enzymes that
might catalyse hydrolysis reactions of the lipids present in the wet Nannochloropsis sp. biomass. The
laboratory-scale experiment revealed that the pigment degradation during the wet storage was higher in
the samples heat-treated at 80 °C for 8 min than in the samples heat-treated at 95 °C for 3 min. The
chlorophyll a content decreased from 25.4 + 0.4 mg.gsrow in the sample immediately after the heat
treatment at 80 °C for 8min, to 24.0 + 0.2 mg.gsrow™ in the sample after wet storage at 4 °C during 7
days, while the chlorophyll a content remained practically constant in the sample wet stored in the same
conditions after the heat treatment at 95 °C for 3 min. However, the high temperatures of both heat
treatments (80 °C, 8 min and 95 °C, 3 min) favoured the formation of chlorophyll a degradation products
— pheophytin a equivalents, after the heat treatment. The heat-treatment at 95 °C for 3 min was selected
to be tested in a pilot-scale experiment as it was the condition with better results in terms of avoiding

pigment degradation during the wet storage. The pilot-scale experiment also concluded that the heat
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treatment at 95 °C for 3 min was effective in preventing lipid degradation, more specifically the polar
lipid degradation, as no decrease in the polar lipids content was noticed in wet stored samples (4 °C or
-25 °C for 7 days) after the heat treatment.
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3. NANNOCHLOROPSIS SP. BIOREFINERY: BEAD MILLING

OPTIMISATION FOR INTRACELLULAR COMPOUNDS EXTRACTION

3.1. Abstract

Microalgae are a promising source of pigments, lipids, proteins and carbohydrates for a variety of
industries. However, the sturdiness of the microalgae cell wall might represent a drawback as it hinders
the extraction of high-value biomolecules, such as pigments and lipids. Bead milling has been proposed
several times as a way to improve the extraction of value-added compounds from Nannochloropsis sp.,
which possesses a robust bilayer cell wall. This study reports the optimisation of the operating conditions
to achieve a cellular disruption efficiency higher than 85 % on both a pilot scale and an industrial scale
bead milling, with a single pass through the grinding chamber. The pilot-scale experiments revealed that
it is possible to achieve almost 95 % of disruption efficiency for a single pass. A tendency to increase
cellular disruption when the suspension is milled at a low flow rate and a high tip speed was observed.
From the industrial scale experiments, it was concluded that it is possible to achieve 89.4% of cellular
disruption with a single pass. This result is of extreme importance as it allows industrial microalgae

biorefineries to achieve more than 85 % of cellular disruption.

3.2. Introduction

Microalgae are a promising source of several interesting compounds for a great variety of industries
such as pharmaceuticals, nutraceuticals, chemicals, animal feed, and human food [38]. Examples of
high-value products obtained from microalgae are pigments, lipids, proteins, lipids, and antioxidants
[112]. Moreover, microalgae can grow in non-arable areas and brackish or saline water, resulting in a
lower land and water footprint [52]. However, downstream processing still faces numerous challenges,
and it should be taken into account that, in several biotechnology processes, the cost of downstream
processing can be very influential on the total costs [113]. Therefore, the effort should be placed into

minimizing the capital costs and energy requirements [114].

The microalgae biorefinery concept, analogous to petroleum refineries, reduces the typical cost of
producing a single product and expands the economic feasibility of the microalgal bioindustry [115].
Microalgae biorefinery usually consists of a three-step concept including cell disruption, fractionation
of the distinct main elements (including extraction), and purification of the high-value biomolecules

[38]. Within this concept, cell disruption is a crucial step to achieving efficient extraction of high-value
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compounds [116]. The cell disruption is often challenging as microalgae cells are small, several species
are covered with a relatively stick cell wall, and the products of interest are usually located in globules

or bonded to the cell membranes [52].

The cell disruption step has been extensively studied and the existing methods can be classified into
non-mechanical and mechanical [52]. Mechanical methods are usually achieved by mechanical forces
such as shear forces, energy transfer through waves, currents or heat. On the other hand, non-mechanical
methods often involve cell lysis through osmotic shock, enzymes or chemical agents [52]. And even if
these methods might provide higher selectivity than the mechanical ones, the costs of chemicals and
enzymes have limited those methods to a laboratory scale [38]. Several cell disruption methods such as
ultrasonication [117,118], pulsed electric field (PEF) [119,120], bead milling [121], microwave
[122,123], high-pressure homogenisation (HPH) [124] and enzymatic treatment [125,126] have been
already tested on microalgae at a laboratory scale. Mechanical treatments, such as bead milling, are
preferable for industrial-scale applications due to their efficiency of disruption and the commercially
available devices at a large scale [127]. Moreover, recent design improvements and the possibility to
control the temperature of the microalgae suspension inside the grinding chamber, make bead milling
an appropriate technology for microalgae cell disruption [121].

Bead mills are frequently used at an industrial scale for fine grinding of minerals, ceramics, paint
pigments and other products [128]. In the field of biotechnology, bead milling has been successfully
used in the disruption of cyanobacteria [129] and microalgae [121]. The principle of operation of a bead
mill is based on the rapid stirring of a suspension in the presence of beads. Usually, the bead mill consists
of a jacketed grinding chamber with a rotating shaft through its centre [130]. The shaft is fitted with
discs that transfer kinetic energy to the small beads in the chamber, promoting collisions with the
suspended cells [52]. The efficiency of cell disruption in bead mills depends on several parameters such
as biomass concentration, chamber and agitator geometry, bead filling ratio, bead diameter, bead type,
agitator tip speed, and biomass suspension flow rate [131]. Also, a bead mill can be operated under
continuous operation (one single pass through the grinding chamber) or batch operation (two or more

passes through the grinding chamber).

Nannochloropsis sp. is a strain that is perfectly able to grow in seawater and possesses small spherical
cells (3-5 pm) [35], with a single chloroplast [31]. Nannochloropsis genus has a few specific
biochemical characteristics such as the lack of accessory chlorophylls b and c, interesting xanthophyll

pigments [36], and relatively high content of eicosapentaenoic acid (EPA) [38]. However, regarding the
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ease of rupture, it should be taken into account that the Nannochloropsis sp. cell wall is a robust structure
composed of cellulose and hydrophobic algaenan [49].

Algaenan is a resistant biopolymer, and the algaenan sheet has been reported to be composed of long,
straight-chain, saturated aliphatics with ether cross-links [49]. Algaenan is one of the layers belonging
to the called trilaminar layer structure (TLS) [132], two high electron density external layers
sandwiching one layer with low electron density [133]. The resistance of the algaenan and their small
radius confers a robust cell wall to Nannochloropsis sp. cells. Thus, an optimised cell disruption step
before fractionation is essential. The operating conditions of bead milling and their impact on the cell
disruption efficiency of various species of microalgae have been already studied by several authors.
Montalescot et al. [38] optimised the bead milling parameters for the cellular disruption of Prophyridium
cruentum and Nannochloropsis oculata. Postma et al. [121] proposed a mild disintegration of Chlorella
vulgaris using bead milling. Glinerken et al. [116] studied the effect of nitrogen reduction in the growth
of N. oleoabundans on the release of intracellular components after bead milling.

Safi et al., compared four different cell disruption methods for Nannochloropsis gaditana to release
proteins: pulsed electric field, high-pressure homogenization, enzymatic treatment and bead milling (0.5
mm beads (ZrO2) at 65% filling ratio, and 8 m.s of tip speed). The authors reported similar results in
terms of cellular disintegration for both high-pressure homogenization and the bead milling technologies
(> 95% cellular disintegration) [124]. However, despite the higher energy consumption associated with
bead milling, the scaling up of this disruption technology is easier than the other technologies studied
by Safi et al. [124].

Quesada-Salas et al., studied the effect of the flow rate and the bead size on the cell disruption efficiency
of Nannochloropsis gaditana and Nannochloropsis oceanica through bead milling [134]. The author
performed 3 grinding cycles to a 10 gow.kg™* microalgae suspension in a Dyno®- Mill Multi Lab (WAB)
with a 600 mL grinding chamber, a bead filling percentage of 80%, and a tip speed of 10 m.s. The
results of this study revealed that a lower flow rate - LFR exhibits better results in terms of cell disruption
percentage than a higher flow rate - HFR (93 = 5% HFR and 99 + 5% LFR). Also, the comparison
between the diameter of zirconia beads (0.40 mm and 1.25 mm) revealed that the smaller beads lead to
better results in terms of cell disruption efficiency (96 £ 5% 0.40 mm and 55 £ 5% 1.25 mm). However,
the biomass that was used in these studies was initially frozen which might have contributed to cellular

disintegration as freeze-thawing is a known mild cell disruption technique [135].

The main objective of this study is to optimise the extraction of intracellular compounds through the

optimisation of the disruption step (bead milling). In this work, a pilot-scale bead milling was studied
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to evaluate the influence of several processing parameters on the cell disintegration efficiency in
thickened (100 gsrow.L ) Nannochloropsis sp. suspensions. The following processing parameters: flow
rate, agitator tip speed, and the number of passes of the suspension through the grinding chamber were
optimised to increase the cell disruption yield. The aim is to optimise the bead milling process to achieve
more than 85% of cellular disruption with one single pass through the grinding mill. To our knowledge,
the process optimisation of a pilot-scale bead milling to increase the cellular disruption efficiency of
fresh biomass of Nannochloropsis sp. has never been reported. The global efficiency of the disruption
step was qualitatively evaluated through microscopic observation and quantitatively evaluated by the
extraction efficiency of total pigments (chlorophyll a, pheophytin a equivalents and carotenoids) from
the disrupted Nannochloropsis sp. biomass. The number of stress events (SN), as well as the stress
intensity (SI, Nm) and the energy consumption (KWh.kgliomass) Of each experiment, were also
calculated to characterize the bead milling process. Also, an industrial scale bead milling was studied to
outline the optimal operating conditions to achieve 85% to 95% of cellular disruption for a biorefinery
with a production capacity of 300 L.h*, as a requirement for industrial microalgae biorefineries. To the
best of our knowledge, no optimisation process of industrial-scale bead milling has been reported.

3.3. Materials and Methods

3.3.1. Materials

The strain of Nannochloropsis sp. was grown in flat-panel photobioreactors (PBR) of A4F — Algae for
Future (Portugal) in marine, N-replete culture medium and concentrated up to a 200 gsrow/L Wet paste
(between 30 to 35 g/L of salt), to facilitate the transport. For analytical procedures acetone, 99.0% purity,
was purchased from JMGS (Odivelas, Portugal).

3.3.2. Nannochloropsis sp. bead milling at pilot scale

In this first part of the experimental work, bead mill experiments were performed with a Dyno®-Mill
Multi Lab of WAB (Willy A Bachofen AG, Muttenz, Switzerland). This first part of the experiment was
accomplished on a pilot scale. The harvested Nannochloropsis sp. paste obtained from A4F — Algae for
Future was received with a concentration of approximately 200 gsrow.L?, which facilitated biomass
transport. Then the paste was diluted with Nannochloropsis sp. culture media to approximately 100

gsrow.L . After homogenisation by stirring, the Nannochloropsis sp. suspension (feed solution) at 100
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gsrow.L ! was pumped by a peristaltic pump, from an agitated feed tank to a 1.4 L horizontal grinding
chamber (Figure 3.1). A constant filling volume of 85 % v.v* with grinding beads, was ensured and
recommended by the supplier. The beads selected were 0.4-0.6 mm in diameter [136]. The suspension
outlet temperature was maintained under 30 °C with cold water (4 °C) circulating in the cooling jacket
of the grinding chamber. Samples of disrupted biomass were then collected at the outlet when steady-
state was reached (constant flow rate and concentration obtained after 3 chamber volumes). The
parameters tested in this study were: the number of passes through the grinding chamber (1 and 2), the
rotational speed (10 and 14 m.s%), and the flow rate (10 and 13 L.h). The operating conditions for each
trial of bead milling are summarized in Table 3.1. The number of passes through the bead milling was
assessed in the first two experiments (BM.1.1 and BM.1.2) with a flow rate fixed at 13 L.h" and a tip
speed fixed at 10 m.s, as it was assumed that those were the most unfavourable operating conditions.
As mentioned before, the aim was to optimise the bead milling process to achieve more than 85% of
cellular disruption with one single pass through the grinding chamber, allowing to minimise of the
number of mills in a biorefinery. Therefore, according to the results obtained in the first trial (87.7% %
0.4% disruption efficiency, with a single pass), the number of passes through the bead milling was fixed
at a single pass through the bead milling for the remaining trials.

\

Figure 3.1. Bead milling inside view. (1) Input, (2) Output, (3) Agitator discs, (4) Cooling jacket, (5) Griding
chamber, (6) Agitator shaft. Adapted [137]
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Table 3.1. Scheme of the bead milling experiments at a pilot-scale

Experiment Feed Nupr;sbseersof Tip sp_eed Flow -rate
volume (L) #) (m.s?) (L.hY)
BM.1.1 10 1 10 13
BM.1.2 10 2 10 13
BM.1.3 5 1 14 13
BM.1.4 10 1 10 10
BM.1.5 10 1 14 10

The global efficiency of the disruption step was quantitatively evaluated by the extraction efficiency of

chlorophyll a (Chl a) and its degradation products - pheophytin a equivalents (Pheo a) [93,94,101], due

to cell disruption of Nannochloropsis sp. biomass (Eq. 3.1). The behaviour of pigment extraction may

also predict the behaviour of lipid extraction, as they may exhibit similar proprieties.
[Chl a];g,, + [Pheo a]

Disruption Efficiency (%) = [Chia] T [Pheo a]iBM x 100

Eq. 3.1

itotal itotal

where [Chl a]igm is the concentration of chlorophyll a (mg. gsrow™?) in the sample (i), after the bead
milling processing, [Pheo a]ism is the concentration of pheophytin a equivalents (mg. gsrow™) in the
sample (i), after the bead milling processing, [Chl a]i wta is the concentration of chlorophyll a (mg.
gsrow2) in the sample (i), after the bead milling processing plus further bead beating to achieve total
cellular disruption (100% cell disruption), and [Pheo a]iwtr iS the concentration of pheophytin a
equivalents (mg. gsrow™) in the sample (i), after the bead milling processing plus further bead beating
to achieve total cellular disruption (100% cell disruption). In order to ensure that a complete rupture of
the cells was achieved after the bead beating, the samples were re-extracted with fresh acetone (see
section 3.3.5). The results (data not shown) revealed that no pigments were extracted during the last
extraction, which means that the cells were 100% disputed after bead beating and all the pigments

available for extraction were extracted during the first extraction.

The efficiency of cell disruption in bead mills depends on several parameters such as biomass type,
biomass concentration, agitator speed, bead diameter, bead type, bead filling ratio, suspension flow rate,

and residence time (t), calculated through Eg. 3.2:

Vchambe‘r,f‘ree

t, = g

Eq. 3.2
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with,
Vchamber,free = Vchamber € P + Vchamber (1 - (pB) Eq 3.3

where Venamber,free represents the volume inside the chamber filled with Nannochloropsis sp. suspension
(L), Q is the flow rate of the suspension (L.h™), Vcnamber represents the volume of the grinding chamber

(L), ¢ is the bulk porosity (-), and g is the bead filling ratio (-).

Bunge et al. [138], and Kwade and Schwedes [139] described the fragmentation of cells in a bead milling
as a function of the number of stress events, SN (-), i.e., bead to bead collisions, and the stress intensity,

SI (Nm), of each one of the stress events.
Accordingly, the stress number at deagglomeration and disintegration.

can be calculated through 4,

¢ (1 —¢) nt
{1-95(1-98)}C, dp

SNOC dCOCCSND

with,
V5 (1 _ 8) Eq 3.4

S S ) Ty

where ¢s is the bead filling ratio (-), ¢ is the bulk porosity (-), Cv is the volume cell concentration (-), n
number of revolutions of the stirrer per unit time (s2), t is the milling time (s), ds is the bead diameter
(m), and dc is the microalgae cell diameter (m) [139]. For deagglomeration and disintegration, the

reduced stress number (SNp) is inversely proportional to the diameter of the grinding media [139].

In the case of deagglomeration/disintegration, i.e. cellular disruption, it is considered that the elasticity
of the feed is much smaller than that of the grinding media [139]. Furthermore, the stress intensity SI
(Nm), is approximately proportional to the intensity of the grinding media, Slem, and can be defined as

the magnitude of the kinetic energy of a single bead [131], and can be calculated through Eq. 3.5,

Sl & Sl = dipgu? Eq. 3.5
where ds is the bead diameter (m), ps is the specific density of the beads (kg.m=), and us is the agitator
tip speed (m.s?).

The specific energy consumption (KWh.kgsiomass Or KWh.kgpw) was also calculated for each previously

proposed scenario. This parameter translates the electric energy requirements as a function of the amount
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of biomass processed. The electricity requirements for each bead milling experiment were estimated
considering the average drive of the mill (3.3 kW) and the parameters described in Table 3.1.

3.3.3. Nannochloropsis sp. bead milling at industrial scale

In the second part of the experimental work, bead mill experiments were performed with a Dyno®-Mill
UBM 20 of WAB (Willy A Bachofen AG, Muttenz, Switzerland). This second part of the experimental
work was accomplished on an industrial scale. The harvested Nannochloropsis sp. paste (approximately
200 gsrow.L1) was diluted with culture media to approximately 100 gsrow.L™2. After homogenisation by
stirring, the Nannochloropsis sp. suspension (feed solution) at 100 gsrow.L ™ was pumped by a peristaltic
pump, from an agitated feed tank to a 19.6 L horizontal grinding chamber. The suspension outlet
temperature was maintained under 30 °C with cold water circulating in the cooling jacket of the grinding
chamber. Samples of disrupted biomass were then collected at the outlet when steady-state was reached
(constant flow rate and concentration obtained after 3 chamber volumes). The parameters studied were
the flow rate (100, 200 and 300 L.h?), and the filling volume (70% and 85% v.v) with grinding beads
with 0.4-0.6 mm of diameter. The operating conditions for each trial of bead milling are summarized in
Table 3.2.

Table 3.2. Scheme of the bead milling experiments at an industrial scale

Number of  Bead filling

Experiment Feed passes volume Tip sp_?ed Flow rla te
volume (L) #) (% v.vY) (m.s™t) (L.h™h
BM.2.1 60 1 70 16 100
BM.2.2 60 1 85 16 100
BM.2.3 80 1 85 16 200
BM.2.4 80 1 85 16 300

As mentioned in section 3.3.2, the global efficiency of the disruption step was quantitatively evaluated
by the extraction efficiency of chlorophyll a (Chl a) and its degradation products presented as
pheophytin a equivalents (Pheo a), through Eqg. 3.1. Also, the residence time (t;), the number of stress
events (SN), and the stress intensity (SI) were calculated as demonstrated in section 3.3.2. The specific
energy consumption (KWh.kg piomass O KWh.kg™pow) was also calculated for each previously proposed
scenario. The electricity requirements for each bead milling experiment were estimated considering the

average drive of the mill (47.0 kW) and the parameters described in Table 3.2.
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3.3.4. Dry weight and salinity quantification

The dry weight of the samples was determined as previously described in chapter 2.3.4. The selected
drying program was run at 105 °C in a moisture analyser (Kern DBS 60-3, Kern, Germany). Afterwards,
the concentration of salt in the sample was determined through a salinity refractometer (Kern ORA 1SA,

Kern, Germany).

3.3.5. Pigments quantification

Chlorophyll a, chlorophyll a degradation products, and carotenoids quantification was performed as
previously described in chapter 2.3.8. The extracted pigments were analysed by spectrophotometry
(Genesys 10S UV-VIS). Each sample analysis was performed in triplicate.

3.4.Results and Discussion

The analysis of the results is focused on the cell disruption step, through bead milling, of a
100 gsrow.L? Nannochloropsis sp. biomass suspension. The first subchapter presents the
characterisation of biomass after the harvesting step. Subsequently, in the second and third subchapters,
the results from the experimental work of bead milling on a pilot-scale and industrial scale, respectively,

are presented and discussed.

3.4.1. Nannochloropsis sp. biomass characterisation

For each experiment, the harvested Nannochloropsis sp. paste (approximately 200 gsrow.L 1) was diluted
with culture media to approximately 100 gsrow.L? and, after homogenization, a sample was collected
and analysed in terms of salt-free dry weight, and total pigment content. The nine biomass suspension
samples presented a 105.2 + 8.1 g.L* salt-free dry weight per volume, on average. The characterisation
in terms of pigments revealed that, on average, the biomass was composed of 31.8 + 2.6 mg.gsrow* of
chlorophyll a, 11.4 + 1.1 mg.gsrow™* of carotenoids, and 3.0 + 2.5 mg.gsrow ™ of pheophytin a equivalents,
which means that the biomass was in good conditions and with no significant degradation, as pheophytin
a equivalents include all the degradation products of chlorophyll a [101]. Also, the initial

characterisation of the biomass trough pigment analysis, shows that only 3.1% + 1.6% of the cells were
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initially compromised or sightly disrupted, and a microscopic image of Nannochloropsis sp. biomass
before cell disruption is presented in Figure 3.2.

Figure 3.2. Microscopic image of Nannochloropsis sp. biomass before cell disruption (x40 magnification).

3.4.2. Nannochloropsis sp. bead milling at pilot scale

The first approach of the bead milling experiments aiming at the optimisation of the cell disruption was
carried out in a pilot-scale bead mill. The results of the experiments are presented and discussed in terms
of the effect of the number of passes through the bead mill, and the effect of flow rate and tip speed on
the cellular disruption efficiency.

The results of the effect of the number of passes through the bead mill on the cell disruption efficiency,
are presented in Figure 3.3 and Figure 3.4. The microscopic image gives a piece of qualitative
information, and it suggests that two passes (Figure 3.3 B) through the bead mill might be better than
one single pass (Figure 3.3 A). A single pass through the bead mill seems to leave a few intact cells,
while the two passes through the bead mill appear to shred all the cells.
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A)BM.1.1 —13 L.h%; 10 m.s’!; single pass [&3 B) BM.1.2 — 13 L.hr!; 10 m.s%; two passes D3y

o e

Figure 3.3. Microscopic image of Nannochloropsis sp. biomass after cell disruption in a pilot-scale bead mill (x40
magnification). A) Experiment BM.1.1 - bead milling through a single pass with a flow rate of 13 L.h and tip
speed of 10 m.s*%; B) Experiments BM.1.2 - bead milling through two passes with a flow rate of 13 L.h'! and tip

speed of 10 m.s%,

These qualitative results are confirmed by the quantitative results presented in Figure 3.4. A single pass
through the bead mill with a flow rate of 13 L.h™ and tip speed of 10 m.s%, leads to a disruption efficiency
of 87.7% £ 0.4%, while the two passes achieve a disruption efficiency of 99.2% + 0.6%. The results
obtained through pigment quantification after cellular disruption, are in accordance with the ones
reported by Safi et al. [124], of a cellular disintegration >95% in 1 hour of milling with 0.5 mm beads,
and an agitation speed of 8 m.s™.
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Figure 3.4. Pilot-scale bead milling. Disruption efficiency (%) as a function of the number of passages through
the grinding chamber for Nannochloropsis sp. suspension, at a flow rate of 13 L.h! and tip speed of 10 m.s:
BM.1.1 - one pass through the chamber, BM.1.2. Two passes through the chamber. The results are based on 3
replicates of the sample pigment analysis (one test for each condition). The error bars represent the standard
deviation calculated from the replicates.

However, the main objective of this work was to outline and optimise the bead milling process, so that
with one single pass through the grinding mill it should be possible to obtain > 85% of cellular rupture.
Therefore, in the following studies, the effects of the flow rate and the tip speed were assessed for one
single pass through the grinding chamber.

The microscopic images provide a qualitative result and suggest that a higher tip speed (Figure 3.5 B
and D) promotes a higher disruption efficiency since there are fewer intact cells present in the
microscopic images for a tip speed of 14 m.s? (Figure 3.5 B and D) than in the ones for a tip speed of
10 m.s* (Figure 3.5 A and C). On the other hand, a lower flow rate (i.e., higher residence time in the
grinding chamber) seems to lead to a higher disruption efficiency than a higher flow rate. Comparing
Figure 3.5 B with Figure 3.5 D is possible to identify more intact cells in the microscopic image for
the higher flow rate of 13 L.h* (Figure 3.5 B) than in the microscopic image for the lower flow rate of
10 L.ht (Figure 3.5 D).
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A)BM.1.1 —13L.h'%; 10 m.s*! Y 2 B)BM.1.3 —13L.h%; 14 ms™
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Figure 3.5. Microscopic images of Nannochloropsis sp. biomass after cell disruption in a pilot-scale bead mill
(x40 magnification). A) BM.1.1 single pass, flow rate of 13 L.h-?, and tip speed 10 m.s; B) BM.1.3 single pass,
flow rate of 13 L.h"* and tip speed 14 m.s?; C) BM.1.4 single pass, flow rate of 10 L.h', and tip speed 10 m.s™;
D) BM.1.5 single pass, flow rate of 13 L.h%, and tip speed 10 m.s%.

After the qualitative analysis through microscopic observation, a quantitative analysis was performed.
The summary of the results of the effect of the flow rate (L.h"?) and the tip speed (m.s?) on the cell
disruption efficiency, as well as the number of stress events (Sn) and energy consumption, are presented
in Table 3.3.

The intrinsic relation between the number of stress events and the disruption efficiency is shown in
Figure 3.6. It is easily noticed that the higher the number of stress events, the higher the disruption
efficiency. The number of stress events is directly influenced by the agitator tip speed and the residence
time within the grinding chamber. Therefore, higher tip speeds, allied with higher residence times, lead

to higher disruption efficiencies.
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Table 3.3. Summary of the results of the effect of the flow rate and tip speed on the number of stress events (SN),

energy consumption and disruption efficiency, for a bead milling with an 85% filling ratio.

. Residence Energy Disruption
Experiment FI((I)_Wh_rf)te T'(Fr)nsg_?)e d Time SN (Sl\ll% Consumption Efficiency
' ' (mln) (kWh.kg_lbiomass) (%)
BM.1.1 13 10 3.06 5.70x107  7.58x10° 0.152 87.70 %
BM.1.3 13 14 3.06 7.40x107  1.48x10* 0.254 90.80 %
BM.1.4 10 10 3.97 7.97x107  7.58x10° 0.198 88.00 %
BM.1.5 10 14 3.97 1.04x108  1.48x10* 0.330 94.4 %
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Figure 3.6. Disruption efficiency (%) against the number of stress events. BM.1.1 — Flow rate: 13 L.h"* and tip
speed: 10 m.s’t; BM.1.3 — Flow rate: 13 L.h' and tip speed: 14 m.s; BM.1.4 — Flow rate: 10 L.h"* and tip speed:
10 m.st; BM.1.5 — Flow rate: 10 L.h'* and tip speed: 14 m.s™%.

The cell disruption efficiency increased with the increase of the tip speed. For a flow rate of 13 L.h*!
(Figure 3.7 A) the cell disruption was enhanced from 87.7% + 0.4% to 90.8% * 1.5%, when the tip
speed was increased from 10 m.s?* (BM.1) to 14 m.s* (BM.3) respectively. Also, for a flow rate of
10 L.h* (Figure 3.7 B) the cell disruption was enhanced from 88.0% + 0.2% to 94.4% + 2.7% when the
tip speed was increased from 10 m.s* (BM.4) to 14 m.s* (BM.5). A higher tip speed increases the
number of collisions, as well as the energy in those collisions, between the beads and the cells. For
example, for a flow rate of 10 L.h, the number of stress events increased from 7.97x107 to 1.04x108,
when the tip speed was changed from 10 m.s* to 14 m.s (Table 3.3).
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Figure 3.7. Pilot-scale bead milling. Disruption efficiency (%) as a function of the tip speed (m.s?) for
Nannochloropsis sp. suspension. A) Flow rate fixed at 13 L.h?, single pass: BM.1.1 - tip speed 10 m.s? and
BM.1.3 - tip speed 14 m.s?, B) Flow rate fixed at 10 L.h%, single pass: BM.1.4 - tip speed 10 m.s? and
BM.1.5 - tip speed 14 m.s*. Results are based on 3 replicates for each sample pigment analysis (one test for each
condition). The error bars represent the standard deviation calculated from the replicates.

The effect of the flow rate (L.h), when the tip speed is fixed, was also evaluated ( Figure 3.8 A and
B). For a fixed tip speed, the cellular disruption efficiency decreased with the increase of the flow rate.
Figure 3.8 A, shows that for a low tip speed (10 m.s?), the disruption efficiency slightly decreased with
the increase of the flow rate from 10 L.h" to 13 L.h%. However, for a high tip speed (14 m.s1), the cell
disruption efficiency decreased from 94.4% + 2.7% to 90.8% * 1.5% when the flow rate increased from
10 L.h* to 13 L.h'%, respectively (Figure 3.8 B). These results are following the results reported in the
literature regarding the impact of the flow rate on cell disruption. Quesada-Salas et al., reported a

tendency to increase the cellular disruption when the suspension is milled at a lower flow rate [136].

These results are explained by the increase in the residence time when a lower flow rate is applied. For
example, the residence time increased from 3.06 min to 3.97 min when the flow rate was changed from
13 L.h* to 10 L.h* (Table 3.3).

Increasing the residence time increases the number of collisions that every single cell suffers within the
grinding chamber, which is justified by the increase in the number of stress events. However, higher
residence times (i.e., a lower flow rate of the suspension) lead to an increase in energy consumption
(KWh.kghiomass). For a fixed tip speed of 14 m.s*, the energy consumption increased from 0.254
kWh.Kg piomass t0 0.330 kKWh.kghiomass (Table 3.3), when the flow rate decreased from 13 L.h* (90.8%
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of disruption efficiency) to 10 L.h™ (94.4% of disruption efficiency). These results are comparable with
the results reported by Safi et al. [124]. The authors reported a specific energy input of
0.43 kWh.kg thiomass to achieve a cellular disruption efficiency of 95%.
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Figure 3.8. Pilot-scale bead milling. Disruption efficiency (%) as a function of the flow rate (L.h'!) for
Nannochloropsis sp. suspension. A) Tip speed fixed at 10 m.s?, single-pass: BM.1.4 - flow rate 10 L.h"! and
BM.1.1 - flow rate 13 L.hl. B) Tip speed fixed at 14 m.s?, single-pass: BM.1.5 - flow rate 10 L.h! and
BM.1.3 - flow rate 13 L.h. Results are based on 3 replicates for each sample pigment analysis (one test for each
condition). The error bars represent the standard deviation calculated from the replicates.

Figure 3.9 represents the effect of the two combined variables (tip speed [m.s*] and flow rate [m.s™])
on the response variable (disruption efficiency %), for a target of 90% and a minimum value for
disruption efficiency of 85%. It is possible to confirm that to achieve higher disruption efficiencies, high
tip speeds and low flow rates are needed. The target performance can be reached when the experimental
conditions fall in the upper left side of the figure, above the target line. The overall extraction efficiency
of intracellular compounds increases as the cellular disruption rate increase. A higher cellular disruption
efficiency enhances the contact between solvents and the target intracellular compounds, which is a
great advantage within the biorefinery concept.
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Figure 3.9. Pilot-scale bead milling. Effect of tip speed (m.s*) and flow rate (L.h') in the disruption efficiency
(%). The disruption efficiency target has been fixed at 90%, and the minimum has been fixed at 85%. The contour

plot was built on Modde® 13.

3.4.3. Nannochloropsis sp. bead milling at industrial scale

The second part of the bead milling experiments aiming at the optimisation of the cell disruption was
performed at an industrial-scale bead mill. The experiments at a pilot scale revealed that higher residence
times (lower flow rates of the suspension), and higher tip speed lead to higher disruption efficiencies.
Therefore, for the industrial scale experiments, the tip speed was fixed at 16 m.s, which is the maximum
allowed by the equipment. However, the main objective of this part of the study was to outline the
optimal operating conditions to achieve 85% to 95% of cellular disruption for a biorefinery with a

production capacity of 300 L.h?, as a requirement for industrial microalgae biorefineries.

The results of the experiments are presented and discussed in terms of the effect of the filling volume
of the grinding chamber with beads (0.4 - 0.6 mm), and the effect of flow rate, on the cellular disruption
efficiency. The summary of the results of the effect of the flow rate (L.h') and the tip speed (m.s*) on
the cell disruption efficiency, as well as the number of stress events and energy consumption, are

presented in Table 3.4.

As previously observed for the pilot scale bead mill, the increase in the number of stress events lead to
an increase in the disruption efficiency (Figure 3.10). The number of stress events, during these
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industrial-scale trials, was affected by not only the residence time but also by the bead filling ratio inside
the grinding chamber (Table 3.4).

Table 3.4. Summary of the results of the effect of the flow rate and the filling ratio on the number of stress events
(SN), energy consumption and disruption efficiency, for a tip speed of 16 m.s

Flow rate Fillin Residence S| Energy Disruption
Experiment (Lh) ratio (O/go) Time SN (Nﬁ:/l) Consumption Efficiency
' (mil’l) (kWh.kg-lbiomass) (%)
BM.2.1 100 70 20.38 1.38x108  1.94x10* 0.470 89.9 %
BM.2.2 100 85 18.14 2.71x10%  1.94x10* 0.470 95.7 %
BM.2.3 200 85 9.07 1.50x108  1.94x10* 0.235 93.0 %
BM.2.4 300 85 6.05 9.02x107  1.94x10* 0.157 89.4 %
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Figure 3.10. Disruption efficiency (%) against the number of stress events. BM.2.1 — Flow rate: 100 L.h* and
filling ratio: 70%; BM.2.2 — Flow rate: 100 L.h* and filling ratio: 85%; BM.2.3 — Flow rate: 200 L.h* and filling
ratio: 85%; BM.2.4 — Flow rate: 300 L.h™* and filling ratio: 85%.

The results of the effect of the filling volume (% v.v'!) of the chamber with beads on the cell disruption
efficiency are presented in Figure 3.11. The experiments were performed with one single pass through
the mill, at the maximum tip speed (16 m.s*) and with a flow rate of 100 L.h, which means a residence
time of 20.38 min in the experiment BM.2.1 (70% filling ratio), and 18.14 min in the experiment BM.2.2
(85% filling ratio). A significant enhancement of the disruption efficiency was observed when the

percentage of filling with grinding beads increased. Cell disruption efficiencies of 89.9% + 0.9% and
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95.7% =+ 1.4% were achieved, respectively, for 70% (BM.2.1) and 85% (BM2.2) of filling volume (%
v.vh). A lower filling volume reduces the number of collisions that each cell suffers by creating higher
void volumes (without beads) and, therefore, reducing the cellular disruption efficiency. The number of
stress events achieved with a 70% filling ratio is lower (1.38x108) than the number of stress events with
an 85% filling ratio (2.71x108).

For industrial-scale operations, the filling volume of the grinding chamber with beads (0.4 - 0.6 mm)
should be fixed at 85% (v.v'1), as previously used for the pilot scale tests, to achieve a cellular disruption
efficiency higher than 90%. Therefore, further studies, on the effect of the flow rate, were performed
with a filling volume of 85% (v.v?).

100% -
<
P 80% 1
3
2 60% A
b= 0 o | ® BM.2.1
i N
o &
S 40% A & O BM.2.2
j="
=
ol
A 20% -

0% -

70% 85%

Filling Volume (% v.v*!)

Figure 3.11. Industrial-scale bead milling. Disruption efficiency (%) as a function of the filling volume of the
grinding chamber with beads (% v.v!), at a flow rate of 100 L.h* and tip speed of 16 m.s, for Nannochloropsis
sp. suspension: BM.2.1 - 70% filling volume, BM.2.2 - 85% filling volume. Results are based on 3 replicates for

each sample pigment analysis (one test for each condition). The error bars represent the standard deviation
calculated from the replicates.

The effect of the flow rate, when a tip speed is fixed, was also studied for an industrial-scale bead milling
operation, and the results are exhibited in Figure 3.12. The experiments were performed with one single
pass through the bead mill, at the maximum tip speed (16 m.s™) and with a filling volume of 85%
(v.vl). As previously observed for the pilot scale, as the flow rate increases and the residence time
decreases, the cell disruption efficiency decreases. Cell disruption efficiencies of 95.7% = 1.4%, 93.0%
+ 0.2%, and 89.4% =* 2.2%, were achieved, respectively, for a flow rate of 100 L.h* (residence time =
18.14 min), 200 L.h* (residence time = 9.07 min), and 300 L.h* (residence time = 6.05 min).
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Again, the increase in residence time (for the same filling ratio) is reflected in the increasing number of
stress events, i.e., the number of collisions between the beads and the cells (Table 3.4). For example,
the increase of the residence time from 6.05 min in the experiment BM.2.4 (300 L.h%) to 9.07 min in
the experiment BM.2.3 (200 L.h') lead to an increase in the number of stress events from 9.02x10’
(experiment BM.2.4) to 1.50x10® (experiment BM.2.3). As conclude in pilot scale experiments, the
energy consumption is highly influenced by the residence time. The energy consumption increased, for
example, from 0.157 KWh.Kkg piomass t0 0.235 kWh.kghiomass (Table 3.4), when the flow rate decreased
from 300 L.h* (89.4% of disruption efficiency) to 200 L.h'* (93.0% of disruption efficiency).

Comparing the energy consumption results at an industrial scale with the results obtained at a pilot scale
it was possible to conclude that for similar residence times, the experiments at an industrial scale
revealed a lower energy consumption than the experiments at a pilot scale (0.157 kWh.kg™piomss at an
industrial scale, and 0.330 kWh.kgsiomss at a pilot scale). However, contrarily as expected, for similar
residence times, the disruption efficiency was higher in the pilot scale experiments (94.4%) than in the
industrial scale experiments (89.4%). These results could be explained by the fact that some cells might
be already compromised (not disrupted but fragilized, which was not seen in the microscopic
observation) before the pilot scale experiment.
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Figure 3.12. Industrial-scale bead milling. Disruption efficiency (%) as a function of the flow rate (L.h") for
Nannochloropsis sp. suspension, at a filling volume of 85% (v.v!) and a tip speed of 16 m.s™. BM.2.2 - flow rate
100 L.ht, BM.2.3 - flow rate 200 L.h*%, BM.2.4 - flow rate 300 L.h™. Results are based on 3 replicates for each

sample pigment analysis (one test for each condition). The error bars represent the standard deviation calculated

from the replicates.
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The main objective for the industrial scale was to outline the optimal operating conditions to achieve
85% to 95% of cellular disruption through bead milling. The biorefinery where this bead mill will be
located will have a production capacity of 300 L.h . Therefore, the results obtained revealed that it will
be possible to achieve the main objective with a single bead mill (one single pass). This result is of

extreme importance to microalgae industrial biorefineries.

3.5.Conclusion

In this work, the processing parameters of a pilot-scale bead milling were optimised to improve the
extraction of intracellular compounds of Nannochloropsis sp. suspensions (100 gseow.Lt). The pilot-
scale experiments revealed that it is possible to achieve 99% of cellular disruption, with two passes
through the bead mill at a flow rate of 13 L.h"* and a tip speed of 10 m.st. However, it was decided to
optimise the bead milling process to achieve more than 85% of cellular disruption with one single pass
through the grinding mill. It was observed a tendency to increase the cellular disruption with the decrease
of the flow rate (i.e., with the increase of the residence time), and the increase of the tip speed. This
tendency was concluded to be related to the increase in the number of stress events that each cell suffers
during the disruption time. In fact, it was possible to achieve almost 95% of disruption efficiency for a
single pass at a flow rate of 10 L.h* and a tip speed of 14 m.s* (maximum allowed by the equipment),
with an energy consumption of 0.330 kWh.kgiomass. Similarly, the industrial-scale experiments
revealed that lower flow rates, and consequently higher residence times, achieved higher disruption
efficiencies at a fixed tip speed of 16 m.s** (maximum allowed by the equipment). Comparing the energy
consumption results at an industrial scale with the results obtained at a pilot scale it was possible to
conclude that for similar residence times, the experiments at an industrial scale revealed a lower energy
consumption than the experiments at a pilot scale (0.157 kWh.kgpiomss at an industrial scale, and 0.330
kWh.kghiomss at a pilot scale). It was also concluded that it was possible to accomplish the main
objective for the industrial-scale experiments (experiment BM.2.4), which was to achieve a cellular
disruption efficiency higher than 85% with a single pass, and a flow rate required for an industrial

microalgae biorefinery (300 L.h).
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4.1. Abstract

This work proposes a way to maximize the potential of a Nannochloropsis sp. biorefinery process,
through membrane technology, producing an extract enriched in soluble proteins, free from the insoluble
protein fraction, with a low lipid content and eliminating the coloured chlorophyll a. This procedure,
following the principles of a circular economy approach, allows for the valorisation of a stream from
the biorefining of Nannochloropsis sp. that, otherwise, would be considered a residue without
commercial value. The process proposed minimizes fouling phenomena at the membrane surface,
making it possible to achieve high permeate fluxes, thus reducing the need for membrane cleaning and,
therefore, contributing to an extended membrane lifetime. The supernatant obtained after centrifugation
of a suspension of ruptured Nannochloropsis sp. cells was processed by ultrafiltration using a membrane
with a cut-off of 100 kDa MWCO. Two different operating approaches were evaluated—controlled
transmembrane pressure and controlled permeate flux—under concentration and diafiltration modes.
Ultrafiltration operated in a diafiltration mode, under controlled permeate flux conditions, led to the
highest soluble protein recovery (78%) with the highest constant permeate flux (12 L.m2.h"") and low

membrane fouling.

Keywords: Nannochloropsis sp.; protein recovery; circular economy; ultrafiltration; controlled

transmembrane pressure; controlled permeate flux

4.2. Introduction

Microalgae Proteins are some of the microalgae products that have been receiving great attention from

the research community. Microalgae proteins are a potential suitable source of high-quality protein not
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only for human food [140], but also for animal feed [141], and in specific cases, such as the case of
phycobiliproteins, for nutraceutical and pharmaceutical applications [142].

Several species of microalgae are known for their high protein contents [143], with nutritional values
similar to other traditional protein sources, such as meat, egg, soybean and milk [144]. Fradique et al.
[140], reported having successfully produced a high protein pasta product through the incorporation of
Chlorella vulgaris and Spirulina maxima into semolina flour. The author also reported that the cooking
quality of pasta was not compromised. Nevertheless, the incorporation of microalgae protein in food
products faces several challenges, mostly those related to their organoleptic characteristics, such as
odour, taste and colour [145]. Colour is the first parameter noticed by the consumer and the common
green colour, linked to the presence of chlorophyll, leads to a very low sensorial acceptance by some
consumers [146]. Qazi et al. [147], studied the impact on dough rheology and bread quality after the
enrichment with an ethanol pre-treated Tetraselmis chuii protein fraction, in order to remove the green
colour and improve the sensory properties. However, besides the clear improvement in dough rheology
and bread quality, the author reported that the green pigmentation was not fully eliminated. For these
reasons, microalgae coloured proteins are currently not regarded as valuable products with commercial
value. Therefore, in line with the Circular Economy concept, it is important to find ways to reduce or

eliminate the presence of chlorophyll in the microalgae protein.

Nannochloropsis sp., which is widely known for the production of omega-3 fatty acids, specifically
eicosapentaenoic acid - EPA, has also an important content in total protein (up to 50% of dry weight)
[33], both soluble (up to 20% dry weight) [34] and insoluble. Nannochloropsis sp. has a peculiar
photosynthetic apparatus, characterized by the presence of only one type of chlorophyll (chlorophyll a),

thus making its removal potentially simpler to address [89].

Nannochloropsis sp. is a small marine microalga (Eustigmatophyceae). The cells of Nannochloropsis
sp. are small (3-5 um) spherical or slightly ovoid [35], with a single chloroplast occupying a large
volume of the cell [31], and with a strong cell wall composed of a bilayer structure consisting of a
cellulosic inner wall and a hydrophobic algaenan outer layer [49]. Algaenan is a resistant biopolymer,
and the algaenan layer has been described to be composed of long, straight-chain, saturated aliphatics
with ether cross-links [83]. In numerous cases, algaenan is part of a layer called trilaminar layer structure
(TLS), which exhibits two high electron density outside layers sandwiching one layer with low electron
density [132]. The resistance of the algaenan and their small radius confers a robust cell wall to

Nannochloropsis sp. cells.
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The recovery of soluble proteins from aqueous supernatants, that result from the centrifugation of
disrupted biomass, has attracted significant interest. In a microalgae biorefinery, besides the production
of Nannochloropsis sp. extracts enriched in lipids, a soluble protein fraction can be produced for food
applications, free from insoluble proteins and, ideally, without the presence of lipids and coloured
chlorophyll a. Lipids tend to be attached to insoluble compounds [148] (e.g., insoluble proteins) that
remain in suspension in the aqueous supernatant after centrifugation [149]. Thus, it is important to find
a suitable process to recover the soluble protein fraction free from the insoluble compounds present (and

the lipids attached to them) in the aqueous supernatant obtained by centrifugation.

Precipitation followed by centrifugation is one of the known methods for protein recovery from aqueous
supernatants. Cavonius et al. used a pH-shift precipitation method to obtain a protein isolate from
Nannochloropsis oculata, by lowering the pH to the protein's isoelectric point [71]. However, this
method has significant limitations, such as the low selectivity for different proteins and, in some cases,

the irreversible denaturation of proteins.

Alternatively, the use of membrane technologies for fractionation/concentration of proteins from
microalgae offers the possibility of operating under mild conditions and thus prevents the denaturation
of proteins [150]. Membrane processes, namely the commonly used ultrafiltration or nanofiltration are
pressure-driven processes. The selective transport of the different compounds of a solution is mainly
regulated by molecular size exclusion mechanisms, but also by the Coulombic and hydrophobic
interactions between the compounds present and the membrane selective top layer [151]. Generally,
membrane technologies are economic, easy to operate and to scale up, although not providing high

product selectivity when compared e.g., with chromatography processes.

Ursu et al. [152], studied the concentration of Chlorella vulgaris proteins in the retentate, through
ultrafiltration (using a membrane with a molecular weight cut-off (MWCOQO) of 300 kDa) in a
concentration mode under fixed transmembrane pressure (fixed at 1.5 bar). The majority of the proteins
remained in the retentate (87% w/w for pH 7). Safi et al. [1] focused on obtaining proteins in the
permeate instead of the retentate, free from polysaccharides and chlorophyll. The author studied two-
step ultrafiltration with a polyethersulfone (PES) membrane (concentration followed by diafiltration,
using the same membrane). Three PES membranes with different molecular weight cut-offs were tested
(300 kDa, 500 kDa and 1000 kDa) at fixed TMP (2.07 bar). The best performance was achieved with
the 300 kDa membrane, and a protein recovery of 37% (w/w total proteins in the supernatant) was
reported [1]. This low protein recovery could be explained by fouling phenomena, which reduce the

permeate flow rate and increase the retention by the membrane.
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The severe fouling observed at the start of the constant transmembrane pressure (TMP) ultrafiltration
process, due to the often very high initial flux of the clean membrane [153], may be reduced by applying
a milder operation, using a controlled permeate flux strategy, operated under subcritical/sustainable
permeate flux conditions [154]. Monte et al. studied the harvesting of carotenoid-rich Dunaliella salina
through ultrafiltration in a concentration mode under controlled flux conditions [155]. Similarly, Serra
et al. combined ultrafiltration in a diafiltration mode with controlled flux conditions for the purification

of viscous arabinoxylans from corn fibre through dia-ultrafiltration [156].

In the present work, membrane fouling occurring during protein filtration could be reduced by operating
the ultrafiltration process in a diafiltration mode. The dia-ultrafiltration process enhances the removal

of small proteins and carbohydrates, preventing the viscosity of the feed solution from rising over time.

The main objective of this study is to define a suitable methodology using membrane processing to
obtain a high permeate flux with maximum soluble protein recovery (free from chlorophyll a, insoluble
proteins and lipids). This work also aims to establish a process with minimum fouling, that could lead
to easy membrane cleaning, therefore also contributing to maximising membrane lifetime. The global
efficiency of the process under study was mainly quantified by the permeate volumetric flux,
Jv (L.m2h) and by the percentage of soluble protein recovered in the permeate. To our knowledge,
ultrafiltration in a diafiltration operation mode under controlled permeate flux has not been reported and
evaluated as a methodology for the recovery of soluble proteins in microalgae biorefineries. Besides the
study performed by dia-ultrafiltration, ultrafiltration in a concentration operation mode was also tested.
In both cases, two different operating conditions were compared, corresponding to controlled

transmembrane pressure and controlled permeate flux.

4.3.Materials and Methods

4.3.1. Materials

The Nannochloropsis sp. biomass used in this work was cultivated in photobioreactors (PBRs),
mechanically disrupted and supplied by A4F — Algae for Future (Portugal). For the ultrafiltration
studies, the Nannochloropsis sp. disrupted biomass (100 g.L%, on a salt-free dry weight basis - SFDW)
was centrifuged at 11,000 x g (for 2 x 20 minutes, 5 °C) and the collected supernatant (30 gsrow.Lt) was

analysed in terms of salt-free dry weight, proteins, lipids, and chlorophyll a content.

Previous studies of ultrafiltration using a hydrophilic ceramic membrane with a nominal molecular
weight cut-off (MWCO) of 300 kDa revealed a significant volumetric flux decrease during the process,
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which may be related to high fouling, namely intrapore fouling (data not shown here). Also,
Nannochloropsis sp. contains various proteins, which are associated with the light-harvesting
complexes, with molecular masses ranging between 21-32 kDa [157]. Therefore, for optimization of
soluble protein recovery, a hollow fibre module containing a tighter ultrafiltration membrane with an
MWCO of 100 kDa was used (GE Healthcare, Chicago, IL, USA; Model: UFP-100-C-5A). It was
composed of 520 hydrophilic polysulfone (PS) fibres, with an internal diameter of 0.5 mm, a length of
0.32 m, and a total filtration area of 0.2 m2 The membrane selected is hydrophilic to enhance the
permeation of the soluble proteins, as the extract is aqueous, and to avoid protein denaturation that is
prone to occur at the surface of hydrophobic materials. The membrane cleaning products Ultrasil 110
and Ultrasil 75 were purchased from Ecolab (Mississauga, Ontario, Canada) and ethanol (97%) was
obtained from Panreac (Barcelona, Spain). For analytical procedures acetone 99.0% and methanol
99.8% were purchased from JMGS (Odivelas, Portugal), chloroform was obtained from
Honeywell/Riedel-de Haén (Seelze, Germany) and the Pierce ™ BCA Protein Assay Kit was acquired
from Thermo Fisher Scientific (Waltham, Massachusetts, United States).

4.3.2. Membrane processing

In this work, the supernatant from the centrifugation of Nannochloropsis sp. disrupted biomass (30
gsrow.L 1) and its dilution, with a dilution (1:3) corresponding to 10 gsrow.L ™, were processed with the
selected membrane system, as summarised in Table 4.1. The supernatant (30 gsrow.L™?) from the
centrifugation of Nannochloropsis sp. disrupted biomass was diluted with Nannochloropsis sp. culture
media, which has a salt concentration similar to seawater (30 g.L™?), to a dilution ratio of 1:3. After the
dilution, the concentration of the diluted supernatant expressed in salt-free dry weight was
10 gsrow.L ™.

Primarily, the membrane ultrafiltration experiments were conducted in a concentration operation mode,
under controlled transmembrane pressure (TMP) conditions, as it is the most commonly reported in the
literature (see the scheme of membrane set-up in Figure 4.1 a). The membrane filtration unit was
constituted of a feed tank (1), a recirculation pump (2), pressure gauges (3), a membrane module (4) and
a permeate tank (5). Additionally, the ultrafiltration experiments were also performed in a diafiltration
operation mode followed by concentration, under controlled transmembrane pressure conditions (see
the scheme of membrane set-up in Figure 4.1 b), where a water tank (6) and a peristaltic pump, for
water feed, were added. The value of transmembrane pressure was set as 0.2 bar (see Table 4.1) to

preserve mild operating conditions.
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As shown in Table 4.1, three experiments were also performed under controlled permeate flux
conditions, where the permeate flux was fixed and the TMP was allowed to vary. The membrane set-up
for the controlled permeate flux experiments was similar to the preceding one (set-up for the controlled
TMP experiments), both for concentration and diafiltration operation modes (see the scheme of
membrane set-up in Figure 4.1 ¢) and d), respectively). When operating under controlled permeate flux,
its value was imposed by introducing a positive displacement pump (5) in the permeate circuit, which
controls and defines the permeate flux, as presented in Figure 4.1 c) and d). The value of permeate flux
was set at 12 L.m2.h? (see Table 4.1). This value was selected after preliminary experiments, which
showed that at this flux no increase of transmembrane pressure occurs (sub-critical, sustainable flux

conditions).

Table 4.1. Scheme of the ultrafiltration experimental studies conducted

Feed total Operatin TMP
Experiment concentration  Operation mode perating J, (L.m2.h?)
1 conditions (bar)
(gsrow.L™)
Exp.1 30 Concentration 0.2
P 5 . Controlled 5
Exp. 10 C(_)ngentrgtlon transmembrane 0.
Exp.3 30 Diafiltration + pressure 0.2
Concentration
Exp.4 30 Concentration 12
Exp.5 10 Concentration Controlled 12
iafiltrati permeate flux
Exp.6 30 Diafiltration + 12

Concentration
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Figure 4.1. Representation of the ultrafiltration membrane unit during the experiments performed under different
operating modes and conditions: (a) concentration operation mode, under controlled transmembrane pressure; (b)
diafiltration operation mode followed by concentration, under controlled transmembrane pressure; (c)
concentration operation mode, under controlled permeate flux; (d) diafiltration operation mode followed by

concentration, under controlled permeate flux.

In each membrane experiment, the feed was pumped from the feed tank through the membrane module
using a peristaltic pump and recirculated to the feed tank, with a cross-flow velocity of 0.25 m.s™!. The
feed reservoir was filled with 1.5 + 0.5 L of protein aqueous extract at 20 °C and pH 6.7 + 0.1. The
permeate was collected in the permeate tank and the permeate flux was monitored by mass acquisition
using an electronic balance (Kern 572, Kern, Germany). For the ultrafiltration in a diafiltration operation
mode, the diafiltration volume D (-) was calculated through Eq. 4.1:

D = Vwater added EQ- 4.1

ered
where Vuwater added (L) i the volume of the water (diafiltration solvent) added and Vieeq (L) is the volume
of the feed. For the ultrafiltration process operated in a concentration operation mode, the concentration

factor, CF (-), was determined according to Eq. 4.2:

Mo Eq. 4.2

Mto — Mpermeate

CF =
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where my (kg) represents the mass in the feed compartment at the beginning of the experiment and
Mpermeate (KQ) 1S the permeate mass collected during a given period.

The volumetric permeate flux, permeance, apparent rejection of soluble proteins, and percentage of
soluble protein recovered in the permeate were calculated during the membrane ultrafiltration

experiments.

The volumetric permeate flux Jv(L.m 2.h™!) was calculated according to Eq. 4.3:

J, = Mpermeate Eq.4.3
v p.A.t

where Mpermeate (KQ) is the mass of permeate, p (kg.m™3) is the density of the permeate, A (m?) is the total
membrane filtration area, and t (h) is the time of permeation. The permeance L, (L.m™2.h ".bar™') was

calculated through Eq. 4.4:

Lp = Jv Eq. 4.4
P=Tmp

where Jv (L.m 2.h™") is the volumetric permeate flux and TMP (bar) is the transmembrane pressure. In
each test (controlled transmembrane pressure concentration/diafiltration and controlled permeate flux
concentration/diafiltration), the global apparent rejection of a target compound R; (%) and the percentage
of soluble protein recovered in the permeate were calculated during the filtration experiments through

Eq. 4.5 and Eq. 4.6, respectively:

R(%)=1— Ciperm Eq. 4.5
' Ci,feed
M protein,perm ®) Eq. 4.6

ms.protien,feed (tO)

% Recovers.protein =

where in Eq. 4.5, Ciperm (9.L ") is the concentration of the target compound in the collected permeate
and Cited (9.L") is the concentration of the same compound in the feed (retentate) compartment, and in
EQ. 4.6, Msproteinperm (1) (9) is the mass of soluble protein in the permeate compartment at a defined time
of the experiment (t) and Ms protein feed (to) (g) is the mass of soluble protein in the feed compartment at the

initial time of the experiment.

The soluble protein loss was defined as the soluble protein that is not recovered in the permeate for each

experiment and was evaluated through a soluble protein mass balance, as shown in, Eq. 4.7:
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ms.protein,feed (tO) = ms.protein,perm (tF) + ms.protein,reten (tF) + ms.protein,accum (tF) Eq 4.7

where ms protein feed (o) (9) is the mass of soluble protein in the feed compartment at the initial time of the
experiment, M proteinperm (te) (Q) is the mass of soluble protein recovered in the permeate at the end of the
experiment, M protein,reten (tF) () is the mass of soluble protein in the retentate at the end of the experiment,
and ms protein.accum (te) (g) is the soluble protein adsorbed/accumulated on the membrane surface and/or
pores (surface intra-pore fouling).

The fouling phenomena, defined as the undesirable adsorption/deposition of dissolved solutes or
suspended particles, was evaluated through the resistance-in-series model [158]:
TMP

K> Rtotal = Eq 4.8

Jo n.Jy

- n. Rtotal

where in Eq. 4.8 Jv (m.s™!) is the volumetric permeate flux, TMP (Pa) the transmembrane pressure, n
(Pa.s) the dynamic viscosity of the permeate (we considered the water viscosity at 20 °C, 1.002 x 103
Pa.s, since we are dealing with an aqueous extract), and Rt (M™!) represents the total resistance. We
considered that the total resistance Rwwa (M™') results from a series of resistances introduced by the
intrinsic membrane resistance Rm (M) and the resistance caused by the fouling, which may comprise
two distinct contributions: Rrey (M), standing for the resistance that disappears when the pressure across
the membrane is released and pure water is passed through the system at the end of the experiment,
removing unbounded solutes from the membrane surface - i.e., reversible fouling resistance; Rirres (M™),
the resistance that is only removed when a cleaning cycle using chemical agents is applied, removing
the compounds chemically bonded to the membrane - i.e., irreversible fouling resistance. Therefore, the

total resistance was calculated through the following equation :
Riotar = Rm + Ryey + Rirrev Eq.4.9

The resistance that the membrane offers to the permeation of pure water, Rn (m™'), was calculated

through the hydraulic permeance measured at the beginning of each experiment:

1
Lpy.-nw

Eq. 4.10

m

where Lpw (m.Pa"'.s7!) is the hydraulic permeance and nw (Pa.s) is the viscosity of water at 20 °C
(1.002 x 103 Pa.s).
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To estimate the remaining resistances, as mentioned above (Eq. 4.9), the total resistance, Riotar (M™!) was
calculated at the end of each Nannochloropsis sp. supernatant filtration experiment, using the last
measured value of volumetric permeate flux, Jv (m.s!), and Rn + Rirrev (M™!) values were obtained
through the volumetric flux of water, measured after a flush with pure water (20 °C) to eliminate
reversible fouling. By subtracting Rm + Rirrev (M™!) from R (M), it was then possible to calculate Rrey
(m™1) and compute Rires (M), subtracting the known parameters, R (m™!) and Rrey (M™!), from the total

resistance Riowar (M™).

4.3.3. Membrane cleaning

In order to achieve reproducible membrane experiments, after membrane cleaning the hydraulic
permeance was measured. The hydraulic permeance measured with deionized water at 20 °C before the
experiments was 221 + 3 L/ (m? h bar). After each trial, the membrane was cleaned, using a pre-
established cleaning cycle to recover the initial hydraulic permeance. The cleaning procedure comprised
the following steps: use of an alkaline solution (at 45 + 2 °C) with a concentration of 0.5% (w/w) of
Ultrasil 110 recirculated for 30 min, to remove organic fouling; then, an acid solution of Ultrasil 75 with
a concentration of 0.03% (w/w) recirculated for 30 min (at 45 + 2 °C), to remove the inorganic fouling;
the last step consisted of circulating ethanol (at 45 + 2 °C) for 20 min with a concentration of 70% (v/v),
to recover the hydrophilicity of the membrane surface and restore the water permeability [159]. Between
these different cleaning operations and steps, the membrane was flushed with deionized water until the

pH was stabilized at 7 and a negligible conductivity was reached.

4.3.4. Dry weight and salinity quantification

The dry weight of each sample was determined by weight difference before and after water evaporation.
The drying program was run at 105 °C until a constant weight was achieved in a moisture analyser (Kern
DBS 60-3, Kern, Germany). To determine the salt present in the sample, a salinity refractometer (Kern
ORA 1SA, Kern, Germany) was used.

4.3.5. Protein quantification

Total protein quantification of the different samples was performed using Pierce™ BCA Protein Assay

Kit (Thermo Scientific) [160]. The calibration curves and quantification assays were performed
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according to the supplier's instructions. Also, the soluble protein quantification was performed after
centrifugation (14,000 x g for 15 min) of each sample to precipitate the membrane proteins that remain
attached to cellular debris. The protein that remain in the supernatant after centrifugation was considered

soluble protein and analysed through the Bicinchoninic Acid (BCA) assay [161].

4.3.6. Total lipids quantification

The total lipid content was extracted with a solvent mixture 1:1 methanol: chloroform, as described by
Ryckebosch et al. [108]. Briefly, 100 mg of previously lyophilized samples were mixed with 4 mL of
methanol. Chloroform (2 mL) and water (0.4 mL) were then added and the sample was vortex mixed
for 45 s. Chloroform (2 mL) and water (2 mL) were added again and the sample was vortex mixed for
another 45s. After that, the sample was centrifuged (4,000 x g for 10 min). The upper layer was reserved
in a clear tube and the remaining pellet was re-extracted with 4 mL of methanol: chloroform 1:1. The
centrifugation step was repeated and the solvent layers were passed through a layer of anhydrous sodium
sulphate. Afterwards, the solvent was removed by rotary evaporation and the lipid content was

determined gravimetrically.

4.3.7. Chlorophyll a quantification

The quantification of chlorophyll a was performed through spectrophotometric analysis. Briefly, 1 mg
of a freeze-dried sample was mixed with 4 mL 99.0% acetone and vortex mixed for 60 s. Then, the
sample was centrifuged at 4,000 x g (for 10 min, 5 °C). The extracted chlorophyll a, recovered in the
supernatant, was analysed by spectrophotometry (Genesys 10S UV-VIS) and the chlorophyll a content

was determined according to Eq. 4.11 proposed by Ritchie et al. [162] for two different wavelengths:

Chla (ug.mL™Y) = —1.7858 X Ags; + 11.8668 X Age, Eq. 4.11

4.4.Results and Discussion

The analysis of the results obtained is focused here on the ultrafiltration process, after centrifugation of
disrupted Nannochloropsis sp. biomass. In the first section, characterization of the supernatant from the

centrifugation of disrupted Nannochloropsis sp. biomass is presented. Subsequently, in the second
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section, results from the experimental work performed with ultrafiltration/diafiltration are presented and
discussed.

4.4.1. Nannochloropsis sp. supernatant characterisation

The disrupted (> 90% disintegration) Nannochloropsis sp. biomass (100 gsrow.L™!) was centrifuged and
the supernatant was collected and analysed in terms of the salt-free dry weight, proteins, lipids, and
chlorophyll a. The supernatant samples, used as feed solutions for filtration experiments without
dilution, presented on average a salt-free dry weight of 30.2 + 0.8 g.L"!. The supernatant samples’
characterization (Table 4.2) revealed that 83% of the proteins (w/w total proteins) present in the
supernatant were soluble. The total lipids analysis revealed that the supernatant contains 4.37 £ 0.22
g.Ltof lipids, on average. The Nannochloropsis sp. used in the present study was grown under N-replete
conditions; lipids were mainly present in the form of polar lipids (glycolipids and phospholipids), which
are crucial to preserving cell-membrane integrity [149]. These lipid classes are expected to have
interactions with cytoskeletal proteins [148] that are responsible for the structural organization of the
cell and to ensure several cellular processes (e.g., cell division, motility, and contractility) [163].
Therefore, some of the polar lipids attached to cytoskeletal proteins might remain in the aqueous

supernatant.

Table 4.2. Supernatant composition in terms of proteins, lipids, and chlorophyll a. Results are based on the average

of six supernatant samples, used as feed solutions for each membrane experiment.

Total Protein (g.L?) 8.77 £ 0.37
Soluble Protein (g.L™?) 7.28 +0.58
Insoluble Protein (g.L?) 1.48 £0.27

Total Lipids (g.L™?) 4.37 £ 0.60

Chlorophyll a (g.L?) 0.08 £ 0.02

4.4.2. Ultrafiltration performance

During the ultrafiltration experiments, different operation modes (concentration and diafiltration) and
operating conditions were compared (controlled transmembrane pressure, TMP, and controlled
permeate flux). In an ultrafiltration process under controlled TMP, the transmembrane pressure is fixed

and the flux is allowed to evolve, declining as the membrane fouls. On the other hand, ultrafiltration
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under controlled permeate flux allows for the precise control of convective transport toward the
membrane surface [164], making it possible to adjust the viscous force near the membrane [165]. If the
controlled permeate flux is imposed assuring a sustainable flux (subcritical conditions), membrane
fouling is avoided, or at least, minimized. In fact, unlike the controlled permeate flux operation, the
controlled transmembrane pressure operation is more prone to causing severe fouling phenomena, with

a typical trend for high initial permeate flux, followed by a drastic reduction [154].

The performance of the ultrafiltration/diafiltration process for both operating conditions is presented

below.

442.1. Volumetric Flux and Permeance

The results of the volumetric flux (Jv) obtained while maintaining a controlled transmembrane pressure
at 0.2 bar or a controlled permeate flux of around 12 L.m2h?, are presented in Figure 4.2. The
volumetric flux decreases rapidly at the beginning of the process for the ultrafiltration under controlled
TMP, from higher than 8 L.m2.h (the permeate flux decline is extremely fast in the beginning and after
5 min, required to measure the permeate flux, this value is already significantly lower than its initial
clean water flux) to 4 L.m2.h. This behaviour is a consequence of the intensive fouling that occurs at
the start of a constant TMP ultrafiltration operation [164]. These results are comparable with those
obtained by Safi et al. [1], where the permeate flow rate decreases at the beginning of the ultrafiltration
process, using a 300 kbDa MWCO membrane under a constant TMP of 2.07 bar. The ultrafiltration
process under controlled permeate flux (Figure 4.2 B) is known to provide milder operating conditions
when compared to the ultrafiltration process under controlled TMP (Figure 4.2 A), allowing to maintain
a higher value of volumetric flux, at around 12 L.m2.h%, during the entire process. When working under
controlled permeate flux the operator determines the convective transport conditions of the feed stream
towards the surface of the membrane. This means that the operator allows a defined mass flux of feed
across the membrane, avoiding the situation that occurs during controlled transmembrane pressure
operation where a very high mass flux of feed might occur during the initial period of operation (when
the membrane is still clean and not fouled). As a consequence, a wise choice of permeate flux, imposed
and controlled by the operator, allows for working under sub-critical (or sustainable) permeate flux
conditions, minimizing fouling and thus extending operation under manageable permeate flux values.
The value of 12 L.m2.h, selected for the imposed permeate flux, was based on previous experience on

the processing of biological media (data not shown here).
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Figure 4.2. Volumetric flux plotted against operating time during Nannochloropsis sp. supernatant ultrafiltration.
(A) Controlled TMP experiments: Exp.1 - ultrafiltration in a concentration operation mode; Exp.2 - ultrafiltration
in a concentration operation mode using a diluted feed; Exp.3 - ultrafiltration in a diafiltration operation mode. (B)
Controlled permeate flux experiments: Exp.4 - ultrafiltration in a concentration operation mode; Exp.5 -
ultrafiltration in a concentration operation mode using a diluted feed; Exp.6 - Ultrafiltration in a diafiltration
operation mode.

Similar to the volumetric flux (Figure 4.2 A), the membrane calculated permeance, considering the
osmotic pressure difference as negligible, followed the same trends for the controlled TMP experiments
(Figure 4.3 A). The selection of an ultrafiltration process under controlled permeate flux provides better
results in terms of the process operating performance. Still, it should be noted that even with a gentle
permeate flux of 12 L.m2.h™! (experiments 4 and 5), the transmembrane pressure increased due to some

fouling, and consequently, the permeance decreased.
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Figure 4.3. Membrane permeance plotted against operating time during Nannochloropsis sp. supernatant
ultrafiltration. (A) Controlled TMP experiments: Exp.1 - ultrafiltration in a concentration operation mode; Exp.2
- ultrafiltration in a concentration operation mode using a diluted feed; Exp.3 - ultrafiltration in a diafiltration
operation mode. (B) Controlled permeate flux experiments: Exp.4 - ultrafiltration in a concentration operation
mode; Exp.5 - ultrafiltration in a concentration operation mode using a diluted feed; Exp.6 - ultrafiltration in a

diafiltration operation mode.

4.422. Soluble protein recovery and permeate characterisation

The effects of different operation modes (concentration/diafiltration) and operating conditions
(controlled TMP and controlled permeate flux) on the recovery of soluble protein in the permeate can
be observed in Table 4.3 A and B, as calculated by Eq. 4.6 (see section 4.3). The experiments under
controlled permeate flux exhibit higher values of protein recovery in the permeate (between 44% and
62% for concentration mode and 78% for diafiltration mode) than the experiments conducted under
controlled TMP (between 35% and 40% for concentration mode and 58% for diafiltration mode). The
lower protein recovery obtained for controlled TMP experiments is related to the more severe fouling
[164] associated with these process operating conditions, as it is known that fouling can act in the

selectivity/rejection of solutes during the filtration process [154].
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Table 4.3. Recovery of Nannochloropsis sp. soluble proteins in the permeate and soluble proteins rejection. A)
Controlled TMP experiments: Exp.1 - ultrafiltration in a concentration operation mode; Exp.2 - ultrafiltration in a
concentration operation mode of a diluted feed; Exp.3 - ultrafiltration in a diafiltration operation mode. B)
Controlled permeate flux experiments: Exp.4 - ultrafiltration in a concentration operation mode; Exp.5 -
ultrafiltration in a concentration operation mode of a diluted feed; Exp.6 - ultrafiltration in a diafiltration operation
mode. Results are based on two replicates for each sample protein analysis. Note: the percentage of soluble protein
recovered in the permeate plus the soluble protein rejected (in the retentate) does not reach 100%; this difference
is attributed to protein adsorbed by the membrane.

(A) Controlled TMP Experiments

Exp.1 Concentration Exp..2 Cpncentration Exp.3 Diafiltra}tion +
(1:3 diluted feed) Concentration
Soluble Protein Recovery (%) 35.0+£04 400£15 58.0+£2.0
Soluble Protein Rejection (%) 57.0+0.5 50.0+1.8 37.0+21
(B) Controlled Permeate Flux Experiments

i Corcncaion EP3 Somontsten - Exg0 it
Soluble Protein Recovery (%) 440+4.1 66.0+1.9 78.0+£04
Soluble Protein Rejection (%) 49.0+4.2 26.0+2.3 19.0+04

The results obtained in terms of protein recovery during the diafiltration under controlled TMP are
slightly lower than those obtained by Balti et al. [166], during the diafiltration of soluble proteins from
Spirulina. The author reported a 64% recovery of soluble proteins in the permeate, using a 150 kDa
ceramic membrane at a fixed TMP of 4 bar. It is also important to note that the author applied two more
diavolumes (a total of five) than those applied during the diafiltration described in the present work (a

total of three), which might have contributed to a slightly higher protein recovery.

The mass balance for soluble proteins (Table 4.4) also reinforces the association of lower soluble protein
recovery with more severe fouling, due to soluble protein adsorption. The experiments under controlled
TMP exhibit higher soluble protein losses due to adsorption (OUT adsorbed/ |NFeed) t0 the membrane during
the filtration process (between 42 + 0.4% and 35 = 1.5% for concentration mode and 37 = 2.0% for
diafiltration mode), than the experiments under controlled permeate flux (between 37 + 2.7% and 13 =
2.6% for concentration mode and 7 £ 0.4% for diafiltration mode). These results also confirm that it is

easier to clean a membrane after operation under controlled permeate flux than under controlled TMP.
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Table 4.4. Mass balance of soluble proteins. (A) Controlled TMP experiments: Exp.1 - ultrafiltration in
concentration mode; Exp.2 - ultrafiltration concentration mode of a diluted feed; Exp.3 - ultrafiltration in
diafiltration + concentration mode. (B) Controlled permeate flux experiments: Exp.4 - ultrafiltration in
concentration mode; Exp.5 - ultrafiltration in concentration mode of a diluted feed; Exp.6 - ultrafiltration in
diafiltration + concentration mode. Results are based on 2 replicates for each sample protein analysis. (*)
calculated through the subtraction of ZOUTpemeate+Retentate (9) from INgeeq (9).

(A) Controlled TMP Experiments

Exp.1 Concentration Exp.2 Concentration (1:3  Exp.3 Diafiltration +

diluted feed) Concentration
INFeed (9) 15.62 +0.20 5.40£0.10 7.30£0.06
OUTpermeate (9) 5.49+0.13 2.16 £0.12 426 +0.18
OUTretentate () 3.53+0.05 1.33+£0.02 0.34 £0.02
2OUTprermeate+Retentate (9) 9.02+0.18 3.49+0.14 4.60 £ 0.20
OUT adsorbed () 6.60 + 0.02 1.91+£0.04 271+0.14
OUT adsorbed (%) 42.27 +0.44 35.37 £1.47 37.05x201

(B) Controlled Permeate Flux Experiments

Exp.4 Concentration Exp.5 Concentration (1:3  Exp.6 Diafiltration +

diluted feed) Concentration
INFeed (9) 12.80 +0.60 5.52+0.18 10.35 + 0.03
OUTvpermeate (9) 5.62 +0.83 3.40+0.01 7.96 +0.04
OUTRretentate (9) 2.45 +0.03 1.41+0.01 1.40+0.03
ZOU Trermeate +Retentate (9) 8.07 £ 0.86 4.81+0.01 9.58 + 0.07
OUT adsorbed (g) 4.73+0.26 0.71+0.17 0.77 £0.04
OUT adsorbed (%) 36.95+2.71 12.93 +2.61 7.42+ 0.40

The results presented in Table 4.3 A and B show that the diafiltration experiments lead to higher soluble
protein recovery in the permeate. A comparison of the two diafiltration experiments (Exp.3 - under
controlled TMP and Exp.6 - under controlled permeate flux) is shown in Figure 4.4 A and B.
Comparison of these two experiments reveals that the soluble protein recovery is higher among all
diafiltration volumes when the experiment is operated under controlled permeate flux (Figure 4.4 A).
Figure 4.4 B shows that the diafiltration + concentration under controlled permeate flux presents clear
advantages over the diafiltration + concentration under controlled TMP, not only in terms of soluble
protein recovery in the permeate (58% for Exp.3 - under controlled TMP and 78% for Exp.6 - under

controlled permeate flux) but also in the reduction of the overall process time.
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Figure 4.4. Recovery of Nannochloropsis sp. proteins in the permeate expressed as % (w/w soluble proteins in the
permeate). (A) Ultrafiltration in diafiltration mode: protein recovery (%) against the D (-) diafiltration volume;
Exp.3 - diafiltration under controlled TMP; Exp.6 - diafiltration under controlled permeate flux. (B) Ultrafiltration
in diafiltration mode followed by a concentration step (Exp.3 concentration step () and Exp.6 concentration step
(®)) with protein recovery (%) against process time (h); Exp.3 - diafiltration under controlled TMP; Exp.6 -
diafiltration under controlled permeate flux.

The characterization of the permeates after each trial shows that, for all the experiments, insoluble
proteins, lipids, and chlorophyll a were retained in the retentate (Table 4.5), which is comparable with
the results obtained in other ultrafiltration studies [1]. Polysaccharides may have been retained,
according to other studies [167], as expected given their large molecular weights. Chlorophyll a
retention may be explained by its adsorption to small hydrophobic cell debris that remained in the
supernatant but are larger than the membrane pores. The results obtained in terms of chlorophyll a
retention are comparable with those reported by Safi et al. [1], using a 300 kDa PES membrane, operated
under a controlled TMP. The author reported that the chlorophyll present in a Nannochloropsis gaditana
supernatant was fully retained, and associated the result with the fact that chlorophyll was present in
lipid droplets that were larger than the membrane cut-off. The results presented in Table 4.5 also show
that the lipids present in the supernatant were highly retained which might have contributed to the

retention of chlorophyll a.
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Table 4.5. Feed and permeate compositions in terms of insoluble proteins, lipids, and chlorophyll a. (A) Non-
diluted feed experiments: under controlled TMP (Exp.1 concentration mode and Exp.3 diafiltration +
concentration mode), and under controlled permeate flux (Exp. 4 concentration mode and Exp.6 diafiltration +
concentration mode). (B) Diluted feed experiments: under controlled TMP (Exp.2 concentration mode), and under
controlled permeate flux (Exp.5 concentration mode). The results for the permeates from each experiment are

based on two replicates for each sample analysis.

(A) Non-Diluted Feed Experiments

Permeate
Controlled TMP Controlled Permeate Flux
Exp.3 Exp.6
Feed Exp 1 . Diafiltration + Exp.4 . Diafiltration +
Concentration . | Concentration .
Concentration Concentration
Insoluble Proteins (g.L™")  1.48 +0.27 ND @ ND @ ND @ ND®
Total Lipids (g.L™) 437+061 047+£005 061+005 | 047+0.05 0.50+0.05
Chlorophyll a (g.L™") 0.08 + 0.02 ND @ ND @ ND @ ND @
(B) Diluted Feed (1:3) Experiments
Permeate
Controlled TMP Controlled Permeate Flux
Feed Exp.2 Concentration Exp.5 Concentration
Insoluble Proteins (g.L™")  0.50 +0.13 ND ® ND®
Total Lipids (g.L™) 1.53+0.13 0.20 £ 0.05 0.18 £0.05
Chlorophyll a (g.L™") 0.04 +£0.01 ND @ ND @

This is a very interesting result since the green colour is a major drawback for certain food applications.
These results are important not only for the soluble protein fraction enrichment but also for what
concerns the overall performance of a Nannochloropsis biorefinery. The retention of more than 87% of
the lipids present in the supernatant, in all the assays, is extremely significant for increasing the overall
biorefinery efficiency as the membrane retentate can incorporate the feed stream for a lipid extraction
process. The lipids retention can be related to the retention of the insoluble compounds, such as insoluble
proteins, but also to the formation of aggregates between lipids and structural proteins [148] with a mass

higher than the membrane molecular weight cut-off [167].
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44.2.3. Fouling and membrane cleaning

Membrane fouling during membrane operation is inevitable, and therefore, the easiness and readiness
of membrane cleaning is an important feature that needs to be taken into account for industrial
membrane operation. The soluble protein mass balance (presented in section 4.4.2.2), hydraulic
permeance decrease, and resistance (reversible and irreversible) for the different experiments were
analysed to evaluate the possible relationships between the different operating conditions and the
easiness/readiness of membrane cleaning. The initial hydraulic permeance Lpw; (L/(h.m?2.bar)),
experimentally determined before each of the ultrafiltration experiments, and the final hydraulic
permeance Lpws (L/(h.m2.bar)), determined at the end of each experiment, after a hydraulic flush to
remove the layer deposited on the membrane surface (reversible fouling), were evaluated and the results
are shown in Table 4.6. The experiments under controlled permeate flux exhibit slightly lower values
of hydraulic permeance loss, % Lpw L0oss (1 — Lpwg/ Lpw,i), than the experiments under controlled TMP.
The last permeance values of each experiment with Nannochloropsis sp. supernatant Lps (L/(h.m?.bar))
are shown in Table 4.6, confirming that experiments under controlled permeate flux can maintain a
higher permeance value until the end of the experiment. On the other hand, comparing the diafiltration
operation mode with the concentration operation mode (Table 4.6), it is notable that after a diafiltration
step, the permeance value remains higher than after a concentration step. The difference between the
two operation modes becomes even clearer when the operations are performed under controlled

permeate flux.

These data indicate that fouling phenomena are more severe in ultrafiltration operated at a concentration
mode under controlled TMP, and as a consequence, membrane cleaning might be harder under these
conditions. Likewise, the membrane lifetime may be reduced when the ultrafiltration experiments are
performed under controlled TMP. Severe fouling during ultrafiltration would occur if the operating
conditions selected favoured a strong convective transport of foulant toward the membrane surface and
the build-up of high local concentrations of these foulants near the membrane surface. In the particular
case studied in this work, the presence of biological material, namely proteins and other biological
compounds, represents a severe risk of fouling unless adequate operating strategies are adopted
(operation under controlled permeate flux). Therefore, diafiltration followed by a concentration step
under controlled permeate flux seems to be the best combination of operation conditions, allowing for

lower membrane fouling and easier membrane cleaning.
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Table 4.6. Initial hydraulic permeance Lpw,, hydraulic permeance after hydraulic flush at the end of each trial
Lpws, hydraulic permeance loss after each experiment Lpy Loss, and the permeance at the end of each
Nannochloropsis sp. supernatant filtration. (A) Controlled TMP experiments and (B) Controlled permeate flux

experiments. * Permeance value at the end of the diafiltration step and before the concentration step.

(A) Controlled TMP Experiments

Exp.1 Exp.2 Exp.3
Concentration (f?? rclifleu rgré;\tflg: d) Diafiltration gl)arflcg:\atr;:;?o;
Lpw, [L/(h.m2.bar)] 219.6 227.3 218.7 218.7
Lpw [L/(h.m2.bar)] 53.1 49.2 - 53.8
Lpw Loss (%) 76% 78% - 75%
Lps [L/(h.m2.bar)] 19.9 19.5 21.0* 20.6

(B) Controlled Permeate Flux Experiments

Exp.4 Exp.5 Exp.6
Concentration (1??? gfleu rlggtf'g: d) Diafiltration ggarflcg:ﬁg?o;
Lpw, [L/(h.m2.bar)] 221.8 219.8 221.7 221.7
Lpw [L/(h.m2.bar)] 62.1 70.81 - 62.4
Lpw Loss (%) 2% 68% - 72%
Lps [L/(h.m2.bar)] 21.8 25.2 37.07 22.1

Furthermore, the results obtained for the calculated resistance due to reversible Ry, (M) and
irreversible fouling Rirev (M™!) for each experiment are shown in Table 4.5. Reversible resistance is
slightly higher in the experiments under controlled TMP than in the experiments under controlled
permeate flux, which is in accordance with other fouling studies [154,168]. This result suggests that it
might be easier to clean a membrane, by hydraulic flushing, after ultrafiltration under controlled
permeate flux than under controlled TMP. Such a result can be explained by the differences in the
deposited layer’s thickness. Vyas et al. [168] reported that the deposited layer formed on the membrane
surface during constant permeate flux experiments was very thin. The experiments under controlled
TMP exhibit higher values for the irreversible resistance, which might implicate the increase in
frequency (and/or intensity) of chemical cleaning cycles, and consequently, the time devoted to cleaning
protocols. The membrane lifetime may also be affected by the higher irreversible fouling experienced

in the ultrafiltration process under controlled TMP.
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Figure 4.5. Calculated (A) reversible resistance (Rrev) and (B) irreversible resistance (Rirrev): Controlled TMP
experiments compared with controlled permeate flux experiments. Exp.1/ Exp.4 - ultrafiltration in a concentration
operation mode; Exp.2/ Exp.5 - ultrafiltration in a concentration operation mode of a diluted feed; Exp.3/ Exp.6 -
ultrafiltration in a diafiltration operation mode.

4.5.Conclusions

The ultrafiltration process studied, using a 100 kDa MWCO membrane, resulted in obtaining an
enriched protein fraction, free from potentially undesirable contaminants. The results show that the
ultrafiltration process operated under controlled permeate flux presents significant advantages over
operation under controlled transmembrane pressure: higher permeate flux (12 L.m2.h™!), higher soluble
protein recovery (78% in a diafiltration mode), and lower membrane fouling. This work shows that
when working under controlled permeate flux, the operator determines the convective transport
conditions of the feed stream toward the surface of the membrane. This means that the operator allows
a defined mass flux of feed across the membrane, avoiding the situation that occurs during controlled
transmembrane pressure operation where a very high-mass flux of feed might occur during the initial
period of operation (when the membrane is still clean and not fouled). As a consequence, a wise choice
of permeate flux, imposed and controlled by the operator, allows for working under subcritical (or
sustainable) permeate flux conditions, minimizing fouling and thus extending the operation under
manageable permeate flux values. The combination of ultrafiltration in a diafiltration mode followed by
concentration under controlled permeate flux conditions enhances the soluble protein recovery in the
permeate and allows a higher value of volumetric flux to be maintained for the entire diafiltration

process. This strategy led to an increase in the average flux (3x) and soluble protein recovery (+34%),
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along with a decrease in soluble protein rejection (to half of the initial value) and in soluble protein
adsorbed to the membrane (to 17% of the initial value). This strategy may be applied to other microalgae
in a very straightforward way. It may also apply to membrane processes that suffer from significant

membrane fouling, e.g., when the feed solution has lipids and other potential foulants.
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5. NANNOCHLOROPSIS SP. BIOREFINERY: POLAR LIPIDS

EXTRACTION FOR OMEGA-3 EXTRACT PRODUCTION

5.1. Abstract

Nannochloropsis sp. has potential for numerous commercial applications, including producing long-
chain omega-3 fatty acids (LC n-3 PUFA) such as eicosapentaenoic acid (EPA, Cas). This valuable
fatty acid is vital for various nutraceutical purposes, and its market is continually growing. The
bioavailability of n-3 PUFAs in the form of PLs is known to be greater than that of triacylglycerols and
ethyl esters [169]. This work has developed and optimised a GRAS solvent methodology to perform a
polar lipid extraction from wet Nannochloropsis sp. biomass with high efficiency. Firstly, a neutral
lipidic fraction was obtained using D-limonene. However, D-limonene extracted almost 20% of the EPA
present in the polar fraction, which was not anticipated. Next, in a cascading biorefinery approach, an
EPA and polar lipids rich fraction was obtained using ethanol (99.8% v/v). The ethanol to wet biomass
ratio was optimised, and the best results in terms of polar lipid extraction efficiency (81%
WFAestracted/ WFAavaitanie) Were obtained with a solvent to biomass ratio of 10 mL.g™. Nevertheless, the
economic assessment revealed that despite having a lower polar lipid extraction efficiency (71%
WFAextracted/ WF Aavaitabie), the scenario with a solvent to biomass ratio of 5 mL.g* was the one with a lower
production cost (300 €/kgepa) for the EPA-rich polar lipid concentrate. A sensitivity analysis to assess
the impact of the solvent recovery percentage and the price of the electric energy on the production cost
of the EPA was performed and revealed that scenario C (scenario with a solvent to biomass ratio of 5
mL.gt) was the one with the lowest production cost even with an increase of 50% in the electrical energy

price (301.5 €/kgepa) or with a decrease in the solvent recovery percentage to 70% (319.7 €/kgepa).

5.2. Introduction

Fatty acids are long aliphatic carbon chains, that might vary in the degree of unsaturation, structure, and
length, with a terminal carboxylic acid moiety. Long-chain polyunsaturated fatty acids (LC-PUFAS) of
Ca0 and Cy, perform vital functions in the human body [170]. In the past few years, long-chain omega-
3 polyunsaturated fatty acids (LC n-3 PUFA) have been associated with healthy lifestyles and attributed
with several health benefits [171].

Omega-3 fatty acids such as eicosapentaenoic acid (EPA, Co:5) have a significant role in the prevention

of major diseases, such as cardiovascular diseases. In addition, they reduce blood pressure [172].
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However, it can be challenging to obtain the recommended intake of EPA and DHA through a simple
diet alone. The usual omega-3 fatty acid in the western diet is a shorter-chain omega-3 fatty acid (Cis),
a-linolenic acid (ALA), which is the precursor of EPA and DHA [82]. Although it is possible for the
human body to convert ALA to EPA and, consequently, to DHA through elongase and desaturase
enzymes, several pieces of research suggest that only a tiny amount can be synthesized in the body
through this process [82]. To that end, there is an increased interest in food/nutritional supplements from
the general public and also an increased interest from the food industry to enrich the food with omega-
3FA.

Presently, the most commonly used omega-3 PUFA source is fish oil. However, the gradual shortage in
global fish stocks and the presence of chemical contaminants (e.g., mercury) are some of the most
significant risks associated with this source, which demands the search for other sustainable alternatives
[3]. Photosynthetic organisms, including microalgae, are the primary producers of the aquatic
ecosystem, and they can produce high amounts of omega-3 fatty acids. Therefore, they have been
proposed as the most reliable alternative source to respond to the growing demand for omega-3 PUFA
from the market [169].

Microalgae lipids can be classified as two major fractions: polar lipids such as glycolipids and
phospholipids, and non-polar lipids (neutral lipids) such as triacylglycerols (TAGs). In most microalgae
species, omega-3 PUFAs are present principally in the polar lipid fraction, claimed to be the most
efficiently absorbed by the human body [169], which is a great advantage compared with the traditional
sources (e.g., TAGs or free fatty acids). Kagan et al. [86], observed that within the polar lipids, omega-
3 PUFAs are better absorbed in the form of glycolipids than phospholipids: possibly because GLs form
smaller micelles than those of PLs during digestive hydrolysis [81]. In addition to the previously
mentioned advantage, microalgae can be grown under controlled conditions, allowing the
reproducibility of biomass with a pre-determined biochemical composition. Moreover, microalgae
oleoresin can incorporate a considerable amount of carotenoids and other antioxidants, improving the

nutritional value of the omega-3 PUFA rich microalgae oleoresin and naturally preventing its oxidation
[3].

Nannochloropsis sp. (Eustigmatophyta) is a unicellular microalga, found mainly in marine sources,
spherical (slightly to ovoid) with a cell diameter of 2-5 um, and with a robust cell wall composed of a
structure consisting of a cellulosic internal wall and a hydrophobic algaenan external layer [49].
Algaenan is a biopolymer, and the algaenan sheet has been defined to be composed of long, straight-
chain, saturated aliphatics with ether cross-links [83]. In frequent cases, algaenan is part of a layer called

trilaminar layer structure (TLS) [132], which exhibits two high electron density external layers
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sandwiching one layer with low electron density [133]. The resistance of the algaenan and their small
radius confers a robust cell wall to Nannochloropsis sp. cells.

This species is widely known for the production of omega-3 fatty acids, specifically EPA (up to 5% dry
biomass, when produced under optimal growth conditions) [33]. Nannochloropsis sp. can accumulate
lipids up to 50% of the dry biomass when grown under nitrogen deplete conditions (mainly TAGs) [30];
however, that is not reflected in EPA accumulation [83,84]. This long-chain n-3 PUFA is typically found
in the cell membrane [85] in the form of polar lipids (phospholipids and glycolipids) [86], which is a
great advantage as the human body more efficiently absorbs the polar lipids than triacylglycerides or
free fatty acids [169]. Moreover, Nannochloropsis sp. has only violaxanthin and chlorophyll a as its

primary pigments [83].

Although there is a great interest in extracting EPA from microalgal biomass, the methods currently
used on a large scale for extraction of lipids, such as supercritical CO, are still not considered optimised
methods. The drawbacks are mainly due to the great heterogeneity of microalgal lipids (e.g., different
lipid class percentages according to the cultivation conditions), and the morphological variety (e.g., cell
wall permeability) [81]. Over the last decades, chloroform/ methanol solvent mixture [173], as reported
by the methods of Bligh & Dyer [174] and Folch [175], was the most commonly used solvent system to
extract total lipids (TLs) from microalgal biomass with high efficiency [176]. However, the toxic nature
of these solvents makes them unsuitable for large-scale lipid extraction processes targeting high-value

applications [177].

Besides the safety issues (toxicity, flammability, etc.) of the solvents used in the mentioned methods,
most of the studies regarding microalgae lipid extraction are often applied to dry biomass [178].
Unfortunately, the drying process is a process that requires high energy and may represent a significant
percentage (about 85%) of the entire energy expended in the extraction step [179]. It is known that
significant economic issues associated with the lipid extraction process are related to the high-water
content of the harvested biomass (about 70-80% of water). The extraction process can be affected by
the high-water content, as some organic solvents (especially non-polar) have difficulties penetrating the
water barrier to extract intracellular lipids. To overcome this problem, pre-treatments such as bead
milling can be applied to increase the accessibility of the solvent through cell disruption which is often
called the wet route extraction [180]. The wet route extraction has been investigated in the past few
years. Chen et al. [60] extracted lipids from wet Nannochloropsis sp. biomass at high temperature and
pressure. Yang et al. [181] investigated lipid extraction with ethanol from wet Picochlorum sp. and
Chlorella sp. biomass at room temperature, obtaining lipid extraction yields similar to those of the Bligh
& Dyer method.
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So far, several solvent mixtures of non-polar solvents and polar solvents have been studied for the
extraction of lipids from microalgae, and some examples are: hexane/ methanol (3:2), hexane/
isopropanol (3:2), hexane/ ethanol (2:1), dichloromethane/ methanol (2:1). Balasubramanian et al.
[182], reported that the extraction efficiency of dichloromethane/ methanol was almost as good as
chloroform/ methanol. Ryckebosch et al.[183], studied different solvent systems, and reported that the
best results were achieved with dichloromethane/ ethanol (92% W/Wiotai 1ipias), hexane/ isopropanol (58%
W/Wiotal lipids) @nd ethanol systems (52% W/Wiral ipias). EXcluding the halogenated systems, extraction with
ethanol gave the highest extraction yield, suggesting that it could be a good candidate for lipid extraction
within a biorefinery concept. Additionally, being a polar solvent might allow focusing the extraction in
the polar lipids, which is the product of interest for producing an EPA omega-3 oleoresin. However,
direct extraction using polar solvents, such as ethanol or methanol, might involve the joint extraction of
neutral lipids and polar lipids [81]. Ethanol is a polar solvent and it is considered a cheap and safe solvent
and has a sturdy affinity to the lipid complex, which suggests that lipids can be removed efficiently [61].
Moreover, ethanol is accepted as a safe and eco-friendly solvent, therefore, the residual biomass could
be used for feed or food ingredients after lipid extraction [184].

Aiming to achieve an EPA rich polar lipid fraction, Callejon et al. [81], studied the sequential extraction
of saponifiable lipids from Nannochloropsis sp. biomass. The extraction of neutral lipids from the
original biomass was performed with hexane and the extraction of EPA-rich polar lipids from the
previously extracted biomass was performed with ethanol (96% v/v) [81]. However, n-hexane, which is
one of the main constituents of the extraction grade hexane, is registered under REACH Regulation as
category 2 reprotoxic and as category 2 aquatic chronic toxic. Therefore, the research for greener and
safe solvents has become a major concern not only for academic but also for industrial research [56].
The replacement of n-hexane by bio-solvents such as terpenes has been investigated as an alternative to
organic solvent extraction for the extraction of oil from oil-containing materials [58]. D-limonene is a
low toxicity biodegradable terpene present in agricultural wastes derived from citrus peels, which have

been investigated as an alternative to organic solvents in the extraction of neutral lipids [57].

The main objective of this study was to define an eco-friendly solvent methodology to perform a lipid
extraction from wet microalgae biomass with high efficiency. In the first part of the study, a sequential
extraction of lipids from Nannochloropsis sp. for the production of EPA-rich polar lipids concentrate
was investigated. The sequential extraction of lipids was performed with low-toxicity solvents: (i)
extraction of neutral lipids (NLs) from the original biomass using D-limonene and (ii) extraction of
EPA-rich polar lipids (PLs) from the previously extracted biomass using ethanol. To the best of our

knowledge, no studies about the application of D-limonene and ethanol in lipid extraction from wet
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Nannochloropsis sp. biomass at room temperature and pressure have been reported. Also, the
optimisation of the solvent to biomass ratio for the polar lipids extraction with ethanol was explored.
Four different scenarios were compared not only in terms of lipids extraction efficiencies but also
through a brief economic evaluation. The scenarios were simulated considering a Nannochloropsis sp.
disrupted paste feed of 152 tonsepw/year). The mass balance, CAPEX (main equipment), OPEX and
production cost of the EPA rich ethanolic concentrated extract (€/ kg EPAexwact) Were calculated and

compared.

5.3. Materials and Methods

5.3.1. Materials

The strain of Nannochloropsis sp. was grown in flat-panel photobioreactors (PBR) of A4F — Algae for
Future (Portugal) in marine, N-replete culture medium and concentrated up to a 200 gsepw/L wet paste.
The paste was diluted with a culture medium down to 100 gsrow/L to perform the heat treatment step
(95 °C for 3 min) when mentioned, and the cell disruption step (>90% cell disruption). The extraction
solvent D-Limonene 96% was purchased from Acros Organics (Geel, Belgium), and ethanol 99.8% was
obtained from Fisher Chemical (Merelbeke, Belgium). For analytical procedures acetone 99.0% and
methanol 99.8% were purchased from JMGS (Qdivelas, Portugal), n-hexane 99.0% was purchased from
VWR Chemicals BDH® (Poole, United Kingdom), acetyl chloride 98% and 2,6-Di-tert-butyl-4-
methylphenol (BHT) were obtained from Alfa Aesar (Karlsruhe, Germany), petroleum ether 60-80 °C
was purchased from Fisher Scientific (Leicestershire, United Kingdom), and the internal standard C17:0
was obtained from Dr. Ehrenstorfer GmbH (Augsburg, Germany).

5.3.2. Sequential lipid extraction from Nannochloropsis sp. biomass

In this first part of the experiment, to produce an EPA-rich polar lipid concentrate, a two-step extraction
(non-polar solvent followed by the polar solvent) was investigated. Firstly, D-Limonene 96% was used
to try to selectively extract the neutral lipids from the original disrupted Nannochloropsis sp. paste.
Next, ethanol 99.8% was used to extract the EPA-rich polar lipid fraction from the residual biomass of

the first step. Figure 5.1 shows the laboratory-scale scheme for the fractionated lipids extraction.
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Figure 5.1. Scheme of the two-step lipid extraction from the original Nannochloropsis sp. disrupted biomass

Previously to the extraction, the disrupted biomass 100 gsrow/L was centrifuged at 11,000 x g (for 2 x
20 minutes, 5 °C) and the collected pellet was analysed in terms of salt-free dry weight, total fatty acids
(TFA) and pigments. The first extraction step was carried out by treating 50 g of paste (200 gsrow/L)
with D-limonene and the non-polar solvent to biomass ratio selected was 10 mL.g™. The extraction was
carried out at 20 °C in a glass bottle with a screw cap (1 L) and placed on a magnetic stirrer plate. The
mixture was left with magnetic stirring for 6 h, and samples were collected during the experiment. After
this first step of extraction, the mixture was centrifuged at 11,000 x g (for 15 minutes, 5 °C) and both
supernatant (D-limonene Extract) and pellet (Residual Biomass 1) were separated and collected. A
sample of each fraction was collected and analysed in terms of salt-free dry weight, pigments, and total
fatty acids. The pellet obtained from the centrifugation (Residual Biomass 1) was then used in the second
extraction step with ethanol 99.8% (% v/v). A polar solvent to biomass ratio of 10 mL.g* was also tested
in a glass bottle with a screw cap (1 L), placed on a magnetic stirrer plate. The second extraction step
was carried out by treating the residual biomass with ethanol 99.8% for 6 h, and with a magnetic stirrer.
Finally, the ethanolic mixture was centrifuged at 11,000 x g (for 15 minutes, 5 °C), and again both
supernatant (Ethanolic Extract) and pellet (Residual Biomass I1) were separated and collected. A sample
of each fraction was collected and analysed in terms of salt-free dry weight, pigments, and fatty acids

profile. The extraction efficiency of the overall process was calculated through Eq. 5.1:

Eq.5.1

FA extracted

w
Extraction Efficiency (%) = x 100

wWFA available

where the WFAexracted (g) 1S the mass of total fatty acids that were extracted during the extraction step,

and wFAauaitanie (g) is the mass of total fatty acids in the initial biomass.
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5.3.3. Polar lipid extraction from Nannochloropsis sp. biomass

Taking into account the poor results of the first part of the experiment, the first extraction with a non-
polar solvent was discontinued and the following research in terms of lipids extraction was focused on

ethanol extraction of the original biomass and its optimisation.

5.3.3.1. Multi-step extraction with ethanol

In the second part of the experiment, to produce an EPA-rich polar lipid concentrate, a multi-step
extraction with ethanol 99.8% was assayed. Previously to the extraction, the disrupted biomass at 100
gsrow/L was centrifuged at 11,000 x g (for 2 x 20 minutes, 5 °C) and the collected pellet was analysed
in terms of salt-free dry weight and fatty acids profile. Ethanol 99.8% was used to extract the EPA-rich
polar lipid fraction from the disrupted biomass through a fifteen-step extraction as is shown in Figure
5.2.

Original Disrupted Biomass

I

Polar Lipids Extraction
Step 1

Centrifugation l
Ethanolic Extract 1 | Residual Biomass 1 |

Polar Lipids Extraction
Step (n)

Centrifugation l
Ethanolic Extract (1) | Residual Biomass (n) |

Polar Lipids Exfraction
Step 15

l Centrifugation l

| Ethanelic Exfract 15 | | Residual Biomass 15 |

Figure 5.2. Scheme of the multi-step polar lipid extraction with ethanol from the original Nannochloropsis sp.

disrupted biomass
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The first extraction step was carried out by treating 4 g of paste (200 gsrow/L) with a solvent/ paste ratio
of 1 mL.g* paste. The extraction was carried out at 25 °C in a plastic Falcon tube (50 mL). The mixture
was vortex mixed for 5 min. After this first step of extraction, the mixture was centrifuged at 3,200 x g
(for 10 minutes, 4 °C) and both supernatant (Ethanolic Extract 1) and pellet (Residual Biomass 1) were
separated and collected. The pellet obtained from the centrifugation (Residual Biomass 1) was extracted
again with the same conditions described before. The extraction process was repeated until the fifteen
steps of extraction were reached. A sample of the ethanolic extract from steps 1, 2, 3, 4, 5, 10 and 15
were collected and analysed in terms of salt-free dry weight and total fatty acids. The extraction

efficiency was calculated through Eq. 5.1, previously described.

5.3.3.2. Ethanolic extraction: solvent/ biomass ratio optimisation

In the third part of the experiment, to produce an EPA-rich polar lipid concentrate, the optimisation of
the solvent to biomass ratio (mL.g?) was investigated. Previously to the extraction, the heat-treated
disrupted biomass 100 gsrow/L Was centrifuged at 11,000 x g (for 2 x 20 minutes, 5 °C) and the collected
pellet was analysed in terms of salt-free dry weight and total fatty acids. Ethanol 99.8% was used to
extract the EPA-rich polar lipid fraction from the disrupted biomass through different scenarios and
different ratios of solvent/ biomass as shown in Figure 5.3 A to D. The first scenario (Figure 5.3 A)
proposes a multi-step extraction with five steps of extraction, based on the results obtained before for a
multi-step extraction with fifteen steps of extraction. The ethanolic extraction was carried out by treating
5 g of paste (about 200 gsrow/L) with a solvent/ paste ratio of 1 mL.g™ paste. The extraction was carried
out at 25 °C in a plastic Falcon tube (50 mL). The mixture was vortex mixed for 5 min. After this first
step of extraction, the mixture was centrifuged at 3,200 x g (for 10 minutes, 4 °C) and both supernatant
and pellet were separated and collected. The pellet obtained from the centrifugation (Residual Biomass
1) was extracted again with the same conditions described before. The extraction process was repeated
until the five steps of extraction were reached. A sample of the ethanolic extract from each step (step 1
to step 5), was collected and analysed in terms of salt-free dry weight total fatty acids. The second
scenario (Figure 5.3 B) proposes a two-step extraction where the first extraction was performed by
treating 5 g of paste (about 200 gsrow/L) with a solvent/ paste ratio of 1 mL.g* paste, aiming the removal
of the majority of the water present in the paste. The extraction was carried out at 25 °C in a plastic
Falcon tube (50 mL). The mixture was vortex mixed for 5 min. After this first step of extraction, the
mixture was centrifuged at 3,200 x g (for 10 minutes, 4 °C) and both supernatant and pellet were
separated. The supernatant was discarded and the pellet obtained from the centrifugation (Residual

Biomass 1) was extracted again. However, this time the solvent/ paste ratio was 5 mL.g* paste. The
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extraction process was repeated until the five steps of extraction were reached. A sample of the ethanolic

fraction from each step was collected and analysed in terms of salt-free dry weight and total fatty acids.

Finally, the third and fourth scenarios (Figure 5.3 C and D) propose only one step of extraction with a

solvent/ paste ratio of 5 mL.g paste and 10 mL.g* paste, respectively. Both extractions were performed

as previously described. However, for scenario D, the extraction was performed by treating 4 g of paste

(about 200 gseow L) with a solvent to biomass ratio of 10 mL.g* paste. A sample of the ethanolic

extract from each scenario (C and D), was collected and analysed in terms of salt-free dry weight and

total fatty acids. The extraction efficiency was calculated through Eq. 5.1, previously described.
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Disrupted Biomass
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B) Two-step extraction: 1 step with solvent:biomass ratio
1 mL.g’), followed by 1 setp with solvent ratio 5 mL.g!
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Figure 5.3. Scheme of the polar lipid extraction with ethanol from the original Nannochloropsis sp. disrupted

biomass aiming the optimisation of the ethanolic extraction process.
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5.3.4. Dry weight and salinity quantification

The dry weight was determined through a moisture analyser (Kern DBS 60-3, Kern, Germany), as
previously described in chapter 2.3.4. The sample was dried until a constant weigh was achieved. The

sample salt fraction was determined through a salinity refractometer (Kern ORA 1SA, Kern, Germany).

5.3.5. Pigments quantification

Pigments were quantified as previously described in chapter 2.3.8. Briefly, 1 mg of a biomass sample
with a concentration of 200 gsrow/L was mixed with 4 mL 99,0% acetone and vortex mixed for 60 s.
The extracted pigments, recovered in the supernatant after centrifugation, were analysed by
spectrophotometry (Genesys 10S UV-VIS). The method was already implemented in the A4F laboratory
for Nannochloropsis sp. pigments quantification.

5.3.6. Total fatty acids transesterification

The total fatty acid transesterification was carried out after a lipid extraction process, modifying Lepage
and Roy [111], as previously mentioned in chapter 2.3.7. The lipid sample obtained after the evaporation
of the ethanol extract was mixed with 200 pL of internal standard C17:0 before the transesterification
reaction. Afterwards, it was added 4 mL of acetyl chloride/methanol solution with a 5:100 ratio, and the
sample was mixed. Then, the sample was heated at 100 °C for 1 hour in a water bath. After the sample
cool down, 2 mL of n-hexane were added to the tubes and mixed in a vortex. Finally, 2 mL of water
were added and the mixture was centrifuged (for 3 min at 2,500 x g). The n-hexane layer was collected
and passed through a column filled with anhydrous sodium sulphate (to absorb moisture and filter

impurities). The gas chromatography (GC) was performed by an external supplier.

5.4. Results and Discussion

The analysis of the results is focused on the lipid extraction, through solvent extraction, of a 200 g/L
Nannochloropsis sp. disrupted paste. In the first subchapter, the results from the sequential lipid
extraction will be presented: neutral lipids extraction followed by polar lipids extraction from the
disrupted paste. Subsequently, in the second subchapter, the results from the experimental work focused

on the extraction of polar lipids will be presented and discussed.
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5.4.1. Sequential lipid extraction from Nannochloropsis sp. biomass

The first part of the solvent extraction experiments was focused on sequential lipid extraction. The
extraction process started with the extraction of neutral lipids, using a non-polar solvent (D-limonene),
and it was followed by the extraction of polar lipids, through extraction with a polar solvent (ethanol
99.8% V/v).

The D-limonene to biomass ratio assayed in the first trial was 10 mL.g* and the trial lasted for 6 hours.
The evolution of the concentration of pigments in the D-limonene extract was monitored over the
extraction time, and the results are exhibited in Figure 5.4. As predicted, the concentration of pigments
in general increased at the beginning of the extraction. The evolution of the pigments extraction along
the extraction time (h) seems to be heading towards a plateau, which could indicate that the extraction
of the pigments available for extraction was complete, i.e., the extraction of all the pigments that were
released from the chloroplast during the disruption step, or that the solvent reached a saturated state. To
confirm if a saturated state of the solvent was reached a second trial was performed with a higher solvent
to biomass ratio (16 mLg™). However, the results in terms of extraction (data not shown) were quite
similar to the first extraction, which suggests that the solvent was not saturated in the first trial.

Although the extraction procedures were performed to prevent degradation of the pigments, the oxygen
present in the atmosphere of the extractor might boost the degradation of chlorophyll a, as is noticeable
in Figure 5.4. The concentration of pheophytin a equivalents (degradation product of chlorophyll a)
increases with the course of the extraction. This result shows the importance of carrying out this kind of

unit operation under inert atmospheres to prevent the degradation of biomass compounds.
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Figure 5.4. Evolution of pigments concentration (mg.L™) in the D-limonene extract against extraction time (h).
The extraction was performed with a solvent to biomass ratio of 10 mL.g™. The results are based on 2 replicates

for each sample analysis. The error bars represent the standard deviation calculated from the replicates.

The fatty acid profile analysis was also performed to evaluate the performance of this extraction step.
The fatty acid profile of the disrupted paste, as well as the fatty acid profile of the neutral and polar
fractions, are presented in Table 5.1. The first step of the experiment was performed by extracting the
solid matrix (50 g of paste at 200 gsrow/L) with 500 mL of D-limonene (solvent to biomass ratio of 10
mL.g1). The fatty acid profile of the initially disrupted paste revealed that this biomass sample had
9.89% + 0.24% of total fatty acids, and 2.50% + 0.05% of C20:5n3 EPA omega-3 (the results are
presented on a basis of the SFDW of the initially disrupted paste). The fatty acid profile of the neutral
lipid fraction revealed that the biomass sample had 0.81% + 0.07% of fatty acids in the neutral lipid
fraction. Also, the presence of C20:5n3 EPA omega-3 in the neutral lipid fraction was not detected. The
fatty acid profile of the D-limonene extract is also exhibited in Table 5.1. Different from expected, the
D-limonene fraction contained 0.49% + 0.02% of EPA omega-3, a high percentage considering that the
biomass's neutral lipid fraction did not contain EPA. This result might indicate that an appreciable
amount of polar lipids was extracted by the non-polar solvent. So, by using D-limonene, not only the
fatty acids present in the neutral lipid fraction might be extracted from the initially disrupted paste but
also a considerable amount of fatty acids present in the polar lipid fraction might be extracted. Similar
results were obtained by Callejon et al. [81] and Ryckebosch et al. [183], testing the extraction of neutral
lipids from Nannochloropsis sp. with hexane. The neutral lipids content in the hexane extracts was
higher than the content in the original biomass. Ryckebosch et al. [183], reported that the hexane extract

from Nannochloropsis sp. biomass contained 80% of neutral lipids, which was higher than the content
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of the initial biomass (46.5%). Also, a considerable amount of polar lipids was found in the hexane

extract (around 20% of polar lipids present in the biomass).

The results obtained were not very encouraging, as the present step of extraction extracted about 20%
of the EPA present in the polar lipid fraction of the initial Nannochloropsis sp. biomass. This result
might represent a 20% loss of EPA in the product of interest which is an oleoresin rich in polar lipids,
and consequently in EPA omega-3 in a polar lipid form. As mentioned before, omega-3 PUFAs are

better absorbed by consumers in the form of glycolipids and phospholipids [169].

Table 5.1. Fatty acid profile from the total fatty acids of the initially disrupted paste, from the neutral lipid fraction
of the initially disrupted paste, and the D-Limonene extract. All results are provided on a basis of the SFDW of
the initially disrupted paste. The extraction was performed with D-Limonene to biomass ratio of 10 mL.g™. The

results are based on 2 replicates for each sample.

_ Initial Disrupted Neutral _Lipid Limonene Extract
Fatty Acid Paste Fraction (% WeA/WsFOW)
(% Wra/WsFpw) (% Wra/WsFpow)
C14:0 0.87% + 0.04% 0.09% + 0.00% 0.20% + 0.02%
C16:0 2.70% % 0.05% 0.35% + 0.02% 0.62% * 0.06%
C18:0 0.10% + 0.01% 0.01% + 0.00% 0.03% + 0.00%
>SFAs 3.57% + 0.10% 0.45% + 0.01% 0.85% + 0.08%
C16:1 2.32% + 0.07% 0.30% + 0.05% 0.52% + 0.05%
C18:1 0.30% + 0.01% 0.05% + 0.01% 0.10% = 0.01%
>MUFAs 2.62% + 0.08% 0.35% + 0.06% 0.62% + 0.06%
C18:2n6 0.60% + 0.01% 0.01% + 0.00% 0.04% = 0.01%
C18:3 0.00% + 0.00% 0.00% + 0.00% 0.00% = 0.00%
C20:4n6 0.50% + 0.00% 0.00% + 0.00% 0.02% = 0.00%
C20:5n3 2.50% + 0.05% 0.00% + 0.00% 0.49% + 0.02%
YPUFAs 3.60% + 0.06% 0.01% + 0.00% 0.55% + 0.03%
Total FA 9.89% + 0.24% 0.81% + 0.07% 2.02% + 0.17%

The same procedures of limonene extraction were adopted for the trial using ethanol (99.8% v/v),
starting with the solvent to biomass ratio of 10 mL.g*. The evolution of the concentration of pigments
in the ethanol extract was observed over the extraction time, and the results are presented in Figure 5.5.
The concentration of pigments in general increased at the beginning of the extraction as occurred with
the D-limonene extraction. Also, it was possible to detect carotenoids in the ethanolic extract, and it can
be explained by the fact that Nannochloropsis sp. total carotenoids are constituted by predominantly

xanthophylls, which exhibit a polar behaviour. The carotenoid family can be divided into two main
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groups: the polar carotenoids (xanthophylls) and non-polar carotenoids (carotenes) [185]. Again, the
evolution of the concentration of the pigments in the ethanolic extract along the extraction time (h)
seems to be heading towards a plateau, which could indicate that the extraction of the pigments available
for extraction was complete, i.e., the extraction of all the pigments that were released from the
chloroplast during the disruption step was complete, or that the solvent reached a saturated state. Again,
as performed for the limonene extraction, a second trial was performed with a higher solvent to biomass
ratio (16 mLg™), to confirm if a saturated state of the solvent had been reached. Once more, the results
in terms of extraction (data not shown) were quite similar to the first extraction, which suggests that the

solvent was not saturated in the first trial.
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Figure 5.5. Evolution of pigments concentration (mg.L™) in the ethanol extract against extraction time (h). The
extraction was performed with a solvent to biomass ratio of 10 mL.g*. The results are based on 2 replicates for

each sample analysis. The error bars represent the standard deviation calculated from the replicates.

The fatty acid profile of the residual biomass I, as well as of the ethanolic extract, are presented in Table
5.2. The fatty acid profile of the residual biomass had 7.87% £ 0.07% of total fatty acids, and 2.01% +
0.03% of C20:5n3 EPA omega-3 (the results are presented as % wra/ Wsrpw). The fatty acid profile of
the ethanol extract is also exhibited in Table 5.2, and the ethanolic extract exhibited 5.59% + 0.05% of
total fatty acids, and 1.49% + 0.02% of C20:5n3 EPA omega-3. The lipid extraction efficiency (Table
5.2) might be evaluated in terms of the total fatty acid present in the extract, and the results revealed an
extraction efficiency of 71.83% % 0.75% (% WFAextracted/ WFAavaitable). AlS0, it is possible to conclude that
74.56% * 1.02% of the EPA present in the residual biomass was recovered in the ethanolic extract,

which is similar to the percentage of recovery described by Callejon et al. [81].
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Table 5.2. Fatty acid profile (residual biomass | after the neutral lipids extraction, and ethanolic extract), and
extraction efficiency. The fatty acid profile results are provided on a basis of the SFDW of the initially disrupted
paste. The extraction efficiency results are presented as % w fatty acids extracted/ w fatty acids present in the
residual biomass I. The extraction was performed with an ethanol to biomass ratio of 10 mL.g™. The results are

based on 2 replicates for each sample fatty acid analysis.

Fatty Acid Profile
Fatty Acid Residual Biomass | | Ethanol Extract ((VloE )\j\flzi(:::s:ed%vl;zi:i{ue)
(% Wra/WsFpw) (% Wra/WsFpw)

C14:.0 0.67% = 0.02% 0.44% = 0.01% 65.00% £ 1.97%
C16:0 2.08% = 0.01% 1.62% = 0.01% 78.42% £ 0.51%
C18:0 0.07% = 0.01% 0.05% = 0.01% 65.00% £ 1.58%
2SFAs 2.82% = 0.02% 2.06% = 0.01% 73.94% £ 1.07%
Cl6:1 1.80% = 0.02% 1.22% = 0.01% 68.62% + 0.65%
C18:1 0.20% = 0.00% 0.15% = 0.00% 75.74% £ 1.87%
XMUFAs 2.00% = 0.02% 1.41% = 0.01% 70.00% £ 0.78%
C18:2n6 0.56% = 0.00% 0.42% = 0.00% 75.68% £ 0.30%
C18:3 0.00% = 0.00% 0.00% = 0.00% 0.00% = 0.00%
C20:4n6 0.48% = 0.00% 0.10% = 0.00% 21.02% £ 2.54%
C20:5n3 2.01% = 0.03% 1.49% = 0.02% 74.56% x 1.02%
>PUFAs 3.05% + 0.03% 2.14% = 0.02% 74.40% £ 0.89%
Total FA 7.87% + 0.07% 5.59% + 0.05% 71.83% £ 0.75%

As mentioned before, the results obtained in the first extraction step (neutral extraction) were not very
encouraging as the D-limonene might have the capacity to extract a considerable amount of polar lipids.
However, the ethanolic extraction revealed that 71.83% + 0.75% of the lipids present in the residual
biomass were recovered in the ethanolic extract. Therefore, the following experiment was focused on

ethanolic extraction and the optimisation of the ratio of solvent to biomass.

5.4.2. Polar lipid extraction from Nannochloropsis sp. biomass

The sequential lipid extraction hypothesis was abandoned, as mentioned before. Therefore, in this
subchapter, the results from the experimental work focused on the extraction of polar lipids will be

presented and discussed.
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54.21. Multi-step extraction with ethanol

The first step towards an optimised ratio of extraction (solvent to biomass) was to perform a fifteen-step
extraction with ethanol 99.8% (solvent to biomass ratio of 1:1 mL.g™) to promote the maximum lipid

extraction, and to evaluate the lipid extraction efficiency of each step.

The fatty acid profile of the initially disrupted paste (Table 5.3) revealed that this biomass sample had
18.83% + 0.47% of total fatty acids, and specifically 7.30% + 0.12% of C20:5n3 EPA omega-3 (the
results are presented as % wea/ Wsepw). The fatty acid profiles of the ethanolic extracts from each of the
analysed extraction steps are also exhibited in Table 5.3. Differently from expected, the first step only
could extract 0.27 percentage points (pp) of the 18.83% of total fatty acids present in the initial biomass.
In this first extraction step the water present in the paste might have negatively affected the extraction
as the 4 mL of ethanol 99.8% was diluted 1.8 times with the 3.2 mL of water present in the initial 4 g of
disrupted paste. This first step of extraction appears to be almost a pre-treatment step to reduce the
amount of water present in the solid matrix. After the first extraction step and consequent centrifugation,
the amount of water present in the pellet was reduced and replaced by ethanol. Therefore, the second
extraction step could extract 7.54 pp of the 18.83% of total fatty acids present in the initial biomass. The
extraction steps 1 to 5 appear to extract the majority of the fatty acids present in the initial disrupted
biomass. Steps 10 and 15 only extracted 0.05 pp and 0.02 pp of the 18.83% of total fatty acids present

in the initial biomass, respectively.
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Table 5.3. Multi-step extraction of Nannochloropsis sp. disrupted biomass with ethanol. Fatty acid profile from

the initially disrupted paste and from the ethanolic extracts resulting from the steps of extraction 1 to 5, 10 and 15;

all the extraction steps were performed with a solvent to biomass ratio of 1:1 mL.g?, always reported to the initial

biomass SFDW. The results are based on 2 replicates for each sample.

Ethanolic Extract (% wra/Wsrow)
Fatty Initial Disrupted
Acid Paste Stgp 1 Stgp 2 Stgp 3 Stt_ep 4

(% Wra/WsFbw) Ratio 1:1 Ratio 1:1 Ratio 1:1 Ratio 1:1

(mL.g?) (mL.g?) (mL.g?) (mL.g?)
C14:0 091% +0.05% | 0.02% +0.00%| 0.39% +0.04%| 0.16% +0.01%| 0.07% =+0.00%
C16:0 3.10% +0.15%| 0.04% +0.00%| 112% =+0.09%| 0.67% +0.10%| 0.34% +0.06%
C18:0 0.01% +0.02%| 0.00% +0.00%| 0.01% +£0.02%| 0.00% +0.01%| 0.00% =+0.00%
¥SFAs 4.02% +0.17%| 0.06% +0.01%| 152% +0.15%| 0.83% +0.03%| 0.41% =+0.06%
Ci16:1 3.60% +0.08%| 0.07% +0.01%| 151% =+0.04%| 091% +0.02%| 0.45% =+0.03%
C18:1 1.07% +£0.10% | 0.01% +£0.01%| 057% +0.10%| 0.20% +0.02%| 0.09% +0.01%
S~MUFAs 467% +0.08%| 0.08% +0.02%| 2.08% +0.22%| 111% +0.00%| 0.54% =+0.04%
C18:2n6 0.80% +0.03%| 0.01% +0.00%| 0.29% +£0.00%| 0.17% +0.01%| 0.08% +0.01%
C18:3 0.10% +0.05%| 0.00% +0.00%| 0.05% +0.01%| 0.00% +0.01%| 0.00% =+0.00%
C20:3 0.10% +0.03%| 0.00% +0.00%| 0.01% +0.00% | 0.00% +0.00%| 0.00% =+0.00%
C20:4n6 1.94% +0.17%| 0.01% +£0.01%| 058% =+0.10%| 0.29% +0.01%| 0.14% =+0.01%
C20:5n3 7.30% +0.12%| 0.11% +0.01%| 3.06% +0.08%| 156% +0.08% | 0.70% +0.06%
YPUFAs 10.14% +0.25% | 0.13% +0.02% | 3.94% +0.21%| 2.02% +0.10%| 0.92% +0.08%
Total FA | 18.83% +0.47%| 0.27% +0.04%| 7.54% +0.48%| 3.96% +0.18%| 187% =0.19%

Ethanolic Extract (% wra/Wsrpow)
Initial Disrupted

Fatty Acid Paste Step 5 Step 10 Step 15

(% Wra/WsFow) Ratio 1:1 Ratio 1:1 Ratio 1:1

(mL.g?) (mL.g™) (mL.g*)
C14:0 091% +0.05% | 0.04% +0.00%| 0.00% =+0.00%| 0.00% +0.00%
C16:0 3.10% +0.15%| 0.17% +0.03%| 0.02% =+0.01%| 0.01% +0.00%
C18:0 0.01% +0.02% | 0.00% +0.00%| 0.00% =+0.00%| 0.00% +0.00%
YSFAs 4.02% +0.17%| 0.21% +0.03%| 0.02% +0.01%| 0.01% =+0.01%
Cl6:1 3.60% +0.08%| 0.22% +0.02%| 0.02% =+0.02%| 0.01% +0.01%
c18:1 1.07% +0.10% | 0.04% +0.00% | 0.00% +0.01%| 0.00% +0.01%
S“MUFAs 4.67% +0.08%| 0.26% +0.02%| 0.02% +0.02%| 0.01% =+0.01%
C18:2n6 0.80% +0.03% | 0.04% +0.00%| 0.00% =+0.02%| 0.00% +0.00%
C18:3 0.10% +0.05% | 0.00% +0.01%| 0.00% =+0.00%| 0.00% +0.00%
C20:3 0.10% +0.03% | 0.00% +0.00%| 0.00% =+0.00%| 0.00% +0.00%
C20:4n6 194% +0.17% | 0.05% +0.00% | 0.00% +0.01%| 0.00% +0.01%
C20:5n3 7.30% +0.12%| 0.26% +0.01%| 0.01% +0.01%| 0.00% +0.01%
YPUFAs 10.14% +0.25% | 0.35% +0.00% | 0.01% +0.01%| 0.00% +0.01%
Total FA 18.83% +0.47% | 0.82% +0.07%| 0.05% +0.01%| 0.02% +0.02%
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The lipid extraction efficiency was evaluated in terms of the total fatty acid content present in each
extract. After the transesterification of the lipids present in each extract, the fatty acid methyl esters
(FAME) were analysed through gas chromatography (GC). Table 5.4 and Figure 5.6 A show the results
and the evolution of the lipid extraction efficiency in steps 1 to 5, which are the most relevant as observed
before. The first step only extracted 1.43% + 0.18% of the total lipids present in the initial biomass, and
it might be a step with a negatively large amount of water, as mentioned before. Also, as discussed
before, the second step of the extraction is the one with the higher extraction efficiency; 40.02% + 1.55%
of the total lipids and 41.92% + 0.41% of the EPA omega-3 present in the initial biomass were extracted
in this step. From step 2 to step 3, a decrease of nearly 50% in the lipid extraction efficiency was noticed,
from 40.02% + 1.55% in step 2 to 21.03% = 0.43% in step 3. The decreasing tendency revealed in
Figure 5.6 A suggest that the five steps of extraction are a good compromise between the lipid extraction
efficiency and the amount of solvent and energy needed to extract the remaining lipids present in the

solid matrix.

Figure 5.6 B exhibits the lipid extraction efficiency along with the five steps of extraction and it is
possible to conclude that the five steps of extraction reached a lipid extraction efficiency of 77% + 3%.
Ryckebosch et al. reported an extraction efficiency of 52% W/Wiotal lipias fOr ethanol systems [183], which
is lower than the extraction efficiency achieved in this experiment. This might be related to the cell
disruption methods used by the author to disrupt the cells (bead-beating), which probably were not able
to reach the same disruption efficiency as the bead milling used in this experiment. Also, the purity of
the ethanol used by Ryckebosch et al. was lower (96% v/v instead of 99.8%), which could negatively
affect the extraction efficiency. As mentioned before, the evolution of the lipid extraction efficiency
along the 5 steps of extraction seems to be heading towards a plateau, which is also noticed in Figure
5.6 B. Therefore, it was concluded that the five steps of extraction (solvent to biomass ratio of 1:1

mL.g?) are sufficient to achieve a high lipid extraction efficiency.
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Table 5.4. Multi-step extraction with ethanol. Extraction efficiency in each step of extraction 1 to 5; all the

extraction steps were performed with a solvent ratio to the biomass of 1 mL.g%. The extraction efficiency results

are presented as % w fatty acids extracted/ w fatty acids present in the residual biomass | The results are based on

2 replicates for each sample.

Extraction Efficiency (WFAextracted/ WFAavailable )
'Zitg St_ep 1 St(_ep 2 St(_ap 3 St_ep 4 St_ep 5
Ratio 1:1 Ratio 1:1 Ratio 1:1 Ratio 1:1 Ratio 1:1
(mL.g?) (mL.g?) (mL.g?) (mL.g") (mL.g?)
C14:0 2.21% +0.12% 43.01% =+ 2.05% 17.65% +0.13% 7.72% +0.43% 4.41% +0.24%
C16:0 1.29% +0.06% 36.13% +1.16% 21.61% +2.19% 10.97% +1.41% 5.48% +0.70%
C18:0 0.00% +0.00% 75.00% + 0.00% 0.00% + 0.00% 0.00% * 0.00% 0.00% +0.00%
¥SFAs 1.49% +0.19% 37.81% +2.14% 20.65% +0.13% 10.20% =+ 1.06% 5.22% +0.53%
Ci16:1 1.94% +0.23% 41.94% +0.18% 25.28% +0.01% 12.50% =+ 0.56% 6.11% +0.42%
C18:1 0.94% +0.86% 53.40% =+ 4.40% 18.74% +0.12% 8.43% +0.15% 3.75% +0.35%
S~MUFAs 1.71% +0.40% 44.56% + 3.95% 23.78% +0.41% 11.57% =+ 0.66% 5.57% +0.33%
C18:2n6 1.25% +0.05% 36.25% + 1.36% 21.25% +0.45% 10.00% =+ 0.88% 5.00% +0.19%
C18:3 0.00% + 0.00% 54.00% =+ 4.65% 0.00% * 0.00% 0.00% * 0.00% 0.00% +0.00%
C20:3 0.00% =+ 0.00% 5.00% +1.65% 0.00% + 0.00% 0.00% * 0.00% 0.00% +0.00%
C20:4n6 0.52% +0.47% 29.90% =+ 2.55% 14.95% +0.80% 7.22% +0.12% 2.58% +0.23%
C20:5n3 1.51% +0.11% 41.92% +0.41% 21.37% +0.74% 9.59% =+ 0.66% 3.56% =+ 0.08%
YPUFAs 1.28% +0.17% 38.81% +1.11% 19.92% +0.50% 9.07% +0.57% 3.45% +0.09%
Total FA 1.43% +0.18% 40.02% + 1.55% 21.03% +0.43% 9.93% *0.76% 4.36% +*0.26%
A) Lipids extraction efficiency: each step B) Lipids extraction efficiency: cumulative
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Figure 5.6. Multi-step extraction with ethanol. A) Lipid extraction efficiency in each step of extraction 1 to 5. B)

Cumulative lipid extraction efficiency from step 1 to step 5. All the extraction steps were performed with a solvent

to biomass ratio of 1 mL.g™. The results are presented as % WFAextracted/ WFAavailanle and are based on 2 replicates

for each sample. The error bars represent the standard deviation calculated from the replicates.
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5.4.2.2. Ethanolic extraction: solvent/ biomass ratio optimisation

The second part of the experiments was focused on the optimisation of the ratio of extraction (solvent
to biomass) as well as the process of extraction itself. Four different scenarios were tested to maximize
the lipid extraction efficiency: a 5-step extraction with solvent to biomass ratio of 1 mL.g (scenario
A), a 2-step extraction with a solvent to biomass ratio of 1 mL.g™ in the first step, followed by the second
step of extraction with a solvent to biomass ratio of 5 mL.g? (scenario B), a 1-step extraction with a
solvent to biomass ratio of 5 mL.g* (scenario C), and a 1-step extraction with a solvent to biomass ratio

of 10 mL.g* (scenario D).

Scenario A) Five-step extraction with a solvent to biomass ratio of 1 mL.g*!

The experiment was performed by extracting the solid matrix (5 g of paste at 200 gsepw/L) with 5 mL

of ethanol 99.8% in each of the five steps of extraction (solvent to biomass ratio of 1 mL.g?).

The fatty acid profiles of the initial disrupted biomass and the ethanolic extracts from each of the
extraction steps are exhibited in Table 5.5. Similar to the results presented in the previous subchapter
for the 15-step extraction, the first extraction step could only extract 0.21 pp of the 17.30% of total fatty
acids present in the initial biomass. The first step of extraction might be considered a pre-treatment to
reduce the amount of water present in the solid matrix. Therefore, it might be discarded to reduce the
amount of water remaining until the end of the biorefinery process. After the first extraction step and
consequent centrifugation, the amount of water in the pellet was reduced and replaced by ethanol.
Consequently, the second extraction step could extract 6.57 pp of the 17.30% of total fatty acids present

in the initial biomass.
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Table 5.5. Five-step extraction with ethanol. Fatty acid profile from the initially disrupted paste and from the
ethanolic extracts resulting from the steps of extraction 1 to 5; all the extraction steps were performed with a
solvent to biomass ratio of 1:1 mL.g%, always reported to the initial biomass SFDW. The results are based on 2

replicates for each sample

Ethanolic Extract (% wra/Wsrow)

Initial Disrupted

ii?ij Paste Stt_ep 1 Stt_ep 2 St(_ep 3 St(_ep 4 Stt_ep 5

(% wra/WsFpw) Ratio 1:1 Ratio 1:1 Ratio 1:1 Ratio 1:1 Ratio 1:1

(mL.g?) (mL.g?) (mL.g?) (mL.g?) (mL.g?)
C14:0 0.80% +0.04% | 0.01% =+0.00% | 0.33% +0.03% | 0.18% +0.01% | 0.07% +0.00% | 0.03% +0.00%
C16:0 2.60% +0.05% | 0.03% +0.00% | 0.92% +0.10% | 0.54% +0.07% | 0.23% +0.05% | 0.11% +0.03%
C18:0 0.10% +0.00% | 0.00% +0.00% | 0.05% +0.02% | 0.03% +0.01% | 0.00% +0.00% | 0.01% +0.00%
YSFAs 3.50% +0.08% | 0.04% +0.01% | 1.30% +0.11% | 0.74% +0.04% | 0.31% +0.05% | 0.15% +0.03%
Cl6:1 3.80% +0.06% | 0.06% +0.01% | 1.44% +0.04% | 0.95% +0.02% | 0.36% +0.04% | 0.16% +0.03%
c18:1 0.70% +0.01% | 0.00% =+0.01% | 0.24% +0.16% | 0.15% +0.02% | 0.07% +0.01% | 0.03% +0.00%
SMUFAs | 4.50% +0.07% | 0.06% +0.01% | 1.68% +0.20% | 1.10% +0.00% | 0.43% +0.06% | 0.19% +0.03%
C18:2n6 0.70% +0.01% | 0.01% +0.00% | 0.28% +0.00% | 0.16% +0.01% | 0.07% +0.01% | 0.03% +0.00%
C18:3 0.20% +0.04% | 0.01% =+0.00% | 0.02% +0.02% | 0.01% +0.01% | 0.01% +0.00% | 0.02% +0.01%
C20:3 0.20% +0.01% | 0.00% +0.00% | 0.01% +0.00% | 0.00% +0.00% | 0.00% +0.00% | 0.00% +0.00%
C20:4n6 1.30% +0.01% | 0.00% +0.01% | 0.38% +0.10% | 0.27% +0.01% | 0.12% +0.01% | 0.05% =+ 0.00%
C20:5n3 6.90% +0.04% | 0.10% +0.01% | 2.89% +0.08% | 1.38% +0.09% | 0.58% +0.06% | 0.25% + 0.00%
SPUFAs 9.30% +0.07% | 0.11% +0.01% | 3.59% +0.17% | 1.82% +0.10% | 0.78% +0.07% | 0.35% + 0.00%
Total FA | 17.30% +0.18% | 0.21% +0.03% | 6.57% +0.48% | 3.66% +0.15% | 1.51% +0.18% | 0.69% + 0.06%

The extraction efficiency results from step 1 to step 5 are presented in Table 5.6. The first step only
extracted 1.21% = 0.16 of the total lipids present in the initial biomass. The first extraction step had a
significantly greater amount of water than the remaining steps, modifying the polarity of the extraction
solvent and reducing the efficiency of the polar lipid extraction, as observed. It is again evidenced that
lipid extraction is highly influenced by the dry weight of the initial disrupted biomass. Therefore, it is
extremely important to optimise the centrifugation step previous to extraction to obtain a pellet
(disrupted paste) with the higher dry weight possible. It could also be considered the possibility of
carrying out the first extraction as a pre-treatment, to remove the water present in the pellet and enhance
the extraction efficiency, since there is evidence that the extraction efficiency increases greatly in the

second extraction step.
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Table 5.6. Five-step extraction with ethanol. Extraction efficiency in each step of extraction 1 to 5. The extraction
efficiency results are presented as % w fatty acids extracted/ w fatty acids present in the initially disrupted paste.
All the extraction steps were performed with a solvent ratio to the biomass of 1:1 mL.g™. The results are based on

2 replicates for each sample.

Ethanolic Extract (% WFAextracted/WF Aavailable)

Fatty Acid Step 1 Step 2 Step 3 Step 4 Step 5

Ratio 1:1 Ratio 1:1 Ratio 1:1 Ratio 1:1 Ratio 1:1

(mL.g?) (mL.g?) (mL.g?) (mL.g?) (mL.g?)
C14:0 1.80% +0.09% 41.65% +0.67%| 21.94% +0.15% | 9.23% +0.46%| 4.19% +0.21%
C16:0 1.16% +0.02% 35.24% +3.17%| 20.75% +2.29% | 8.89% +£175% | 4.10% +1.08%
C18:0 0.00% =+ 0.00% 50.00% +5.00% | 28.15% +5.00% | 4.00% +0.00%| 6.51% +0.00%
¥SFAs 1.28% +0.26% 37.12% +2.30% | 21.23% +0.66%| 8.83% +£123%| 4.19% +0.76%
Cl6:1 1.51% +0.24% 37.89% +0.45% | 25.00% +0.13%| 9.48% *090% | 4.31% =+0.72%
Cc18:1 0.00% +0.70% 34.71% +£5.22% | 21.92% +254% | 9.44% +£129% | 4.36% +0.06%
Y~MUFAs 1.28% +0.20% 37.40% +3.86% | 2452% +0.38%| 9.47% +119%| 4.31% +0.60%
C18:2n6 0.93% +0.01% 40.63% +0.58% | 22.25% +1.11%| 9.65% +1.29%| 4.31% +0.06%
C18:3 2.92% +0.61% 10.60% +£195% | 6.48% +3.86%| 500% +1.04%| 8.79% +2.38%
C20:3 0.00% =+ 0.00% 500% +0.25% | 0.00% +0.00%| 0.00% +0.00% | 0.00% +0.00%
C20:4n6 0.00% +0.38% 29.23% +5.16% | 20.96% +0.61%| 9.06% +0.70%| 3.96% +0.03%
C20:5n3 1.38% +0.14% 4190% +0.92%| 1994% +1.19% | 8.46% +0.82%| 3.64% +0.02%
YPUFAs 1.16% +0.10% 3856% +1.54% | 1954% +093%| 838% *0.69%| 3.77% +0.03%
Total FA 1.21% +0.16% 3797% +2.38% | 21.18% +0.65%| 8.75% +0.95% | 4.00% +0.31%

Figure 5.7 B exhibits the cumulative lipid extraction efficiency along with the five steps of extraction.
The five steps of extraction reached an overall lipid extraction efficiency of 73% + 4%, which is very
similar to the results obtained in the fifteen-step extraction experiment previously discussed. Again, the
lipid extraction efficiency is higher than the result reported by Ryckebosch et al. for ethanol systems
(52% W/wiotar ipias) [183]. Also, the five steps of extraction reached an EPA omega-3 extraction efficiency
of 75% + 3%. The increase in the overall lipid extraction efficiency was very marked from step 1 to step
2, due to the removal of the water present in the paste in the first extraction step, as mentioned before.
The evolution of the lipid extraction efficiency along the 5 steps of extraction seems to be heading
towards a plateau, which indicates that the five steps of extraction are sufficient to achieve a high lipid

extraction efficiency.
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A) Lipids extraction efficiency: each step B) Lipids extraction efficiency: cumulative
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Figure 5.7. Five-step extraction with ethanol. A) Lipid extraction efficiency in each step of extraction 1 to 5. B)
Cumulative lipid extraction efficiency from step 1 to step 5. All the extraction steps were performed with a solvent
to biomass ratio of 1:1 mL.g™. The results are presented as % WFAextracted/ WFAavailable and, they are based on 2

replicates for each sample. The error bars represent the standard deviation calculated from the replicates.

Scenario B) Two-steps extraction with a solvent to biomass ratio of 1 mL.g%in the first step and 5

mL.gtin the second step of extraction

In the previous extraction experiment (scenario A), it was hypothesized that the first extraction step
might be a pre-treatment to reduce the amount of water that reaches the start of this step of the
biorefinery process. Therefore, the premise of this second scenario was to reduce the amount of water
in the process by discarding the extract originating in the first extraction step and then performing a

second extraction step, with a solvent to biomass ratio of 5 mL.g™.

The fatty acid profiles (initial disrupted biomass and ethanolic extracts), as well as the extraction

efficiency from each of the extraction steps, are presented in Table 5.7.
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Table 5.7. Two-step extraction with ethanol. Fatty acid profile (initially disrupted paste and ethanolic extracts
resulting from the steps of extraction 1 and 2), and extraction efficiency. The fatty acid profile results are provided
on a basis of the SFDW of the initially disrupted paste. The extraction efficiency results are presented as % w fatty
acids extracted/ w fatty acids present in the initially disrupted paste. The first extraction step was performed with
a solvent to biomass ratio of 1 mL.g%, and the second extraction step was performed with a solvent to biomass

ratio of 5 mL.g™. The results are based on 2 replicates for each sample.

Fatty Acid Profile Extraction Efficiency

Fatty Initial Disrupted Ethanolic Extract (% wra/Wsrpw) (% WFAextracted/WF Aavailable)

Acid Paste Step 1 Step 2 Step 1 Step 2
(%0 WeaWsrow) | patio 1:1 (mL.g) | Ratio 5:1 (mL.g) | Ratio 1:1 (mL.g?) | Ratio 5:1 (mL.g%)
C14:0 0.80% £0.04% 0.01% +£0.00% 0.60% £0.03% 1.40% +£0.11%| 75.00% +2.31%
C16:0 2.60% +0.05% 0.02% +£0.00% 1.80% +0.10% 0.89% £0.04% | 69.23% +2.24%
C18:0 0.10% £0.00% 0.00% +£0.00% 0.04% £0.02% 0.00% £0.00% | 40.00% =+2.90%
2SFAs 3.50% £0.08% 0.03% £0.01% 244% £0.17% 0.98% £0.17% | 69.71% +1.92%
C16:1 3.80% £0.06% 0.04% £0.01% 2.40% £0.12% 1.09% +£0.14%| 63.16% =+ 3.00%
C18:1 0.70% £0.01% 0.01% £0.01% 0.40% +£0.09% 0.79% £0.09% | 57.14% +4.03%

XMUFAs 450% =*0.07%| 0.05% =+0.02%| 2.80% +0.23% 1.04% +0.36% | 62.22% +3.13%
C18:2n6 0.70% *0.01%| 0.01% =+0.00%| 0.58% +0.08% 1.14% +0.10% | 82.86% +*1.21%
C18:3 0.20% =*0.04%| 0.01% =+0.00%| 0.10% =+0.01%| 2.78% *0.31% | 50.00% = 3.36%
C20:3 0.20% =*0.01%| 0.00% =+0.00%| 0.10% =+0.01% | 0.00% +*0.00% | 50.00% =+ 1.03%
C20:4n6 1.30% =+0.01%| 0.01% =+0.01%| 099% =*0.06%| 0.87% =+0.23%| 76.15% =+ 3.26%
C20:5n3 6.90% *0.04% | 0.08% =*0.01%| 548% =+0.32% 1.15% +0.13% | 79.42% +*1.97%
XPUFAs 9.30% =*0.07% | 0.10% =*0.02% | 7.25% =+0.34% 1.12% +0.20% | 77.96% *1.56%
Total FA 17.30% +0.18% | 0.19% *0.04% | 12.49% =+ 0.50% 1.07% =+0.17% | 72.20% +*1.86%

As expected, the results from the first extraction step were similar to the ones described before for the
fifteen-step extraction and five-step extractions. The first extraction step could only extract 0.19 pp of
the 17.30% + 0.18% of total fatty acids present in the initial biomass, which means that only 1.07% +
0.17% of the total fatty acids present in the initial biomass were extracted in the first step. As assumed
before, the first extraction step might have reduced the amount of water present in the residual pellet
and consequently, it might have benefited the extraction efficiency of the second extraction step. On the
other hand, the second step of extraction, with a solvent to biomass ratio of 5 mL.g*, reached an
extraction efficiency of 72.20% + 1.86% and an EPA extraction efficiency of 79.42% + 1.97%. Again,
the lipid extraction efficiency with ethanol 99.8% (% v/v) was higher than 70%.
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Scenario C) One-step extraction with a solvent to biomass ratio of 5 mL.g*

The experiment was performed by extracting the solid matrix (5 g of paste at 200 gsrpow/L) with 25 mL
of ethanol 99.8% in only one extraction step. The solvent to biomass ratio of 5 mL.g* was selected
based on the results of extraction efficiency from the previous experiments. All the previous extraction
experiments demonstrated that it is possible to achieve extraction efficiencies above 70% with a volume
of 5 mL of extraction solvent per gram of disrupted paste. The premise in this scenario was to achieve
at least 70% of extraction efficiency in a single extraction step which could reduce the equipment

required in a biorefinery and consequently the energy required in the extraction process.

Table 5.8 shows the results from the fatty acid profiles from the initial disrupted biomass, and ethanolic
extract, as well as the extraction efficiency achieved with scenario C. The single-step extraction with a
ratio of 5 mL.g* reached a lipid extraction efficiency of 70.98% + 3.09% and an EPA extraction
efficiency of 75.36% + 3.48%. Compared with the previous scenario (Scenario B), where the extraction
with a ratio of 5 mL.g™* was performed after the first extraction with a ratio of 1 mL.g, it is possible to
conclude that scenario C, with a single extraction, extracted almost the same percentage of lipids from
the initially disrupted paste as the scenario B (72.20% + 1.86%). The same conclusion can be taken
when comparing the percentage of EPA extracted in both scenarios. As mentioned before, Ryckebosch
et al. reported an extraction efficiency of 52% W/Wietal 1ipids fOr ethanol systems (ethanol 96% v/v) [183],
with a solvent to dry biomass ratio of 60 mL.g™. In the present experiment, the solvent to dry biomass
ratio used was 25 mL.g?, which is almost 2.5 times lower than the ratio used by Ryckebosch et al.
Nevertheless, it was possible to achieve a lipid extraction efficiency higher than 70%, with ethanol
99.8%. Again, this might be related to the cell disruption method selected by the author to disrupt the
cells (bead beaten), which probably has a lower disruption efficiency when compared with the bead
milling used in the present experiment (> 90% cellular disruption). Also, the purity of the ethanol used

in the experiment might increase the lipid extraction efficiency.
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Table 5.8. One-step extraction with ethanol. Fatty acid profile (initially disrupted paste and the ethanolic extract
resulting from 1-step extraction), and extraction efficiency. The fatty acid profile results are provided on a basis
of the SFDW of the initially disrupted paste. The extraction efficiency results are presented as % w fatty acids
extracted/ w fatty acids present in the initially disrupted paste. The extraction step was performed with a solvent

to biomass ratio of 5 mL.g™. The results are based on 2 replicates for each sample.

Fatty Acid Profile
Extraction Efficiency
Fatty Acid Initial Disrupted Eg&? r\:\?:/:(;v\iig;; U | (% WFAsracted WFAavailabe)
Paste

(%6 WealWsrow) Ratio 5:1 (mL.g}) Ratio 5:1 (mL.g-1)
C14.0 0.80% +0.04% 0.60% =+ 0.05% 75.00% +2.51%
C16:0 2.60% = 0.05% 2.10% £0.13% 80.77% +3.45%
C18:0 0.10% =+ 0.00% 0.08% +0.08% 80.00% + 2.00%
XSFAs 3.50% = 0.08% 2.78% £0.20% 79.43% +3.16%
Cl16:1 3.80% =+ 0.06% 2.70% *0.17% 71.05% =+ 3.35%
C18:1 0.70% +0.01% 0.60% +0.19% 85.71% + 3.06%
IMUFAs 450% +0.07% 3.30% +0.36% 73.33% +3.30%
C18:2n6 0.70% +0.01% 0.00% +0.02% 0.00% +1.41%
C18:3 0.20% +0.04% 0.10% +0.01% 50.00% +5.21%
C20:3 0.20% +0.01% 0.00% +0.01% 0.00% +1.38%
C20:4n6 1.30% £0.01% 0.90% =+ 0.05% 69.23% +3.31%
C20:5n3 6.90% = 0.04% 5.20% %0.27% 75.36% +3.48%
YPUFAs 9.30% =0.07% 6.20% *0.34% 66.67% +2.92%
Total FA 17.30% =0.18% 12.28% =+ 0.50% 70.98% =+ 3.09%

Scenario D) One-step extraction with a solvent to biomass ratio of 10 mL.g*

The experiment was performed by extracting the solid matrix (4 g of paste at 200 gsrow.L ™) with 50 mL
of ethanol 99.8% in only one extraction step. The solvent to biomass ratio of 10 mL.g™* was selected

aiming at the maximization of the lipid extraction with ethanol 99.8%.

Table 5.9 shows the results of the lipid extraction efficiency for the single extraction with a solvent to
biomass ratio of 10 mL.g?, as well as the results of the fatty acids profiles from the initially disrupted
biomass and from the ethanolic extract obtained from scenario D. The single-step extraction with a ratio
of 10 mL.g* reached a lipid extraction efficiency of 80.81% + 0.65% and an EPA extraction efficiency
of 83.77% + 1.11%. The difference in terms of extraction efficiency between the previous scenario
(scenario C) and the present scenario (scenario D) is 9.83 percentage points. The results obtained in
the present experiment demonstrate that the solvent to biomass ratio plays a major role in extraction

efficiency. Also, the pre-treatments (e.g., mechanical disruption of the cells) before the extraction could
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have a great influence on extraction efficiency. In the present experiment, the microalgae cells were
disrupted through bead milling, achieving a cellular disruption higher than 90%, and allowing to reach
a lipid extraction efficiency of 80.81% + 0.65% with a solvent to dry biomass ratio of 50 mL.g™.
Ryckebosch et al. disrupted the previously freeze-dried Nannochloropsis gaditana cells through bead
beating and performed an extraction with ethanol (96% v/v) to dry biomass ratio of 60 mL.g* [183].
However, the lipid extraction efficiency reported by the author was lower (52% W/Wiotal iipids) than the
one achieved in the present experiment. The bead beating might not promote the same number of
collisions (and with the same energy) between the beads and the cells, resulting in a lower number of
disrupted cells. In the present experiment, it was achieved a cellular disruption higher than 90%, which
indicates that almost the totality of the lipids were available to be extracted by the ethanol 99.8% (%

viv).

Table 5.9. One-step extraction with ethanol. Fatty acid profile (initially disrupted paste and the ethanolic extract
resulting from 1-step extraction), and extraction efficiency. The fatty acid profile results are provided on a basis
of the SFDW of the initially disrupted paste. The extraction efficiency results are presented as % w fatty acids
extracted/ w fatty acids present in the initially disrupted paste. The extraction step was performed with a solvent

to biomass ratio of 10 mL.g™*. The results are based on 2 replicates for each sample fatty acid analysis.

Fatty Acid Profile
Extraction Efficiency
Fatty Acid Initial Disrupted Ethanolic Extract (% WFAextracted/WFAavailable)
Paste (% Wra/WsFpow)
(%6 weA/Wsrow) Ratio 10:1 (mL.g%) Ratio 10:1 (mL.g%)

C14:0 0.80% +0.04% 0.60% +0.01% 75.00% +2.51%
C16:0 2.60% = 0.05% 2.30% = 0.06% 88.46% +0.61%
C18:0 0.10% +0.00% 0.08% +0.00% 75.00% +1.67%
XSFAs 3.50% = 0.08% 2.90% = 0.08% 82.86% +1.25%
Cl16:1 3.80% =+ 0.06% 3.00% =+ 0.08% 78.95% +0.86%
C18:1 0.70% +0.01% 0.60% +0.02% 85.71% +1.63%
YMUFAs 4.50% +0.07% 3.60% =0.10% 80.00% +0.98%
C18:2n6 0.70% +0.01% 0.60% +0.01% 85.71% +0.20%
C18:3 0.20% +0.04% 0.05% +0.04% 25.00% =+ 3.76%
C20:3 0.20% +0.01% 0.00% =+ 0.00% 0.00% +1.19%
C20:4n6 1.30% +0.01% 1.10% =+ 0.04% 84.62% +2.43%
C20:5n3 6.90% =+ 0.04% 5.78% %0.11% 83.77% +1.11%
YPUFAs 9.30% £0.07% 7.48% £0.12% 80.43% +1.19%
Total FA 17.30% =+0.18% 13.98% +0.29% 80.81% +0.65%
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Scenarios comparison

The comparison in terms of extraction efficiency (Table 5.10) shows that scenario D (one-step
extraction with a solvent to biomass ratio of 10 mL.g™) is the one with a higher lipid extraction efficiency
(80.81 + 0.65%). The other scenarios revealed that 71% to 73% of the lipids present in the initially
disrupted paste were extracted during the ethanolic extraction. The results from these experiments
suggest that the solvent to biomass ratio has an important role in the extraction process: with higher

solvent to biomass ratios, higher lipid extraction efficiencies are achieved.

Table 5.10. Extraction efficiency in each proposed extraction scenario. The results are presented as % WFAexiracted/

WFAavailanle and, they are based on 2 replicates for each sample.

Ethanolic Extract (% WTFA ethanolic extract/WTFA biomass SFowW)
Fatty Acid Scenario A Scenario B Scenario C Scenario D
Ratio 1:1 x5 Ratio 1:1 +5:1 Ratio 5:1 Ratio 10:1
(mL.g?) (mL.g?) (mL.g?) (mL.g?)

Cl14:0 78.81% +1.91% 75.00% +2.31% 75.00% +2.51% 75.00% +2.51%
C16:0 70.14% +2.67% 69.23% =+ 2.24% 80.77% =+ 3.45% 88.46% +0.61%
C18:0 88.65% +5.03% 40.00% + 2.90% 80.00% + 2.00% 75.00% +1.67%
ISFAs 72.65% +1.36% 69.71% +1.92% 79.43% +3.16% 82.86% +1.25%
Cl6:1 78.19% +4.79% 63.16% =3.00% 71.05% =3.35% 78.95% +0.86%
Cls:1 70.42% +7.41% 57.14% =+ 4.03% 85.71% =+ 3.06% 85.71% +1.63%
IMUFAs 76.98% +5.11% 62.22% +3.13% 73.33% +3.30% 80.00% + 0.98%
C18:2n6 77.77% +2.01% 82.86% +1.21% 0.00% *1.41% 85.71% +0.20%
Ci8:3 33.79% +1.10% 50.00% + 3.36% 50.00% +5.21% 25.00% +3.76%
C20:3 5.00% =+ 0.52% 50.00% + 1.03% 0.00% =+ 1.38% 0.00% =+1.19%
C20:4n6 63.21% +4.03% 76.15% +3.26% 69.23% +3.31% 84.62% +2.43%
C20:5n3 75.32% +1.31% 79.42% +1.97% 75.36% =+ 3.48% 83.77% +1.11%
ZPUFAs 71.41% + 0.56% 77.96% +1.56% 66.67% +2.92% 80.43% +1.19%
Total FA 73.11% +1.83% 72.20% +1.86% 70.98% +3.09% 80.81% +0.65%

5.4.3. Techno-Economic evaluation

The four scenarios proposed and tested were compared against each other not only in terms of lipid
extraction efficiency, as shown previously in Table 5.10, but also in terms of process complexity, EPA

concentration in the final product, CAPEX, OPEX and production cost.

To evaluate the complexity of each one of the proposed scenarios, the flowcharts were designed and are

presented below. Furthermore, all the scenarios were simulated considering a Nannochloropsis sp.
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disrupted paste feed of 461 kgsrow.day™? (152 tonsrpw.year?), for 330 day.year® and 22 h.day* of
operation. The mass balance and consequently the economic parameters CAPEX (main equipment),
OPEX and production cost of the EPA rich ethanolic concentrated extract (€.kg EPAexactl) Were
calculated based on these assumptions. The average annual maintenance and consumables cost, for all
the scenarios, has been assumed as a percentage of 5% and 2% of the investment cost, respectively.

Regarding the solvent cost calculation, an 80% recovery ratio was assumed for all the scenarios.

The estimated values for the cost of each of the equipment were based on the supplier’s price quotations
and the scale-up factor [186]. The electric power and steam consumption for all the equipment were

simulated and estimated in Super Pro Designer®.

Scenario A, which is five-step extraction with a solvent to biomass ratio of 1 mL.g* is presented in
Figure 5.8 and includes 5 mixing tanks, 5 centrifuges, and 1 evaporator with an estimated total

equipment investment of 1.127 M€.

* 64 £ 2 ton Proteins
* 50 £ 1 ton Lipids
* 17 £ 2 ton Carbohydrates™
* 16 £ 2 ton Intact cells
* 0+05tonEPA
* 5+0.5 ton Pigments
* 152+ 7 ton Total

Residual Biomass Residual Biomass

MxT 34
Cnt_3a

Residual Biomass

Defatted Ethanol Recovery

Biomass

Residual
Biomass

CE;'::':::;E + 13.5+ 1 ton Lipids
Evp 1A ‘ « 2210.2tonEPA
+ Ethanol Recovery * 1+0.2 ton Pigments

+ 36.5+ 1 ton Lipids * 108.9+ 7 ton Total

h 4
» * 61.5 = 2 ton of Proteins

EPA Rich Ethanolic Extract M * 16.9 £ 2 ton Carbohydrates
’-y— EPA Rich * 16 £ 2 ton Intact cells

*+ 6.8+03tonEPA
* 3.7£0.3 ton Pigments
+ 2.5+ 0.1 ton Proteins
* 0.1 £ 0.0 ton Carbohydrates”
+ 42.8+ 1.4 ton Total

Figure 5.8. Flowchart and mass balance (salt-free dry weight) of the extraction process proposed for scenario A

(five-step extraction with a solvent to biomass ratio of 1 mL.g™). The mixing tanks were named “MxT_xA”, the
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centrifuges “Cnt_xA”, and the evaporator was named “Evp_xA”. “The carbohydrates were estimated by the

difference between the total salt-free dry weight and the sum of the analysed compounds.

Scenario A has a higher complexity in terms of operation and requires more equipment as well as a
higher operational area for the installation of all the main equipment. The cost of the main equipment
for scenario A, as well as the electrical energy consumption (kWh.year), and the steam consumption
(ton.year™) are presented in Table 5.11.

Table 5.11. Main equipment cost, electrical energy consumption, and steam consumption for scenario A (five-

step extraction with a solvent to biomass ratio of 1 mL.g™%). *The values were estimated in Super Pro Designer®.

Name | Description | 08V | 4 Whyear) | qonyeer)
MxT_1A | Mixing Tank 1 74 000 € 1900 -
Cnt_1A | Centrifuge 1 100 000 € 36900 -

— MXT_2A | Mixing Tank 2 58 000 € 1200 -

$ Cnt2A | Centrifuge 2 80 000 € 30700 -

S MXT_3A | Mixing Tank 3 50 000 € 1100 -

§ Cnt 3A |Centrifuge 3 80 000 € 31000 -

S MXxT_4A | Mixing Tank 4 50 000 € 1100 .

2 Cnt 4A | Centrifuge 4 80 000 € 29900 -
MXxT_5A | Mixing Tank 5 50 000 € 1100 -
Cnt_5A | Centrifuge 5 80 000 € 29700 -
Evp_1A | Evaporator 425 000 € 77500 2950

Total | 1127 000 € 242100 2950

Scenario B (two-step extraction with a solvent to biomass ratio of 1 mL.g? in the first step and
5 mL.gin the second step) is presented in Figure 5.9 and includes 2 mixing tanks, 2 centrifuges, and
2 evaporators with an estimated total equipment investment of 1.101 M€. This scenario has two steps
of extraction and requires only two mixing tanks and two centrifuges. However, this scenario involves
the need for a second evaporator to recover the ethanol from the first step and additionally requires the

waste treatment of the bottom phase of the evaporator.
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64 =+ 2 ton Proteins
50 = 1 ton Lipids
* 0x0.5ton EPA
17 £ 2 ton Carbohydrates”
16 = 2 ton Intact cells
5 + 0.5 ton Pigments Ethanol Recovery
152+ 7 ton Total

+ 1+ 0.05 ton Proteins
Di;:'zl::eﬂ PN * 0.5+ 0.05 ton Lipids

) +  0.09+0.01 ton EPA
* 0.05 = 0.01 ton Pigments
« 0.08 £ 0.0 ton Carbohydrates”
* 1.6+ 0.1ton Total

Ethanolic Extract — Step 1

Fresh
Ethanol

Ethanol
Recovery

‘Waste
Treatment

+
: EPA Rich Ethanolic Extract
i
¥
.’.
EPA Rich
Cnt_2B B Ethanolic
. Evp_2B Concentrate
+ 61.5 = 2 ton of Proteins
* 16.9 £ 2 ton Carbohydrates” ¥
+ 16 £ 2 ton Intact cells * 36+ 1 tonLipids

13.5 = 1 ton Lipids n ¢« 7.1+0.3ton EPA

3.6 + 0.3 ton Pigments

1.5 = 0.05 ton Proteins

0.02 £ 0.0 ton Carbohydrates”
41.1+ 1.4 ton Total

+ 1.9+02ton EPA
* 1.3 £ 0.2 ton Pigments
109+ 7 ton Total

Figure 5.9. Flowchart and mass balance (salt-free dry weight) of the extraction process proposed for the
scenario B (two-step extraction with a solvent to biomass ratio of 1 mL.g* in the first step and 5 mL.g! in the
second step). The mixing tanks were named “MxT_xB?”, the centrifuges “Cnt_xB”, and the evaporator was named
“Evp_xB”. "The carbohydrates were estimated by the difference between the total salt-free dry weight and the sum

of the analysed compounds.

The cost of the main equipment for scenario B, as well as the electrical energy consumption

(kWh.year?), and the steam consumption (ton.year?) are presented in Table 5.12.
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Table 5.12. Main equipment, electrical energy consumption, and steam consumption for scenario B (two-step
extraction with a solvent to biomass ratio of 1 mL.gt in the first step and 5 mL.g in the second step). “The values

were estimated in Super Pro Designer®.

Name | Description | T | (o vean) | conjyear
€ MxT_1B | Mixing Tank 1 74 000 € 1900 -
g_ Cnt_1B Centrifuge 1 100 000 € 36900 -
S Evp 1B |Evaporator 1 270 000 € 31800 1200
"' MxT 2B | Mixing Tank2 | 112 000 € 5000 -
g Cnt_2B Centrifuge 2 120 000 € 56000 -
Evp_2B | Evaporator 2 425 000 € 77327 2950
Total | 1101 000 € 208927 4150

Scenario C (one-step extraction with a solvent to biomass ratio of 5 mL.g?) is presented in Figure 5.10
and includes 1 mixing tank, 1 centrifuge, and 1 evaporator with an estimated total equipment investment
of 662 k€.

* 64 £ 2 ton Proteins
* 50 £ 1 ton Lipids
9 £ 0.5 ton EPA
* 17 £ 2 ton Carbohydrates”
¢ 16 £ 2 ton Intact cells
* 5£ 0.5 ton Pigments
* 152+ 7 ton Total

Ethanol Recovery

Fresh Ethanol @

* 61.5 = 2 ton of Proteins Defatted EPARich
+ 16.9 £ 2 ton Carbohydrates Biomass Ethanolic
* 16 £ 2 ton Intact cells Concentrate
+ 14.5 = 1 ton Lipids L 4
2.2+0.2 ton EPA + 35.5+ 1 ton Lipids
+ 1.5 £0.2 ton Pigments + 6.8+0.3tonEPA
* 110+ 7 ton Total *+ 3.5+ 0.3 ton Pigments

+ 2.5+ 0.1 ton Proteins
+ 0.1+ 0.0 ton Carbohydrates”
* 41.6+ 1.4ton Total

Figure 5.10. Flowchart and mass balance (salt-free dry weight) of the extraction process proposed for the
scenario C (one-step extraction with a solvent to biomass ratio of 5 mL.g%). The mixing tanks were named
“MxT xC”, the centrifuges “Cnt xC”, and the evaporator was named “Evp xC”. “The carbohydrates were

estimated by the difference between the total salt-free dry weight and the sum of the analysed compounds.

114



5. Nannochloropsis sp. Biorefinery: Polar Lipids Extraction for Omega-3 Extract Production

Scenario C has only one step of extraction which decreases the number of equipment pieces as well as

the area needed for their installation. Table 5.13 shows the total equipment cost for scenario C. The

electrical energy consumption (kWh.year?) and the steam consumption (ton.year?) are also presented

in Table 5.13.

Table 5.13. Main equipment cost, electricity consumption, and steam consumption for scenario C (one-step

extraction with a solvent to biomass ratio of 5 mL.g™). “The values were estimated in Super Pro Designer®.

Main Equipment

e | oesripion | St Sy [ Sear
MxT_1C | Mixing Tank 1 117 000 € 5000 -
Cnt_1C | Centrifuge 1 120 000 € 57700 -
Evp_1C | Evaporator 2 425 000 € 77400 2950

Total 662 000 € 140100 2950

Scenario D (one-step extraction with a solvent to biomass ratio of 10 mL.g?) is presented in

Figure 5.11 and includes 1 mixing tank, 2 centrifuges, and 1 evaporator with an estimated total

equipment investment of 1.055 M€. This scenario has also one step of extraction, however, the selected

solvent to biomass ratio of 10 mL.g* implies the use of a higher volume of solvent than scenario C, and
consequently requires equipment with higher volumes.

115



5. Nannochloropsis sp. Biorefinery: Polar Lipids Extraction for Omega-3 Extract Production

* 64 £ 2 ton Proteins
* 50 + 1 ton Lipids
+ 9+0.5ton EPA
+ 17 £ 2 ton Carbohydrates®
+ 16 £ 2 ton Intact cells
* 5+ 0.5 ton Pigments
+ 152+ 7 ton Total

Fresh Ethanol &
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Biomass

EPA Rich

Cnt_2D

»
Biomass

\_+

Ethanolic Extract
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Ethanolic
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* 61.5 £ 2 ton of Proteins
* 17 £+ 2 ton Carbohydrates”
* 16 = 2 ton Intact cells
* 9.5+ 1 ton Lipids
1.5 £ 0.2 ton EPA
+ 1+ 0.2 ton Pigments
¢ 105+ 7 ton Total

* 40.5 £ 1 ton Lipids
+ 7.5+ 0.3 tonEPA
* 4 £ 0.3 ton Pigments
* 2.5£0.1 ton Proteins
+ 0.3 £0.0 ton Carbohydrates”
* 47.3+ 1.4 ton Total

Figure 5.11. Flowchart and mass balance (salt-free dry weight) of the extraction process proposed for the

scenario D (one-step extraction with a solvent to biomass ratio of 10 mL.g?). The mixing tanks were named

“MxT_xD”, the centrifuges “Cnt xD”, and the evaporator was named “Evp xD”. “The carbohydrates were

estimated by the difference between the total salt-free dry weight and the sum of the analysed compounds.

The electrical energy consumption (kWh.year?), the steam consumption (ton.year?), and the total
equipment cost for scenario D are presented in Table 5.14.

Table 5.14. Main equipment cost, electricity consumption, and steam consumption for scenario D (one-step

extraction with a solvent to biomass ratio of 10 mL.g™). “The values were estimated in Super Pro Designer®.

Main Equipment

Name Description Equipment | Electricity” | Steam”
cost (€) | (KWh/year) | (ton/year)
MxT_1D | Mixing Tank 1 190 000 € 9500 -
Cnt_1D | Centrifuge 1 120 000 € 57700 -
Cnt_2D | Centrifuge 2 120 000 € 57700 -
Evp_1D |Evaporator 1 625 000 € 146500 5700
Total | 1 055 000 € 271400 5700
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Regarding the four scenarios proposed for the ethanolic extraction, which were previously presented, a
techno-economic evaluation of each scenario was performed and the results are exhibited in Table 5.15.
The assessment was based on the flowcharts and mass balances proposed for each scenario as well as
the estimated values of main equipment cost, energy consumption, and steam consumption for each

scenario, as exhibited before.

Table 5.15. Techno-economic evaluation of each scenario proposed for the ethanolic extraction process. The
economic evaluation was based on 330 day.year and 22 h.day of operation. The capacity of each scenario was
fixed in 152 tonsrow.year of disrupted microalgae paste.

Scenario A Scenario B Scenario C | Scenario D
Ratio 1:1 x5 | Ratio 1:1 +5:1 | Ratio5:1 Ratio 10:1
(mL.g™) (mL.g™) (mL.g%) (mL.g%)

CAPEX

Total equipment cost (€) 1,127,000 1,101,000 662,000 1,055,000
Capital costs (€.year-t) "depreciation over 10 years 112,700 110,100 66,200 105,500
OPEX

Human Resources (€.year?)™ 300,000 120,000 70,000 140,000
Operational Electricity (kWh.year?) 242100 208927 140100 271400
Electricity price (€.year™) (0.13 €/kWh) *2 31,328 27,035 18,129 35,119
Operational Steam (ton.year™) 2950 4150 2950 5700
Steam price (€.year) (20.0 €.ton’?) [187] 59,000 83,000 59,000 114,000
Maintenance (€.year™) 56,350 55,050 33,100 52,750
Consumables (€.year™) 22,540 22,020 13,240 21,100
Solvents/Reagents (€.year™) 265,331 318,398 265,331 530,663
?{Z%?gf;ﬁgﬁrggf e Cost (€.year”) 1,516,342 1516,342| 1516342| 1,516,342
Total OPEX (€year™) 2,250,892 2,141,845| 1,975,143 2,409,974
Total Cost of Ownership (€.year?) 2,363,592 2,251,945 2,041,343 2,515,474
Total Disrupted Paste processed (ton.year™) 691 691 691 691
Lipid Extraction Efficiency (%0) 73.1% 72.2% 71.0% 80.8%
Total EPA Rich Extract production (ton.year™) 91 89 90 96
Total EPA production (ton.year) 6.8 7.1 6.8 75
% Lipids/ EPA Rich Extract (w/w) 40.0% 40.3% 39.4% 44.2%
% Lipids/ EPA Rich Extract (w/wsrow) 85.3% 87.5% 85.3% 85.6%
% EPA/ EPA Rich Extract (w/w) 7.5% 8.0% 7.6% 7.8%
% EPA/ EPA Rich Extract (w/wsrow) 15.9% 17.3% 16.3% 15.9%
Production Cost EPA rich extract (€.kgextract™) 25.9 25.2 22.7 26.2
Production Cost EPA rich extract (€.kgera™) 347.6 317.2 300.2 3354
Electricity Consumption (KWh.Kgextract™) 2.7 2.3 1.6 2.8
Electricity Consumption (kWh.kgepa™) 35.6 294 20.6 36.2

"1 HR = 2 x number centrifuges x 2500 €/mo/employee
*2source: www.pordata.pt
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The comparison between the four different scenarios concerning the technical assessment (Table 5.15),
revealed that scenario D has the higher lipid extraction efficiency (80.8% w/w), and the higher
production capacity in terms of EPA rich extract — 96 ton.year™. However, the final product from this
scenario is not the product with the highest concentration of EPA (15.9% w/wsepw). A higher solvent to
biomass ratio (10 mL.g%) might have led to higher extraction efficiencies of other compounds besides
lipids, such as chlorophyll a or ethanol-soluble proteins / amino acids, which dilutes the final product.
On the other hand, Scenario B (two-step extraction with a solvent to biomass ratio of 1 mL.g? in the
first step and 5 mL.g in the second step) has the lowest production capacity — 89 ton.year? EPA rich
extract. However, the final product of this scenario is the one with the highest concentration of EPA
(17.3% w/wsepw). Scenario B has a higher complexity in terms of operation than scenario D, as it
comprises the need for a second evaporator to recover the ethanol from the first step. However, this first

step of extraction removes some of the compounds responsible for the final product dilution.

The CAPEX analysis revealed that scenario A (five-step extraction with a solvent to biomass ratio of 1
mL.g?) is the one that requires a higher investment in terms of main equipment (1.127 M€). Contrarily,
scenario C (one-step extraction with a solvent to biomass ratio of 5 mL.g™) is the one that needs a lower
investment (662 k€). Furthermore, among the four scenarios, scenario C has the lower value of OPEX
per year (1.975 M€), which means that this scenario has the lowest total cost of ownership per year
(2.041 M€). However, as mentioned before, scenario C (one-step extraction with a solvent to biomass
ratio of 5 mL.g?*) revealed the lowest lipid extraction efficiency (71% w/w), which can interfere with

the decision of which one of the scenarios is the most advantageous one.

Two different indicators for the production of the EPA rich ethanolic extract (production cost, €/kgepa
and electricity consumption, kWh/kgera) were calculated for each one of the proposed scenarios to
choose the most suitable scenario. The results Table 5.15, revealed that scenario C (one-step extraction
with a solvent to biomass ratio of 5 mL.g!) was the one with the lowest production cost (302 €/kgepa)
and the lowest electricity consumption for the production of the EPA rich extract (22.7 kWh/kgepa).
Therefore, the one-step extraction with a solvent to biomass ratio of 5 mL.g™ scenario should be
considered the most advantageous for an industrial application in terms of production costs. However,
to achieve a more complete techno-economic analysis, the different scenarios should be also analysed
from the point of view of the sales market. Also, as most of the techno-economic analysis parameters
results for the 4 scenarios fall within a range of only 10-20% distance from one another, other business

plan variables are likely to have a determinant weight in the choice of the scenario by an investor.
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5.4.3.1.  Sensitivity analysis

The parameters and assumptions used in this economic analysis have an intrinsic degree of uncertainty
and are subject to change. To assess the impact of certain parameters, such as the solvent recovery
percentage and the electricity cost (€/kWh), on the production cost of the EPA rich extract, a sensitivity
analysis was conducted. Also, a sensitivity analysis regarding the extraction efficiency itself was
performed, safeguarding any differences that may exist between the extraction efficiency on a laboratory
scale (which has been tested) and the efficiency on an industrial scale. The main research questions that
are answered are:

i.  How does the total operation costs vary with the solvent recovery percentage?
ii.  How does the production cost of EPA rich extract vary with the solvent recovery percentage?
iii.  How does the total operation costs vary with the electrical energy price?
iv.  How does the production cost of EPA rich extract vary with the electrical energy price?
v.  How does the total operation costs vary with the extraction efficiency?
vi.  How does the production cost of EPA rich extract vary with the extraction efficiency?

The sensitivity analysis based on the variation of the solvent recovery percentage (Table 5.16)
demonstrates that an increase of 10 pp in the solvent recovery percentage leads to a decrease in the total
operating costs of 5.8% in scenario A, 7.5% in scenario B, 6.6% in scenario C, and 11.2% in scenario
D. The same tendency is observed in terms of production cost of EPA rich extract. The present
sensitivity analysis also revealed that scenario C remained as the scenario with a lower production cost

of EPA rich extract, even when the solvent recovery percentage decreased 10 percentage points.
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Table 5.16. Economic sensitivity analysis for total operation cost and EPA rich extract production cost based on

the variation of the solvent recovery percentage. The baseline was considered to be 80% of solvent recovery.

Scenario A Scenario B Scenario C Scenario D
Ratio 1:1 x5 Ratio 1:1 +5:1 Ratio 5:1 Ratio 10:1
(mL.g™h) (mL.g™h) (mL.g™h) (mL.g™h)
Solvent
Recovery 70% 80% 90% 70% 80% 90% 70% 80% 90% 70% 80% 90%
(%)
Total
OPEX 2.38M | 2.25M | 2.12M | 2.30M | 2.14M| 1.98M | 2.11M| 1.97M | 1.84M | 2.68M | 2.41M | 2.14M
(€.year™)
Production
COSLEPA | 5o 4| 250| 245| 270| 252| 234| 242| 227| 212| 200| 262| 235
rich extract
(€.kgExtract_l)
Production
Cost EPA
rich extract 367.1| 347.6| 328.1| 339.6| 317.2| 294.8| 319.7| 300.2| 280.7| 370.8| 335.4| 300.0
(€.kgern™)

On the other hand, the sensitivity analysis based on the variation of the electrical energy price (Table

5.17) revealed lower variations in the total operating costs than the variation of the solvent recovery

percentage. Again, the sensitivity analysis revealed that scenario C remained as the scenario with a

lower production cost of EPA rich extract, even when the electrical energy price decreased 50%, from

0.129 €/kWh to 0.065 €/kWh.

120



5. Nannochloropsis sp. Biorefinery: Polar Lipids Extraction for Omega-3 Extract Production

Table 5.17. Economic sensitivity analysis for total operation cost and EPA rich extract production cost based on

the variation of the electrical energy price. The baseline was considered to be 0.129 €/kWh.

Scenario A Scenario B Scenario C Scenario D
Ratio 1:1 x5 Ratio 1:1 +5:1 Ratio 5:1 Ratio 10:1
(mL.g™h) (mL.g™h) (mL.g™h) (mL.g™h)
Electricity
price 0.065 | 0.129 | 0.194 | 0.065 | 0.129 | 0.194 | 0.065 | 0.129 | 0.194 | 0.065 | 0.129 | 0.194
(€/kWh)
Total
OPEX 224M | 225M | 227TM | 2.13M | 2.14M| 2.16M | 1.96M| 1.97M | 1.98M | 2.43M | 2.41M | 2.39M
(€.year™)
Production
COSLEPA | 5571 59| 261| 251| 252| 254| 226| 227| 228| 260| 262| 264
rich extract
(€.kgExtract_l)
Production
Cost EPA
rich extract 3453 | 347.6| 349.9| 3153| 317.2| 319.1| 298.9| 300.2| 301.5| 333.1| 3354| 3377
(€.kgern™)

Finally, the sensitivity analysis based on the variation of extraction efficiency is presented in Table

5.18. This sensitive analysis revealed that maintaining the total operating costs and variating the

extraction efficiency within 5%, results in a relevant variation in the production cost in each one of the

scenarios. Once again, the sensitivity analysis revealed that scenario C remained as the scenario with a

lower production cost of EPA rich extract, even when the extraction efficiency decreases by 5%.
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Table 5.18. Economic sensitivity analysis for total operation cost and EPA rich extract production cost based on
the variation of the extraction efficiency. The baseline for each scenario was considered to be the extraction

efficiency obtained in the experimental trials

Scenario A Scenario B Scenario C Scenario D
Ratio 1:1 x5 Ratio 1:1 +5:1 Ratio 5:1 Ratio 10:1
(mL.g™h) (mL.g™h) (mL.g") (mL.g™h)
Extraction
Efficiency 69% 73% 7% 69% 72% 76% 67% 71% 75% 7% 81% 85%
(%)
Total

OPEX 225M | 225M | 225M | 2.14M | 2.14M | 2.14M | 1.97M | 1.97M | 1.97TM| 241M | 241IM | 2.41M
(€.year™)

Production
Cost EPA
rich extract
(€.kgExtract_l)

27.3 259 24.7 26.5 25.2 24.0 239 22.7 21.6 27.6 26.2 25.0

Production
Cost EPA
rich extract
(€.kgeral)

365.9| 347.6| 331.0| 3339 317.2| 302.1| 316.0| 300.2| 2859 | 353.1| 3354| 3194

5.5. Conclusions

An eco-friendly solvent methodology to perform a polar lipid extraction from wet Nannochloropsis sp.
biomass with high efficiency was developed and optimised. Firstly, simultaneous extraction and
fractionation of lipid from Nannochloropsis sp. for the production of EPA-rich polar lipid concentrate
was attempted. However, the first extraction (neutral lipid extraction) with D-limonene extracted almost
20% of the EPA present in the polar fraction, which was not anticipated and represented a major loss of
EPA to the neutral fraction. Therefore, this route was abandoned and the focus of the study turned to the
extraction of polar lipids with ethanol. The results of the optimisation of the ethanol to biomass ratio
revealed that the ratio of 10 mL.g* was capable of achieving high polar lipid extraction efficiency (81%
Wrraextracted/ WrFAbiomass). HOWever, the techno-economic assessment revealed that scenario B (two-step
extraction with a solvent to biomass ratio of 1 mL.g in the first step and 5 mL.g* in the second step of
extraction) was able to produce a final product with the highest EPA concentration (17.3% w/Wsrpw).
On the other hand, a sensitivity analysis to assess the impact of the solvent recovery percentage and the
price of the electric energy on the production cost of the EPA revealed that scenario C (one-step
extraction with a solvent to biomass ratio of 5 mL.g™) was the most advantageous one. Despite having
a lower polar lipid extraction efficiency (71% Wrraextract/Wrrabiomass), SCenario C was the one with the
lowest production cost even with an increase of 50% in the electrical energy price (301.5 €/kgepa), OF

with a decrease in the solvent recovery percentage to 70% (319.7 €/kgepa).
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6. NANNOCHLOROPSIS SP. BIOREFINERY: PROCESSING STRATEGIES

AND TECHNO-ECONOMIC ASSESSMENT

6.1. Abstract

Nannochloropsis sp. is well-known for its high content in eicosapentaenoic acid which is one of the
several omega-3 fatty acids, and it is commonly known as EPA. Nevertheless, Nannochloropsis sp. has
also a high content of proteins, which are suitable for human food and feed applications. This work
proposes a suitable process to maximise the potential of Nannochloropsis sp. for the production of
distinct fractions of polar lipids rich in EPA omega-3 for supplements, colourless soluble protein for
human food, and insoluble protein for animal feed, which may contribute to improving the viability of
the microalgae industry. The proposed biorefinery with a production capacity of 218 tonsrow.year* was
designed and the mass and energy flow model were simulated. To evaluate the profitability of the

proposed biorefinery, a detailed techno-economic evaluation was achieved.

A comparative analysis between three different scenarios with different operational costs, as well as a
comparative analysis between three different scenarios with different operational scales of production
was performed. Also, the techno-economic performance of a single product value chain and a
multiproduct value chain biorefinery were compared. The net present value (NPV), the internal rate of
return (IRR), and the payback periods were calculated and compared for the different conditions
considered, pointing out the major drivers and bottlenecks concerning the plant's economic performance
and profitability. The baseline designed multi-product biorefinery resulted in estimated economic
performance indicators that correspond to an IRR of 20.3%, and a payback period of 4.7 years.

6.2. Introduction

A biorefinery is an installation that integrates biomass conversion processes to produce biofuels, energy,
and high-value products from several kinds of biomass (e.g., organic residues, forest residues, and
aquatic biomass such as algae and seaweeds) [189]. A biorefinery includes the pre-treatment and the
fractionation of the biomass components and the subsequent conversion to generate a variety of different
products. By producing multiple products, a biorefinery can take advantage of the different components

present in the biomass, taking full advantage of the value of the biomass feedstock [189].

Microalgae are often referred to as a highly advantageous feedstock for the production of biofuels in

response to the increase of the world population and the consequent uprising energy crisis. This is mainly
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because several microalgae species have superior biomass production potentials and photosynthetic
efficiencies than terrestrial crops [190]. However, the high production cost, when compared with fossil
fuel, represents a major drawback and shows an economic need to find profitable microalgae solutions
and processes [1,79]. High-value products have been produced through the fractionation of microalgae
extracts to improve the economic performance achieved, by applying the concept of microalgae
biorefinery [191]. There are several such microalgae biorefineries described in the literature. Chua et al.
[83] proposed a Nannochloropsis biorefinery to produce EPA-rich oil and high-value protein. Nobre et
al. [192] studied a biorefinery from Nannochloropsis sp. to extract oils and pigments and produce
biohydrogen from the leftover biomass. Bongiovani et al. [193] described a biorefinery approach from
Nannochloropsis oceanica CCALA 978, to produce neutral lipids and carotenoids. Cui et al. [194]
developed a biorefinery approach to produce omega-3 fatty acids and protein from Phaeodactylum

tricornutum.

In the present work, Nannochloropsis sp. was selected as a promising microalgae for a biorefinery
concept as this strain global market is predictable to record a compound annual growth rate (CAGR) of
8.5% from 2021 to 2028, reaching a market value of US$ 15.8 million by 2028. The increasing demand
for microalgae protein with functionality for human food or animal feed, the growing demand for
omega-3 fatty acids for food supplements, and the protein- and carbohydrates-rich fraction for animal
feed, are driving the growth of the global Nannochloropsis market [195]. Also, this strain has a particular
interest for A4F — Algae for Future since the product with the higher added-value (EPA-rich lipid
extract) obtained from it is soluble in polar solvents, and therefore Nannochloropsis sp. can be stated as
amodel for future work with other microalgae strains in which the compounds of interest are also soluble

in polar solvents.

Nannochloropsis sp. is one of the unicellular marine species that is widely known for its capacity to
accumulate high amounts of omega-3 fatty acids, specifically EPA (up to 5% of dry biomass, when
produced under optimal growth conditions) [33]. In most microalgae species, omega-3 PUFAs are
present principally in the polar lipid fraction, appealing to be the most efficiently absorbed by the human
body [169].

The Nannochloropsis-derived lipids market is expected to record a CAGR of 8.5% from 2021 to 2028
to reach a market value of US $ 4.2 million by 2028, according to the Research and Markets 2021 report
[196]. Also, it is important to notice that the EPA-rich lipid fraction could be a substitute for fish oil
whose global market size was valued at US$ 1,905.77 million in 2019, and it is estimated to reach US$
2,844.12 million by 2027 with a CARG of 5.8% from 2021 to 2027 [197].
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Nannochloropsis sp. cells are spherical with a diameter of 2-5 um, and with a robust cell wall composed
of a structure consisting of a cellulosic internal wall and a hydrophobic algaenan outer layer [83]. This
microalga presents specific biochemical characteristics such as the lack of accessory chlorophylls b and
¢, the presence of interesting xanthophyll pigments [36], and its ability to accumulate lipids up to 50%
of the dry biomass when grown under Nitrogen-deplete conditions (mainly TAGs) [30], but this is not
reflected on EPA accumulation [84]. When the cells are grown under Nitrogen-replete conditions, the
lipid content represents 20%-30% of the total dry weight [198,199], and the polar lipid fraction
represents 80-90% of the total lipids [200].

This strain has also an important content in total protein, when produced under Nitrogen-replete
conditions (up to 50% of dry weight) [32], both soluble (up to 20% salt-free dry weight) [34], and
insoluble protein. The carbohydrates present in the Nannochloropsis sp. cells may represent 20-30% of
the total dry weight [198,199] and are commonly used in animal feed applications [201]. The soluble
protein fraction may be introduced on the market as a substitute for plant-based protein hydrolysates,
whose market was valued at US$ 1197.13 million in 2020 and is expected to reach US$ 1755.89 million
by the end of 2027, growing at a CARG of 4.8% from 2021 to 2027 [202]. On the other hand, the
insoluble protein and carbohydrates mix fraction is commonly used in animal feed applications, as
mentioned before, and might be a suitable substitute for fishmeal, whose market was valued at US$
8,153.6 million in 2020 and is projected to reach US$ 15,264.6 million by the end of 2028, with expected
growth at a CARG 8.3% from 2021 to 2028 [203].

Therefore, this proposed Nannochloropsis sp. biorefinery seems to be related to products that have large
market potential and interesting expected growth rates, provided that competitive, feasible and profitable

solutions can be identified, as will be further explored below.

The overall biorefinery costs are known to strongly depend on the biomass composition and the selected
downstream processing technologies [190]. The first stage of biorefinery processing is the pre-treatment
of the biomass, which might be composed of a biomass stabilisation step, to avoid the degradation of
the intracellular compounds, and a cell disruption step, to release intracellular compounds. The most
obvious solution to avoid biomass deterioration is to remove the water present in the biomass through
drying processes (e.g., spray drying or freeze-drying). However, drying has typically high energy
consumption [90], and therefore, the inactivation of the enzymes responsible for the chemical reactions
that degrade the biomass at an early stage is an alternative [45]. The most common external agents to
inactivate the enzymes are high or low temperature, extreme pH, and organic solvents [45]. After
biomass stabilisation, there is a need to release the intracellular compounds to the media and make them

accessible for further extraction and fractionation steps. The most common cell disruption technigques
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are bead mill, high-pressure homogenisation and ultrasonication [204]. Nannochloropsis sp. has a strong
cell, as mentioned before, and for that reason, bead milling is the disruption technique usually chosen
[38].

After cell disruption, the fractionation step is typically composed of extraction steps where the target
compounds are extracted from the disrupted biomass. The selected solvents should exhibit
hydrophobicity/hydrophilicity properties similar to the compounds to be recovered. The most reported
techniques are water-based extraction for water-soluble compounds (e.g., soluble proteins and
carbohydrates), and solvent extractions for insoluble compounds (e.g., lipids and pigments).
Accordingly, in a biorefinery aiming at the production of water-soluble compounds such as soluble
protein, the target compounds are extracted by the aqueous media itself after the cell disruption step, as
reported by Safi et al. [1]. On the other hand, when the target compounds are water-insoluble, such as
polar lipids, the extraction might be carried out with a polar solvent or a mixture of solvents, as reported
by Callejon et al. [81], and Ryckebosch et al.[183].

Finally, the compounds of interest are fractionated and purified from the previous extracts produced.
The recovery of protein has gained a lot of attention, and different studies have been reported aiming at
a suitable protein recovery technique. Membrane processing is an emerging technology in microalgae
biorefinery processes, offering the possibility of operating under mild conditions and preventing the
denaturation of proteins [150]. On the other hand, the purification of lipids extracts and the recovery of
the organic solvents used in lipid extractions are mainly carried out through rotary evaporation [205] or

vacuum distillation [184].

So far, Nannochloropsis sp. biorefineries strategies have been focused on the total lipid extraction for
biodiesel production [68]. Nobre et al. [192] developed a Nannochloropsis sp. biorefinery for the
production of oil (for biodiesel), carotenoids (for food supplements) and biohydrogen using the defatted
biomass. Bongiovani et al. [193] also proposed a biorefinery approach from Nannochloropsis oceanica
CCALA 978, under nutritional stress conditions, for the production of neutral lipids (for biodiesel) and
carotenoids as a value-added bioproduct to increase the profitability of the process. Nevertheless, the
recovery of microalgae proteins from aqueous supernatants has also gained a lot of interest. Safi et al.
[1] reported the recovery of Nannochloropsis gaditana proteins by ultrafiltration/ diafiltration (UF/DF).
Cavonius et al. [71] described a pH-shift precipitation technique to find a protein isolate from
Nannochloropsis oculata. More recent studies within the biorefinery concept have been focused on the
extraction of an EPA rich polar lipid fraction, which is a value-added bioproduct, to increase the

profitability of the process. Callejon et al. [81] studied the sequential extraction of saponifiable lipids
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from Nannochloropsis sp. biomass, for the production of an EPA omega-3 rich fraction (for food
supplements).

This work aims to propose and discuss the development of a process scheme to maximise the potential
of Nannochloropsis sp. as a feedstock, focusing on the production of distinct fractions: EPA rich polar
lipids fraction (for food supplements) as a substitute for fish oil, soluble protein rich fraction (for human
food) as a substitute for plant-based protein hydrolysates, and insoluble protein rich fraction (for animal
feed) as a substitute for fishmeal. To the best of our knowledge, a biorefinery for the production of such
a portfolio of compounds from Nannochloropsis sp. has not been proposed or studied. Therefore, here
we will study the techno-economic performance of a single product value chain as compared to a
multiproduct value chain biorefinery. The ultimate goal is to assess if the biorefinery process proposed
in this work is profitable and economically more appealing than a single product value chain biorefinery.
Also, a comparative analysis between different scenarios, with different operational and investment
costs, was performed. This includes, for each possibility, the computation and comparison of net present
value (NPV), internal rate of return (IRR), and payback values.

6.3. Materials and Methods

For the sake of the economic analysis, standard project investment tools were employed and applied to
the several scenarios of the multi-product biorefinery proposed, where the cash flows connected with
the major streams of the flowsheet, as well as the corresponding equipment investments, are accounted

for, as illustrated in the coming sections presented next.

6.3.1. Nannochloropsis sp. biorefinery

For the multi-product biorefinery proposed, a specific technical process model has been designed and
will now be linked to its techno-economic evaluation. The scheme of the selected processing steps,
within a biorefinery concept, is presented in Figure 6.1 where two different downstream routes are
proposed: an aqueous route, and an ethanolic route. Within the biorefinery concept, the downstream
processing is initiated with a set of pre-treatments. The first one is a biomass stabilisation step, aiming
at the inactivation of enzymes responsible for the degradation of intracellular compounds. Then, the
cellular disruption step will release the intracellular compounds to the aqueous media, enabling the
following fractionation steps. Finally, the phase separation step will create the two different routes
proposed: an aqueous route, and an ethanolic route. The aqueous route is composed of aqueous
membrane processes, aiming for maximum recovery of soluble proteins. On the other hand, the main
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objective of the ethanolic route is the extraction of an EPA-rich polar lipid fraction. Nevertheless, the

ethanolic route also comprises the downstream steps to recover an insoluble protein fraction.

The detailed sequence of unit operations involved was already discussed before, and therefore for the
sake of this economic assessment Figure 6.1 provides an appropriate summary of the plant's main

building blocks for such an analysis to be performed and studied.

Insoluble Proteins

Carbohydrates
Lipids Waste treatment
Aqueous Extract: x I
.water-soluble Membrane Processing: Membrane Processing:
> compounds —»| Fractionation of soluble —| Purification of —# Soluble Proteins
released from the proteins soluble proteins

disrupted cells
Aqueous route

Biomass Cell Phase
Stabilization Disruption Separation
Solid Fraction:
Water-insoluble Ethanolic Extraction: .
compounds Extraction of EPA zich Phase EPA rich polar
released from the i Separation lipids extract

disrupted cells (el it

.celular debris

Insoluble Proteins
Carbohydrates

Figure 6.1. Scheme of the main downstream steps of the Nannochloropsis sp., considering the biorefinery scheme

proposed in this work

The biomass stabilisation within the Nannochloropsis sp. biorefinery proposed is performed through
heat treatment, as demonstrated and optimised in chapter 2. The selected operational condition for the
heat treatment is 95 °C for 3 minutes, for a 100 gsow.L™* Nannochloropsis sp. suspension The described
process for a Nannochloropsis sp. biorefinery with a production capacity of 300 L.h, was modelled

using SuperPro Designer®.

The cellular disruption proposed is performed through bead milling, as demonstrated and optimised in
chapter 3. The selected operational conditions for the cellular disruption through bead milling are the
maximum tip speed (16 m.s?), a filling volume of 85% (v.v'), and a flow rate of around 300 L.h. The
described process was also modelled using SuperPro Designer®. The phase separation after the cellular

disruption to separate cell debris from the aqueous fraction is described in Appendix B.

The membrane processing within the Nannochloropsis sp. biorefinery was divided into two different

steps. The first step is performed using a 100 kDa MWCO membrane as demonstrated and optimised in
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chapter 4. The mixture of ultrafiltration in a diafiltration mode followed by concentration under
controlled permeate flux conditions enhances the soluble protein recovery in the permeate and allows
to maintain a higher value of volumetric flux (12 L.m2.h), during the entire diafiltration process. The
second step of the membrane processing aims to purify the soluble protein present in the permeate
resulting from the first step of the membrane processing. The removal of the salt present in the permeate
is performed through ultrafiltration in a concentration mode followed by diafiltration, using a 1 kDa

MWCO membrane. Details of the second step are provided in Appendix B.

The ethanolic extraction proposed is performed as demonstrated and optimised in chapter 5. The eco-
friendly solvent (ethanol) step to perform the polar lipid extraction from wet Nannochloropsis sp.
biomass is performed in one-step extraction with a solvent to biomass ratio of 5 mL.g*. The phase
separation after the ethanolic extraction that separates the defatted pellet from the ethanolic extract and

the following steps are described in Appendix B.

To support the economic performance analysis, a simplified process diagram was defined and
considered for the recovery of the three different target fractions, defined previously: soluble protein
fraction (with functionality for human food), insoluble protein fraction (for animal feed), and EPA-rich
polar lipids fraction (for food supplements). All economic indicators and values were computed from

the mass balances and the chemical characterisation of each process stream that was conducted before.

As a baseline, the mass balances were conducted considering a Nannochloropsis sp. biomass feed of
660 kgsrow.day™ (218 tonsrpw.year?), for 330 day.year? and 22h.day™ of operation. This reference
production capacity of the biorefinery was fixed at 218 tonsrow.year™ as a value suggested by A4F —
Algae for Future since it corresponds to what the company believes to be an appropriate scale for

building and running such a plant.

6.3.2. Techno-economic analysis

The cost calculations covered both total capital investment (CAPEX) and total operational expenditures
(OPEX), computed for a biorefinery to be located in Pdvoa de Santa Iria, Portugal, next to the A4F —

Algae for Future microalgae production facility.

The biorefinery capital investment was calculated from the purchase costs of the main equipment
needed. The estimated values for the cost of each of the main pieces of equipment were based on the

supplier’s price quotations, combined, when needed, with a scale-up factor [186].
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Furthermore, it is assumed that the construction period is one year, the start-up period is 3 years, and
the plant lifetime is 10 years, with a linear depreciation of the CAPEX over these 10 years.

Operating expenditures are calculated as the sum of the cost of utilities (electricity and steam), raw
materials (Nannochloropsis sp. biomass), solvents, membrane replacement, waste-water treatment,
labour, additional consumables and maintenance costs. Such costs for utilities and raw materials are

specified in Appendix B.

The biomass production cost is highly dependent upon biomass production scale, the production system
selected, and the location where the biomass is produced, as demonstrated by the Public Output report
of the EnAlgae project [188]. In the referred report, the production cost for algae produced in a flat panel
PBR, located in the south of Spain (similar climate conditions to Portugal), and at a scale of 100 ha was
reported to be between 4 €.kgsrow™ and 5 €.kgsrow™ [188]. On the other hand, for a microalgae
production facility at a 10 ha scale level, the biomass production cost was reported to be between 7
€.kgsrow™® and 10 €.kgsrow ™ [188]. Later, Ruiz et al. [206], and Branco-Vieira et al. [207] reported values
of biomass production cost between 2 €.kgsrow™ and 3 €.kgsrow?, at a 100 ha scale level and with
production closed systems installed. Although microalgae production closed systems, such as flat panel
reactors, need higher investments, they offer greater productivities, normally between 34 [206] and 38
tonsrow.ha™.year? [208]. Therefore, even a microalgae production facility at a 10 ha scale level, with
production closed systems, would have the capacity to feed the proposed biorefinery, whose annual

biomass needs are assumed to have as a baseline a total of 218 ton.ha™.year.

This techno-economic evaluation of the biorefinery proposed will assume that the biorefinery will be
constructed next to an existing microalgae production facility, at a 100 ha scale level and with flat panel
PBRs installed. Hence, the biomass cost will not include additional delivery costs, and therefore based
on the reported values, and considering the 25% of profit margin for the production facility, the biomass

market price that will be assumed as the reference point is 5 €.kgsrow™.

The average annual maintenance and consumables costs were assumed to be a percentage of 5% and
2% of the investment costs [63], respectively. The wastewater treatment cost was assumed to be constant
and valued a 0.45 €.m?, as presented by Slegers et.al [209]. For location-dependent costs, Portugal was

assumed as a reference.

The EPA-rich polar lipids fraction price is highly influenced by the concentration of omega-3 PUFAs,
and for a final product with 15% to 17% of EPA, as validated by A4F — Algae for Future, the final price
might vary between 40 €.kg™ [210] and 70 €.kg™* of EPA-rich polar lipids oleoresin [211]. In the present
assessment, the final price of EPA-rich polar lipids oleoresin was assumed to be 55 €.kg™, based on the
reported market values. The soluble proteins with functionality for food applications price was
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foreseeable by Slegers to range between 5 €.kg™ and 8 € kg™ [209]. On the other hand, the price of
insoluble proteins and carbohydrates mix for feed applications was predicted as varying between 1 € kg
L and 3 €kg?[209]. Therefore, in the present study, the average price for the soluble protein fraction
with functionality for food applications was assumed to be 6.5 €.kg™, and the price of insoluble protein
and carbohydrates mix for feed applications was assumed to be 2 €kg?, also based on the reported

values.

6.4.Results and Discussion

Taking into account the assumptions mentioned before, and the biorefinery design, including its main
blocks, as summarized below, different alternatives and scenarios were considered, leading to economic

performance results and comparisons that will be described next.

6.4.1. Nannochloropsis sp. biorefinery

Regarding the development of a biorefinery based on EPA-rich Nannochloropsis sp., for the sake of its
economic analysis a simplified process diagram, as shown in Figure 6.2, is proposed for the recovery
of the three different target fractions, defined previously: soluble protein fraction (with functionality for
human food), insoluble protein fraction (for animal feed), and EPA-rich polar lipids fraction (for food

supplements).

Briefly, the proposed biorefinery scheme uses EPA-rich Nannochloropsis sp. wet biomass that is first
submitted to an aqueous extraction for the recovery of water-soluble compounds (e.g., soluble proteins),
and then to an ethanolic extraction for the recovery of EPA-rich polar lipids. From the second extraction,
it is also possible to recover a co-product mainly composed of water-insoluble compounds (e.g.,

insoluble proteins).

The first step of the proposed scheme comprises a heat treatment to stabilise the wet biomass before the
cellular disruption. Heat treatment has been proven to be extremely helpful in the inactivation of the
enzymes responsible for the degradation of intracellular compounds (e.g., lipid degradation through
hydrolysis reactions catalysed by lipases). Then, bead milling was selected for cellular disruption,
allowing to enhance the extraction of water-soluble compounds. Afterwards, the two main routes were
established through phase separation by centrifugation: the aqueous route and the ethanolic route
(Figure 6.2).
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In the aqueous route, membrane processing (cut-offs of 100 kDa and 1 kDa) is used not only for the
recovery of a soluble protein fraction but also for the reduction of lipid loss in this route. In the ethanolic
route, an ethanolic extraction with a solvent to biomass ratio of 5 mL.g* is performed to extract the
EPA-rich polar lipids. After the ethanolic extraction, ethanolic centrifugation is performed to separate
the ethanolic extract (EPA-rich polar lipids) from the defatted pellet (insoluble proteins), with more

specific details provided in Appendix B.

Targeting the optimisation of the EPA recovery, it is proposed to have ethanol washing of the defatted
pellet as the first operation of the first cycle performed in the Nutsche filter. The ethanol resulting from
the defatted pellet washing is fed to the ethanolic extraction, as represented in the process diagram
(Figure 6.2). The first cycle of the Nutsche filter ends with a drying step of the defatted pellet and

solvent recovery (Appendix B).

The ethanolic extract obtained from the previously mentioned ethanolic centrifugation is fed to a
microfiltration process aiming at the removal of the possible remaining particles, which could interfere
with the concentration of EPA-rich polar lipids in the final product (Appendix B). Pointing to the
decrease of viscosity and the stabilisation of the extracted lipid emulsion, it is also proposed to include
the addition of an excipient — polysorbate 80 (Tween-80, non-ionic surfactant and emulsifier). Finally,
the second cycle of the Nutsche filter is proposed to concentrate the EPA-rich polar lipid oleoresin and

recover ethanol (Appendix B).
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Figure 6.2. Simplified flow chart of the biorefinery proposed for the production of a target compound from Nannochloropsis sp. biomass.
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After having completed the process design and the definition of the biorefinery major processes, mass
balances and the chemical characterisation of each process stream were performed. This proposed
biorefinery was simulated considering a Nannochloropsis sp. biomass feed of 660 kgseow.day™* (218
tonsrow.year?), with 330 day.year* and 22h.day of operation, according to guidelines provided by A4F

— Algae for Future, based upon its experience.

The characterisation in a salt-free dry weight basis for each process stream of the stabilisation and

biomass disruption is presented in Figure 6.3.
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Figure 6.3. Scheme of the proposed biomass stabilization and disruption steps within the biorefinery concept,
including the characterisation of the process streams on a salt-free dry weight basis. The pasteurizer was named
“Pat_1.1”, the bead mill was called “BdM_1.17, and the centrifuge was named “Cnt_1.1”. “The carbohydrates

were estimated by the difference between the total salt-free dry weight and the sum of the other compounds.

The stabilisation step through a heat treatment at 95 °C for 3min was able to successfully avoid the
degradation of the value-added compounds such as lipids and pigments, as demonstrated in chapter 2.
It was considered that no cells were damaged during this process and stabilised intact cells were,
therefore, fed to a disruption step through bead milling. As reported in chapter 3, it was possible to
achieve around 90% of cellular disruption with a single pass through the grinding chamber at a flow rate
of 300 L.h* and a tip speed of 16 m/s. Hence, from the 218 + 5 ton of intact cells that are fed to the bead
milling, only 22 + 1 ton remained intact after the cellular disruption step. The disrupted biomass was

separated into two different phases, the aqueous phase and the solid phase through a centrifugation step
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as mentioned before. Therefore, 85% of the soluble proteins were recovered in the aqueous phase.
However, 11% of the lipids were also recovered in this stream which might represent a significant loss
of lipids, which may be attached to cytoskeletal proteins [22]. On the other hand, in the solid phase, it
was possible to recover 89% of the insoluble proteins as well as 89% of the lipids present in the initial

biomass.

The characterisation in a salt-free dry weight basis of the main process stream of the agueous route is

presented in Figure 6.4.
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Figure 6.4. Scheme of the proposed aqueous route within the biorefinery concept, including the characterisation
of the process streams on a salt-free dry weight basis. The centrifuge was named “Cnt_1.17, the dia-ultrafiltrations
were called “DUF _1.1” and “DUF _1.2”, and the spray dryer was named “SpD 1.1”. "The carbohydrates were

estimated by the difference between the total salt-free dry weight and the sum of the other analysed compounds.

Regarding the aqueous route, it is possible to recover 80% of the soluble protein present in the
supernatant through a dia-ultrafiltration (MWCO 100 kDa), as reported in chapter 4. The protein
recovered in the permeate is free from pigments and 95% of the lipids present in the supernatant are
retained in the concentrate. The second dia-ultrafiltration (MWCO 1 kDa) step is performed to remove
the low molecular weight compounds present in this fraction, such as salt and sugars. However, 10% of
the soluble protein is lost during the diafiltration process. The final step of the aqueous route is the spray

drying of the soluble protein aqueous fraction, and an efficiency of 85% was admitted for this step.
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Therefore, from the 28 + 1 ton of soluble protein fed to the spray dryer, only 28 + 1 ton are recovered at
the end of the process.

The characterisation in a salt-free dry weight basis of the main process stream of the solid (ethanolic)

router is presented in Figure 6.5.
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Figure 6.5. Scheme of the proposed aqueous route within the biorefinery concept, including the characterisation
of the process streams on a salt-free dry weight basis. The centrifuges were named “Cnt_1.1” and “Cnt_1.2”, the
dia-ultrafiltration called “DUF_1.17, the mixing tanks named “MxT_1.1” and “MxT _1.2”, the pre-filter called
“PrF_1.1” and the Nutsche filter named “NtF_1.1”. "The carbohydrates were estimated by the difference between

the total salt-free dry weight and the sum of the other analysed compounds.

Concerning the ethanolic route represented in Figure 6.5, 95% of the lipids previously lost to the
aqueous fraction, after the centrifugation, are recovered in the concentrate of the first dia-ultrafiltration
step. The concentrate is fed to the ethanolic extraction along with the pellet recovered from the aqueous
centrifugation, which means that 56 + 1 ton of lipids (45 £ 1 ton of polar lipids) were fed to the ethanolic
extraction step. After the ethanolic extraction, it was possible to recover around 71% of the lipids as
reported in chapter 5, which means that 32 + 0.8 ton of polar lipids and 7 £ 0.2 ton of EPA might be

recovered annually. On the other hand, 90% of the insoluble protein was recovered in the defatted pellet
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(58 = 1.5 ton/year of insoluble protein), and 28% of the lipids remained in the defatted pellet. However,
as mentioned before, an ethanol washing of the defatted pellet is performed inside the Nutsche filter,
and only 11% of the lipids remained in the defatted pellet after washing (5 + 0.4 ton/year of lipids).

A brief preliminary assessment of the economic potential of the process was performed after carrying
out the mass balances, by identifying the economic values of the main input stream (Nannochloropsis
sp. biomass) and the output streams (final products). The biomass cost is assumed to be 5 €.kgsrow™,
based on the reported values for a production facility at the 100 ha scale level and with flat panel, PBRs
installed [188,206], as previously justified in section 6.3. The price of the final products was also
justified in section 6.3, and they are presented in Table 6.1 as well as the corresponding annual revenues
(€.year'1l) coming from each one of the final biorefinery products considered. The values obtained do
show, as expected, that revenues are mostly connected with the EPA-rich oleoresin stream, with
marginal additional economic value attached to the proteins, that should be seen as complementary by-

products with no major profitability impacts attached to them.

Table 6.1. Annual production, price, and annual revenue of the final products from the Nannochloropsis sp.

biorefinery.

Biorefinery Products Productif)n Pric_e Revent{e
(kg.year?) (€kg?) (E.year?)

Main Product

EPA-rich oleoresin 44 621 55.00 2,454,164

[210,211] e

By-products

Soluble protein 23730 6.50 [209] 154,244

Insoluble protein 105 710 2.00[209] 211,420

A concise summary of the economic potential of this process is presented in Figure 6.6. The 218
ton.year? of Nannochloropsis sp. biomass that are needed to feed the proposed biorefinery represents
an annual cost of 1.09 M€. However, the revenue generated by the sales of the final products can cover
the cost of Nannochloropsis sp. biomass and still create a positive cash flow of 1.73 M€, which one
needs to assure that is large enough to cover other operating costs, as well as the depreciation of

equipment, together with a remaining positive profit.

This brief preliminary assessment, therefore, reveals the economic potential of the proposed biorefinery,

but in the next subchapter, a more detailed techno-economic evaluation will be presented and discussed,
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to verify it the positive economic potential is large enough to cover other costs and generate interesting
profitability.
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Figure 6.6. Simplified economic flows related to the main raw material (Nannochloropsis sp. biomass) cost

outflow and the final product revenue inflows.

6.4.2. Techno-Economic Assessment of a biorefinery based on EPA-rich
Nannochloropsis sp.

As stated before, this process was simulated considering a Nannochloropsis concentrated biomass (100
gsrow.L?) feed of 660 kgsrow.day* (218 tonsrpw.year?). The Nannochloropsis sp. biorefinery flow chart
and mass balance were presented before (section 6.4.1), and the designed plant includes the following
main pieces of equipment: 1 pasteurizer, 1 bead milling, 2 centrifuges (aqueous and ethanolic), 2 mixing
tanks, 2 ultrafiltration modules (100 kDa and 1kDa), 1 filter, 1 spray drier, and 1 Nutsche filter (2
different cycles). The corresponding total equipment cost (CAPEX) was estimated at 1.61 M€, with the
estimated values for the cost of each of the relevant pieces of equipment being based on the supplier’s
price quotations and the application of a scale-up factor [186]. The cost of the main equipment is

presented in more detail in Table 6.2.
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Table 6.2. Capital Expenditures (CAPEX) regarding the main equipment of the proposed Nannochloropsis sp.

biorefinery.

Name Description E(izlser(gm

Pat 1.1 Pasteurizer 1 112,000
BdM_1.1 | Bead Mill 1 184,500
Cnt_ 1.1 |Centrifuge 1 241,000

= |DUF_1.1 | Dia-ultrafiltration 1 (100 kDa) 110,000
qg)_ DUF_1.2 | Dia-ultrafiltration 2 (1 kDa) 110,000
'CST SpD 1.1 |Spray Dryer 1 165,000
'-'CJ MxT_1.1 | Mixing Tank 1 80,000
'g Cnt_1.2 | ATEX Centrifuge 2 260,000
PrF_1.1 |Pre-filter 1 10,000
MxT_1.2 | Mixing Tank 2 40,000
NtF_1.1 | Nutsche Filter 1 295,200
Total Equipment Cost (€) 1,607,700

iati -1

T g osts (Exyear™) 160,770

A graphical representation of the capital expenditures (CAPEX) is presented in Figure 6.7 for easier
comprehension of the capital expenditures associated with each section of the proposed biorefinery. As
illustrated, the ethanolic section represents 43% of the total capital expenditure, while the pre-treatment

section represents 33%, and the aqueous section represents 24% of the overall CAPEX.
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Figure 6.7. Graphical representation of the Capital Expenditures (CAPEX) associated with each section of the

proposed Nannochloropsis sp. biorefinery.

Regarding the biorefinery that was designed, the main operating costs were also estimated. These

estimates were based on the flowchart and mass balances presented before, with the energy and the

steam consumption for all the equipment (Table 6.3) simulated and estimated in Super Pro Designer®.

Table 6.3. Energy and steam consumption for the designed biorefinery. "Values were estimated with Super Pro

Designer®.

Name Description Elce(cl:\;:/ché;(lai:rg{)gy Steam” (ton.year™)
Pat_1.1 | Pasteurizerl 70 700 1500
BdM_1.1 | Bead Mill 1 268 000

= Cnt_1.1 |Centrifuge 1 101 000
£ | DUF_1.1 | Dia-ultrafiltration 1 (100 kDa) 30 000
% DUF_1.2 | Dia-ultrafiltration 2 (1 kDa) 48 000
o SpD_1.1 | Spray Dryer 1 197 401
= [MxT_1.1 | Mixing Tank 1 30 000
2 Cnt_1.2 | ATEX Centrifuge 2 120 000
PrF_1.1 | Pre-filter1 15 000
MxT_1.2 | Mixing Tank 2 28 000
NtF_1.1 | Nutsche Filter 1 933 687
Total 1841789 1500
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As for the costs of raw materials, and regarding the solvent cost calculation, a 90% recovery ratio was
assumed. The average annual maintenance and consumables cost, for all the scenarios to be considered,
was assumed as a percentage of 5% and 2% of the investment, respectively, as mentioned in section
6.3.2. Also, in this techno-economic evaluation, it was assumed, as mentioned in section 6.3.2, that the
biorefinery will be constructed next to the microalgae production facility, with 100 ha of scale and flat
panel PBRs installed, so that the biomass cost does not need to include additional logistic costs.
Therefore, in the present work, and based on the reported values, and considering 25% of the profit
margin for the production facility, the biomass cost was assumed to be 5 €.kgsrow™ as a baseline scenario
[188,206], and it represents a significant part of the total operating costs of the Nannochloropsis sp.
biorefinery proposed. The estimated total operational cost (OPEX) per year for the designed

Nannochloropsis sp. biorefinery is presented in Table 6.4.

Table 6.4. Estimated total operational cost (OPEX) for the designed Nannochloropsis sp. biorefinery.

OPEX

Human Resources (€.year?) ! 300,000
Operational Energy Consumption (kWh.year?) 1841789
Energy Cost (€.year?) (0.129 €.kWh) *2 237,591
Operational Steam Consumption (ton.year) 1500
Steam Cost (€.year?) (20.0 €.ton!) [187] 30 000
Membrane Replacement Cost (€.year?) 10,000
Maintenance (€.year™?) 80,385
Consumables (€.year™?) 32,154
Solvents/Reactants (€.year™?) 362,310
Waste Water Treatment (mé.year™) 6 536
Waste Water Treatment (€.year™) (0.45 €.m) [209] 2,941
Biomass Cost (€.year™) (5.00 €.kgsrow ™) [188,206] 1,090,000
Total OPEX (€.year?) 2,145,381

"IHR = (number equipment -1) x 2500 €/employee
*2source: www.pordata.pt

As shown above, the biomass cost represents a major portion of the total operating costs of the
biorefinery. Figure 6.8 A) and B) show the contribution of each utility to the total operating costs of
the biorefinery of Nannochloropsis sp.: Figure 6.8 A) presents the total operation costs including
biomass costs and Figure 6.8 B) exhibits the total operation costs excluding biomass costs. It is possible
to easily conclude that the biomass cost is the one that contributes a higher percentage (51.1%) to the
total operating costs of the proposed biorefinery. The solvents used in the biorefinery contribute 17.0%,

human resources represent 14.1% and electric power corresponds to 11.1% of the total operating costs
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of the biorefinery. The sum of the remaining utilities represents 6.9% of the total operating costs.
Therefore, it is clear that biomass cost has a great impact on the proposed biorefinery's economic
profitability. It is thus extremely important to reduce the microalgae biomass cultivation and harvesting
operation costs to also reduce the global costs of a microalgae biorefinery, such as the one designed
here, and to have it next to the biomass production facilities, in order to avoid additional biomass

transportation Ccosts.
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Figure 6.8. Contribution of each category of costs to the total operating costs of the biorefinery proposed: A)

Operation costs including biomass costs; B) Operation costs excluding biomass costs.

To get an easier view of the remaining operation costs, if we ignore for a moment the biomass costs and
remove them from the total operation costs (Figure 6.8 B), one can see that the solvents used in the
biorefinery represent the larger remaining cost (34.7%), followed by human resources costs (28.7%)
and electric energy consumption (22.8%).

A graphical representation of the operating expenses (OPEX) associated with each section of the
proposed biorefinery was also made, as illustrated in Figure 6.9. This illustration facilitates the
identification of the plant sections that contribute the most to the annual operating expenses. As was
also observed for the graphical representation of CAPEX, the ethanolic section is also the one which
contributes the most to the annual biorefinery OPEX. The high OPEX value associated with the
ethanolic section is mostly related to solvent and energy needs in this part of the process, and therefore
this section, in particular, may be considered as an opportunity for further process optimisation, for
example, with regards to the solvent to biomass ratio in the extraction step. A reduction in the quantity
of ethanol that is processed in the ethanolic section may reduce both solvent (less ethanol used in the

extraction) and energy needs (less energy to process and recover ethanol).
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Figure 6.9. Graphical representation of the annual Operating Expenses (OPEX), excluding biomass costs,

associated with each section of the proposed Nannochloropsis sp. biorefinery.

Taking now into account all of the previous information and data, a full economic analysis of the
biorefinery was performed. The capital expenditure and the operating expenses of the proposed
biorefinery are summarized and presented in Table 6.5. All of the major investment is assumed to take
place in the construction stage (100% of CAPEX in year 0), with no final economic value attached to
the plant by then, given the specific nature of the equipment considered and the need to preserve the
ecology of the surrounding environment if the plant is discontinued after a decade of operation.
Revenues were calculated based on the prices previously presented in Table 6.1. The ramp-up of
operations is assumed to last for some years, with full capacity reached only in year 4, due to the need
to continuously learn and adjust operating conditions, to optimize productivity levels and avoid for
instance possible contaminations, failures or errors. The equipment residual value at the end of the
project (10 years) was not taken into account in the values presented in Table 6.5. The discount selected
to calculate the Net Present Value (NPV) of the biorefinery project was 5%. This discount rate was
chosen because the interest rates currently practised are considered low, and also because the risk

associated with this type of technology is not considered very high risk.
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Table 6.5. Biorefinery estimated Costs, Revenues and Cash Flows over 10 years of the project lifetime.

*1 Considering a 5% discount rate.

Year Action Investment Product_ion CAPEX OPEX Revenue Cash Flow NPV
Capacity (E.year™) (E.year™) (€E.year?) (E.year™) (€E.year?)
0 | Construction 100% 0% [ -1,607,700 -1,607,700| -1,607,700
1 |Start-up 0% 65% -2,145,381| 1,832,888 | -312,493 -297,612
2 | Start-up 0% 85% -2,145,381| 2,396,854| 251,473 228,093
3 [Start-up 0% 95% -2,145,381| 2,678,837 | 533,456 460,819
4 | Production 0% 100% -2,145,381| 2,819,828 674,447 554,869
5 | Production 0% 100% -2,145,381| 2,819,828 674,447 528,447
6 | Production 0% 100% -2,145,381| 2,819,828 674,447 503,283
7 | Production 0% 100% -2,145,381| 2,819,828 674,447 479,317
8 | Production 0% 100% -2,145,381| 2,819,828 | 674,447 456,492
9 | Production 0% 100% -2,145,381| 2,819,828 674,447 434,755
10 | Production 0% 100% -2,145381| 2,819,828| 674,447 414,052

The economic performance measures presented in Table 6.5 and Table 6.6 show that positive cash
flows are reached on and after year 2, leading to an estimated Internal Rate of Return (IRR) of 20.3%
and a Net Present Value (NPV), with a discount rate of 5%, of 2,154,815 €, seen as promising investment

indicators.

Table 6.6 Summary of biorefinery estimated main economic performance indicators: Net present value (NPV),
Internal Rate of Return (IRR), and Payback.

NP\/* 5% discount rate 2,154,815 €
- 20.3%
Payback Period (year) 4.7

Taking this as our baseline for the biorefinery economic analysis, next we will present additional results
obtained for several alternative scenarios that were also considered. The first comparative analysis
conducted will be focused on different biomass purchase costs and the influence that they have on the
production costs of the biorefinery and the general economic performance of the project. The second
comparative analysis will study the influence of different production scales on the economic
performance of the plant. The third and last comparative analysis will be performed aiming to test if the
proposed multi-product biorefinery is a more viable option than a single product biorefinery, in which

only EPA oleoresin is produced.
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6.4.2.1. First comparative analysis: impact of the biomass purchase cost on the
biorefinery economic performance

In this subchapter, we will study the impact of biomass purchase costs on the economic viability of the
proposed biorefinery. For that purpose, the proposed biorefinery (scenario A) was compared with two
different alternative scenarios (scenarios B and C). As discussed before (section 6.3.2), in scenario A it
was assumed that the biorefinery is built next to a microalgae production facility, at the 100 ha scale
level and with flat-panel PBRs installed, and hence the corresponding biomass costs do not include any
additional transportation or processing costs. Consequently, based on reported values and considering
25% of the profit margin for the production facility, the biomass market price has been settled at
5 €. kgsrow™ [188,208].

Regarding the two additional scenarios here considered (B and C), a microalgae production facility at a
10 ha scale level and a biomass market price of 8 €.kgsrow™ was considered for scenario B, and a
microalgae production facility at a 100 ha scale level and a biomass market price of 3 €.kgsrow*was
considered for scenario C. The market prices are based on the reported values of production cost as
presented in section 6.3.2, and on a 25% profit margin for the production facility.

The influence of biomass purchase costs over the biorefinery total operational costs was already
identified and can be easily seen also from Figure 6.10, and therefore, the biorefinery profitability will

always depend considerably on the operational costs associated with biomass cultivation and harvesting.
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Figure 6.10. Estimated total operational costs of five different scenarios assuming five different values for the
biomass purchasing prices, and the contribution of the biomass purchasing costs for the total operational costs of

the biorefinery under each scenario considered. *The biomass purchase price is presented in €.kgsrpw
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To further assess the economic feasibility of each scenario, and also to emphasize the importance of the
biomass purchasing prices over each scenario, the main project economic performance measures were
calculated, with the corresponding results presented in Table 6.7. As expected, scenario B, which
considers a higher biomass price, was the one that consequently presented the highest value of operating
expenses and the lowest values of cash flows over the years of the project. The revenues of all the

scenarios considered were calculated based on the values previously presented in Table 6.1

Table 6.7. Costs, Revenues, Cash Flows and NPV variation for different scenarios of the biorefinery project.
Scenario A considers a biomass cost of 5 €.kg?, scenario B considers 8 €.kg?, and scenario C considers

3 €.kg™. Biomass purchasing costs are considered in € kgsrow. ** Considering a 5% discount rate.

CAPEX OPEX (M€.year™) SeETiE Cash Flow (M€.year™) NPV™ (M€.year?)
Year (M€.year™) Scenario (M€.year™) Scenario Scenario

sce'r?e:lrios B A e sceﬁ;:ios B A ¢ B A ¢
0 -1.608 -1.608| -1.608| -1.608| -1.608| -1.608| -1.608
1 -2.799 | -2.145| -1.709 1.833| -0.966 | -0.312| 0.124| -0.920| -0.298| 0.118
2 -2.799 | -2.145| -1.709 2.397| -0.403| 0.251| 0.687| -0.365| 0.228| 0.624
3 -2.799 | -2.145| -1.709 2.679| 0.020| 0.533| 1.110| 0.018| 0.461| 0.959
4 -2.799| -2.145| -1.709 2.820| 0.020| 0.674| 1.110| 0.017| 0555| 0.914
5 -2.799| -2.145| -1.709 2.820| 0.020| o0.674| 1.110| 0.016| 0.528| 0.870
6 -2.799| -2.145| -1.709 2.820| 0.020| 0.674| 1.110| 0.015| 0.503| 0.829
7 -2.799| -2.145| -1.709 2.820| 0.020| 0.674| 1.110| 0.015| 0.479| 0.789
8 -2.799| -2.145| -1.709 2.820| 0.020| 0.674| 1.110| 0.014| 0.456| 0.752
9 -2.799| -2.145| -1.709 2.820| 0.020| 0.674| 1.110| 0.013| 0.435| 0.716
10 -2.799| -2.145| -1.709 2.820| 0.020| 0.674| 1.110| 0.013| 0.414| 0.682

In terms of overall economic project performance, the metrics presented in Table 6.8 show that scenario
B is the least attractive scenario, with a negative NPV and a negative IRR. Scenario A, which
corresponds to the biorefinery previously proposed, exhibits an IRR of 20.3%, and a payback period of
4.7 years, as mentioned before. On the other hand, scenario C exhibits an IRR of 43.1%, which is higher
than the IRR calculated under scenario A. In conclusion, the influence of biomass purchasing prices is
once again notorious and it is extremely important to optimise the cultivation as well as the harvesting
steps, to diminish the biomass production costs, and consequently the biomass purchasing prices. For
the designed biorefinery to be profitable, it needs to have access to biomass with a purchasing price that

should not exceed 3€.kgsrow.
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Table 6.8 Summary of main project economic performance indicators for the three different scenarios considered:
Net present value (NPV), Internal Rate of Return (IRR), and Payback. Scenario A considers a biomass cost of 5
€.kgl, scenario B considers 8 € kg™, and scenario C considers 3 €.kg™. Biomass purchasing costs are considered
in €.kgsepw ** Considering a 5% discount rate.

Scenario B Scenario A Scenario C
Biomass purchase cost (€.kgsrow™) 8.00 5.00 3.00
NPV*1 -2,773,406 €| 2,154,815 € 5,643,285 €
IRR - 20.3% 43.1%
Payback Period (year) Never Achieved 4.7 2.7

These three different scenarios are compared again in Table 6.9, to assess the influence of the biomass
purchasing costs on the production costs of the main product of the Nannochloropsis sp. biorefinery.
The impact of the biomass purchasing costs on the production cost (€.kg final proauct) Of the EPA oleoresin
is obvious and for example a decrease of 40% of the biomass purchasing cost (from 5 €.kgsrow™ to
3 € kgsrow?), leads to a reduction of 22% in the EPA oleoresin production cost (from 43.97 € kg™ to
34.20 €.kg). For the sake of comparison, a reduction of 40% in the solvent costs, which are the second
largest expense that contributes to operational costs, leads to a reduction of only 6% in the EPA oleoresin
overall production costs. Therefore, as stated above, it is rather important to optimise the biomass
cultivation and harvesting steps, to diminish the biomass costs, and consequently the production costs

of the biorefinery products, to assure its economic feasibility.

Table 6.9. EPA oleoresin production costs (€.kg™?) for each scenario (A, B and C), with different biomass
purchasing prices (€.kg srow). Scenario A considers a biomass cost of 5 €.kg™, scenario B considers 8 € kg*, and

scenario C considers 3 €.kg™. Biomass purchasing costs are considered in €.kgsrpw.

Scenario B | Scenario A | Scenario C
Biomass purchase cost (€.kgsrow™) 7.00 5.00 3.00
EPA oleoresin annual production (kg.year?) 44 621 44 621 44 621
Total EPA oleoresin production Cost (€.year?) 2,397,928 1,961,928 1,525,928
EPA oleoresin Production Cost (€.Kg final product™) 53.74 43.97 34.20
EPA oleoresin Production Cost (€.kg epa™) 346.79 283.74 220.68
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6.4.2.2.

biorefinery economic performance

Second comparative analysis: impact of production scale capacity on the

The impact of the biorefinery production scale capacity on its economic performance was also evaluated.

For that purpose, the proposed biorefinery (scenario A) was compared with two different alternative

scenarios (scenarios D and E). Scenario D represents a biorefinery with a production capacity of 109

tonsrow.year?, which is 50% less than the capacity of the biorefinery proposed as baseline (scenario A

— 218 tonsrpw.year?t). On the other hand, scenario E represents a biorefinery with a production capacity

of 327 tonsrow.year?, which is 50% higher than the capacity of scenario A.

A full economic analysis of both scenarios D and E was performed to compare these results with the

economic analysis previously performed (scenario A), presented in section 6.4.2. The corresponding

capital expenditures and operating expenses for scenarios D and E are summarized and presented in
Table 6.10 and Table 6.11

Table 6.10. Costs, Revenues and Cash Flows for scenario D biorefinery .** Considering a 5% discount rate

A) Scenario D: Production capacity of 109 tonsgpw.year™

Year Action Investment Produc'gion CAPEX OPEX Revenue Cash Flow NPV™!
Capacity (€E.year?) (€.year?) (€E.year?) (€.year?) (€.year?)

0 | Construction 100% 0% -1,060,686 -1,060,686 | -1,060,686
1 |Start-up 0% 65% -1,305,242 | 1,023,760| -281,482| -268,078
2 |Start-up 0% 85% -1,305,242 | 1,338,763 33,521 30,405
3 |Start-up 0% 95% -1,305,242 | 1,496,265 191,023 165,013
4 | Production 0% 100% -1,305,242 | 1,575,016 269,774 221,943
5 | Production 0% 100% -1,305,242 | 1,575,016 269,774 211,375
6 | Production 0% 100% -1,305,242| 1,575,016 269,774 201,309
7 | Production 0% 100% -1,305,242 | 1,575,016 269,774 191,723
8 | Production 0% 100% -1,305,242 | 1,575,016 269,774 182,593
9 | Production 0% 100% -1,305,242| 1,575,016 269,774 173,898
10 | Production 0% 100% -1,305,242| 1,575,016 269,774 165,618
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Table 6.11. Costs, Revenues and Cash Flows for scenario E biorefinery. ** Considering a 5% discount rate

B) Scenario E: Production capacity of 327 tonsrpw.year

Year Action Investment Production CAPEX OPEX Revenue Cash Flow NPV™
Capacity (€E.year?) (E.year?) (€.year?) (E.year?) (€.year?)

0 Construction 100% 0% | -2,050,500 -2,050,500 | -2,050,500
1 |Start-up 0% 65% -2979,813|  2642016| -337,797| -321,712
2 |Start-up 0% 85% -2,979,813( 3,454,944 475,131 430,958
3 |Start-up 0% 95% -2,979,813| 3,861,408 881,595 761,555
4 Production 0% 100% -2,979,813( 4,064,640| 1,084,827 892,490
5 Production 0% 100% -2,979,813| 4,064,640| 1,084,827 849,990
6 Production 0% 100% -2,979,813( 4,064,640| 1,084,827 809,515
7 Production 0% 100% -2,979,813|  4,064,640| 1,084,827 770,966
8 Production 0% 100% -2,979,813 4,064,640 1,084,827 734,254
9 Production 0% 100% -2,979,813| 4,064,640| 1,084,827 699,289
10 | Production 0% 100% -2,979,813( 4,064,640| 1,084,827 665,990

Regarding the economic performance measures presented in Table 6.12, it was possible to conclude

that scenario D, with a lower production capacity, is the least attractive one, as expected. Scenario D

has an IRR of 7.6%, values which are considerably worse when compared with scenario A (20.3%) and

scenario E (27.0%). On the other hand, scenario E corresponds to a more appealing investment, when

compared with scenario A. These results highlight the importance of economies of scale, and this

indicates that it might be possible to improve the financial results of the proposed biorefinery by

increasing the corresponding production capacity and that at least the capacity predicted under Scenario

A is needed to assure the biorefinery economic feasibility.

Table 6.12. Summary of main economic performance indicators for the three different scenarios: Net present value

(NPV), Internal Rate of Return (IRR), and Payback. The baseline was considered

Scenario D Scenario A Scenario E
Production Capacity (tonsepw.year™) 109 218 327
NPV™! 215,112 € 2,154,815 € 4,242,794 €
IRR 7.6% 20.3% 27.0%
Payback Period (year) 7.2 4.7 3.9
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6.4.2.3. Third comparative analysis of a single product and multi-product
biorefinery

The economic performance of three different biorefinery scenarios was also compared: the multi-
product biorefinery previously proposed and studied versus a two-product biorefinery, and a single
product biorefinery. These three scenarios will be compared to test if the biorefinery with multiple
products (EPA oleoresin, soluble protein and insoluble protein) proposed in this work is economically
more attractive than a productive process with two final products ( EPA oleoresin, and insoluble
protein), or a scenario with a single final product (EPA oleoresin). The flow chart of the previously
proposed multi-product biorefinery is presented in Figure 6.2. The flow chart of the proposed scenario
with two final products is presented in Figure 6.11, and the single product scenario is presented in
Figure 6.12. In the scenario with two final products, the agueous fraction (soluble protein) is discarded.
On the other hand, in the single-product biorefinery, the aqueous fraction (soluble protein), as well as

the defatted pellet (insoluble protein), are discarded, and therefore less equipment is needed.
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Figure 6.11. Flow chart for the biorefinery scenario with two final products.
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Figure 6.12. Flow chart for a single product biorefinery

The detailed capital expenditure (CAPEX), as well as the corresponding operating expenses (OPEX) of
both scenarios, the two final products scenario, and single product biorefinery scenario are presented in
Appendix B. Since these two scenarios require less equipment than the multi-product biorefinery, the
CAPEX and the OPEX of these two scenarios are lower than the CAPEX and the OPEX of the multi-
product biorefinery, which was previously discussed in section 6.4.2. The proposed multi-product
biorefinery has an estimated CAPEX value of 1,61 M€ and an estimated OPEX value of 2,15 M€, as
mentioned before. On the other hand, the estimated total equipment cost (CAPEX) of a single product
biorefinery is 1,22 M€ and the estimated total operational cost (OPEX) per year is 1.99 M€. In the two
different proposed scenarios, the aqueous fraction (for both scenarios) as well as the defatted pellet (for
the single product scenario) are discarded, as shown in Figure 6.11 and Figure 6.12, and therefore the
corresponding waste treatment costs were added to the plant.

Taking into account all of this information and data, a full economic analysis of the two-product

biorefinery scenario and the single product biorefinery scenario was performed.

The capital expenditure and operating expenses of the proposed scenarios are summarized and presented
in Table 6.13 and Table 6.14.
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Table 6.13. Costs, Revenues and Cash Flows variation for the two products biorefinery scenario. " Considering

a 5% discount rate.

Year Action Investment Product_ion CAPEX OPEX Revenue Cash Flow NPV
Capacity (€.year?) (€.year?) (€.year?) (€.year?) (€.year?)
0 | Construction 100% 0% | -1,222,700 -1,222,700 | -1,222,700
1 |Start-up 0% 65% -1,823,589 | 1,485,415 -338,173 -322,070
2 | start-up 0% 85% -1,823,589 | 1942466 118,878 107,825
3 | start-up 0% 95% -1,823,589| 2,170,992 347,403 300,100
4 | Production 0% 100% -1,823589( 2285254| 461,666 379,814
5 | Production 0% 100% -1,823,589 | 2285254 461,666 361,727
6 | Production 0% 100% -1,823,589 | 2285254 461,666 344,502
7 | Production 0% 100% -1,823,589| 2285254 461,666 328,097
8 | Production 0% 100% -1,823,589 | 2285254 461,666 312,474
9 | Production 0% 100% -1,823,589 | 2285254 461,666 297,594
10 | Production 0% 100% -1,823,589 | 2285254 461,666 283,423

Table 6.14. Costs, Revenues and Cash Flows variation for the single product biorefinery scenario. ™ Considering

a 5% discount rate.

Year Action Investment Product_ion CAPEX OPEX Revenue Cash Flow NPV
Capacity (€E.year?) (€E.year?) (E.year?) (€E.year?) (E.year?)
0 | Construction 100% 0% | -1,222,700 -1,222,700 | -1,222,700
1 [Start-up 0% 65% -1,986,084 | 1,370,035 -616,049 -586,714
2 | Start-up 0% 85% -1,986,084 | 1,791,584 -194,500 -176,418
3 | Start-up 0% 95% -1,986,084 | 2,002,358 16,274 14,058
4 | Production 0% 100% -1,986,084 | 2,107,746 121,661 100,091
5 | Production 0% 100% -1,986,084 | 2,107,746 121,661 95,325
6 | Production 0% 100% -1,986,084| 2,107,746| 121,661 90,786
7| Production 0% 100% -1,986,084 | 2,107,746 121,661 86,463
8 | Production 0% 100% -1,986,084| 2,107,746| 121,661 82,345
9 | Production 0% 100% -1,986,084 | 2,107,746 121,661 78,424
10 | Production 0% 100% -1,986,084| 2,107,746| 121,661 74,690

In terms of economic performance and investment, the main indicators obtained are presented in Table

6.15 revealing that the single product biorefinery scenario has a negative NPV and a negative IRR. The

biorefinery scenario with two products (EPA oleoresin and insoluble protein) is also less viable than the

initially proposed multi-product biorefinery. In addition, the aqueous fraction that is eliminated in this
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scenario is responsible for the production of a soluble protein fraction with functionality for food
applications which has currently a high interest from the food industry. The multi-product biorefinery
is therefore much more attractive, from an economic perspective, with an NPV (5% discount rate) of
2,154,815 €, and an IRR of 20.3%. In general, the performance measures indicate that the proposed
biorefinery is an economically feasible project, with a reasonable investment return, with the proposed

multi-product biorefinery being a much better choice than a single product biorefinery.

Table 6.15. Summary of the main economic performance metrics of the three different scenarios, for a
multiproduct, two products, and single product biorefinery: Net present value (NPV), Internal Rate of Return
(IRR), and Payback. ** Considering a 5% discount rate.

Multi Product

Two Products

Single Product

NPV 2,154,815 € 1,152,288 -1,363,650 €
IRR 20.3% 15.9% -12.0%
Payback Period (year) 4.7 5.4 | Never Achieved

6.5.Conclusions

A suitable process to maximise the potential of Nannochloropsis sp. for the production of distinct
fractions and products was proposed. The production of polar lipids rich in EPA omega-3 for
supplements, colourless soluble protein for human food, and insoluble protein for animal feed, may
contribute to improving the economic feasibility of the biorefinery concept. The proposed biorefinery,
with a production capacity of 218 tonsrpw.year, was designed and the corresponding mass and energy
flows were simulated. In order to evaluate the profitability of the proposed biorefinery, a detailed techno-

economic evaluation was conducted.

Early in this study was concluded that the most expensive section of the biorefinery, both from an
investment as well as operating cost perspective, is the ethanolic route, which should deserve further
attention for fine-tuning and optimisation purposes. On the other hand, the biomass price was found to
have a great impact on the economic profitability of the biorefinery, and the comparative analysis
conducted revealed that a reduction of 40% in the biomass price, from 5.0 € kgseow ™ (Scenario A) to
3.0 €.kgsrow™® (scenario C), increases the project IRR from 20.3% (scenario A) to 43.1% (scenario C).
From an economy of scale perspective, a comparative analysis between scenarios with different scales
of production highlighted the importance of economies of scale for biorefinery profitability. The
comparison carried out revealed that it is possible to improve profitability results from an IRR of 20.3%

(scenario A) to an IRR of 27.0% (scenario E), by increasing the production capacity by 50%. Finally,
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the ultimate goal of studying if the proposed multi-product biorefinery is economically more attractive
than a single product value chain biorefinery was also taken into account. The multi-product biorefinery
was found to reach higher profitability levels, with an IRR of 20.3%, which stands clearly above the

single-product biorefinery approach, for which a negative IRR was obtained.
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7 .  CONCLUSIONS AND FUTURE WORK

Taking into account the results and outcomes presented in the previous chapters, some conclusions

reached and possible future research directions and work are presented next.

7.1. General Conclusions

The research work conducted in this thesis provides an integrated study, design and analysis of a multi-
product biorefinery, i.e., a biorefinery capable of producing a wide range of final products (pigments

and lipids for nutraceutical applications, and proteins for food and feed applications).

The microalgae strain selected as a role model for the development of such a biorefinery was
Nannochloropsis sp. This strain was selected and studied, but some of the conclusions reached can also
apply to other microalgae strains that possess the same type of morphological characteristics as
Nannochloropsis sp. (e.g., tough cell wall), and whose products of interest have similar chemical
proprieties (e.g., molecular polarity). Also, Nannochloropsis sp. was chosen as a microalga of interest
due to its high productivity under climate conditions like the ones found in Portugal, and also due to its
ability to accumulate high amounts of EPA — omega 3, thus competing with omega-3 supplements from

fish sources.

Downstream processing operations were studied not only on a laboratory scale but also at pilot scales
for different steps, namely biomass stabilisation after harvesting, biomass disruption, extraction and
fractionation/purification of value-added compounds. A biomass stabilisation process through heat
treatment was developed and optimized, to avoid degradation of the value-added compounds (mainly
EPA-omega 3) during the wet storage or other sections of the biorefinery. The disruption of
Nannochloropsis sp. was also optimised, aiming to improve the extraction of intracellular compounds,
such as lipids, proteins and pigments. A strategy using ultrafiltration/diafiltration to recover the
maximum of soluble proteins from an aqueous supernatant, obtained after the centrifugation of
Nannochloropsis sp. disrupted biomass, was proposed. Also, a solvent extraction methodology was
designed in order to enhance the EPA-rich polar lipid recovery. Finally, an overall integrated
Nannochloropsis sp. biorefinery was designed combining all the optimised steps described before, and

its techno-economic assessment was also conducted.
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Given these overall main conclusions, directly related to the research questions and goals for this thesis,
next, somewhat more detailed information is provided about the process design work conducted and
corresponding outcomes. Initially, heat treatment was assessed as a way to inactivate the endogenous
enzymes that catalyse hydrolysis reactions of the lipids present in the wet Nannochloropsis sp. biomass.
Experiments were performed on both laboratory and pilot scales, and the pigment degradation, as well
as the lipid degradation, were evaluated. The laboratory scale experiments revealed that the chlorophyll
a content remained practically constant in the samples that were wet stored (at 4 °C and -25 °C) after a
heat treatment at 95 °C for 3 min. The pilot scale experiment also concluded that the heat treatment at
95 °C for 3 min was effective in preventing lipid degradation, more specifically the polar lipid
degradation, as no decrease in the polar lipids content was noticed in wet stored samples (4 °C or -25°C

for 7 days) after the heat treatment.

In what concerns the cellular disruption to increase the accessibility of value-added compounds,
processing parameters of the bead milling were optimised. The pilot scale experiments revealed that it
is expectable to achieve almost 95% of disruption efficiency for a single pass at a flow rate of 10 L.h!
and a tip speed of 14 m.s. An increase in the cellular disruption rate was identified when the suspension
was milled at a lower flow rate. Also, it was observed that higher tip speeds led to higher disruption
efficiencies during the experiments. Similarly, the industrial scale experiments revealed that lower flow
rates achieve higher disruption efficiencies at a fixed tip speed of 16 m.s. It was possible to conclude
that the cellular disruption rate might be higher than 89% with a single pass through the bead mill within
a biorefinery with a production capacity of 300 L.h™.

After the cellular disruption of Nannochloropsis sp., two different routes were pursued: the aqueous
fraction route and the solid fraction route. In the aqueous fraction route, a membrane ultrafiltration
strategy was proposed to recover the maximum of soluble proteins in the permeate stream, free from
insoluble proteins, lipids, and chlorophyll a. The corresponding results show that the membrane
ultrafiltration process ran under controlled permeate flux presents significant advantages over operation
under controlled transmembrane pressure: higher permeate flux during the entire operation period (12
L.m2.h?), higher soluble protein recovery in the permeate (between 44% and 62% in a concentration
mode and 78% in a diafiltration mode) and lower membrane fouling, both reversible and irreversible. It
was also concluded that the mixture of ultrafiltration in a diafiltration mode followed by concentration
under controlled permeate flux conditions enhances the soluble protein recovery in the permeate and

allows to maintain a higher value of volumetric flux, during the entire diafiltration process.

Regarding the solid fraction route, an eco-friendly solvent methodology to perform a polar lipid

extraction from wet Nannochloropsis sp. biomass was developed and optimised. Different ratios of
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ethanol to biomass ratio were studied to optimise the extraction. The corresponding results revealed that
the ratio of 10 mL.g? was capable to achieve higher polar lipid extraction efficiency (81%
Wrraextract/ WTEAbiomass). HOWever, a techno-economic assessment revealed that scenario B (two-steps
extraction with a solvent to biomass ratio of 1 mL.g%in the first step and 5 mL.gin the second step of
extraction) was able to produce a final product with the highest EPA concentration (17.3% wW/Wsrpw).
On the other hand, a sensitivity analysis to assess the impact of the solvent recovery percentage and the
price of electricity on the production cost of the EPA revealed that scenario C (one-step extraction with
a solvent to biomass ratio of 5 mL.g™) was the most advantageous one. Despite having a lower polar
lipid extraction efficiency (71% Wrraextract/ WrrAbiomass), Scenario C was found to be the one with the
lowest production cost, even with an increase of 50% in the electricity price (301.5 €/kgepa), Or With a

decrease in the solvent recovery percentage to 70% (319.7 €/kgepa).

Finally, a biorefinery to maximise the potential of EPA-rich Nannochloropsis sp. was proposed for the
production of distinct fractions of soluble protein, EPA-rich polar lipids, and insoluble protein. It was
demonstrated that the biomass purchase prices, as well as the biorefinery production scale, have a great
impact on the project's estimated profitability. As for further optimization efforts, from an economic
perspective, the ethanolic section of the biorefinery was found to be the costliest, both regarding
investment and operating expenses, and therefore deserves to be paid special attention. It was also found
that a multi-product biorefinery is economically more attractive than a single-product value chain
biorefinery or a two-product value chain biorefinery. The baseline designed multi-product biorefinery

resulted in estimated economic performance indicators that correspond to an IRR of 20.3%.
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7.2. Future Work

A microalgae biomass biorefinery was proposed, designed and evaluated for the valorisation of
Nannochloropsis sp. biomass. This biorefinery was studied under the broader scope of a multi-strain
and multi-product biorefinery. Nannochloropsis sp. was selected as a role model for analysis in this
thesis, but insights obtained can also be useful for other strains with the same morphological
characteristics and the same types of products of interest. Further work may be conducted for addressing
the possibilities of having in place a biorefinery that can process a variety of strains, rather than a single

one, as assumed here.

The biorefinery proposed in this PhD thesis was designed for the recovery of three different compounds
from Nannochloropsis sp. biomass: EPA-rich polar lipids extract (oleoresin) for food supplements,
soluble protein for human food, and insoluble protein for animal feed. The Nannochloropsis sp.
biorefinery includes biomass stabilisation followed by cellular disruption, and the fractionation and
recovery of high-value fractions from Nannochloropsis sp., to reduce production costs and improve the
techno-economic plant performance. Some additional work that may be carried out, addressing some of

these process steps, will be enumerated next.

Regarding the biomass stabilisation step, the effect of the heat-treat on other types of enzymes (e.g.,
protease) should be analysed to evaluate if the degradation of other compounds, besides the lipids and
the pigments (e.g., proteins), is avoided as well. Also, it seems to be important to evaluate the effect that
the heat treatment itself could have on compounds such as proteins since the temperature is known to
lead to protein denaturation. In order to validate this methodology for other possible applications in the
microalgae industry, the heat treatment of other strains should also be studied, taking into account the

strain's morphological characteristics as well as the compounds of interest.

Cellular disruption was optimised for a biomass suspension with a concentration of 100 gsrow.L™?. The
optimisation performed did not take into account the variation in the concentration of the fed biomass.
To better understand the influence of the feed concentration on the performance of this unit operation,
experiments should be performed to determine the optimal biomass concentration. An increase in the
concentration could be reflected in the size of the downstream equipment, as the amount of water

processed is reduced accordingly.

After the cellular disruption, centrifugation is proposed for the separation of the aqueous phase (soluble
protein) and the solid phase (insoluble protein + lipids). An optimisation of this unit operation could be
advantageous in terms of the amount of soluble protein recovered in the aqueous fraction. Experiments

should be performed to evaluate if the resuspension of the pellet obtained in the first centrifugation,
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followed by new centrifugation, increases the amount of soluble protein recovered in the aqueous

supernatant.

To further validate this biorefinery for broader applications in the microalgae industry and within the
global concept of a multi-strain and multi-product biorefinery, other strains should be studied and some
process modifications may be necessary, taking into account the major compounds of each microalgae
strain. Four different strains are suggested for future work, aligned with the multiple strain biorefinery

design and operation: Dunaliella sp., Lobosphaera sp., Haematococcus sp., and Arthrospira sp..

Some exchanges in the aqueous centrifugation as well as in the polarity of the solvent used in
Nannochloropsis sp. biorefinery (from a polar to a neutral solvent) might allow for the production of
three different final products from the first three microalgae strains. The final products associated with
these additional first three strains might be the following: a neutral lipid fraction rich in carotene
(Dunaliella sp.), astaxanthin (Haematococcus sp.), or arachidonic acid (Lobosphaera sp.), a soluble
protein fraction, and an insoluble and carbohydrates mix fraction. On the other hand, a more detailed
study regarding the selected membrane cut-offs used in the recovery of soluble proteins at the
Nannochloropsis sp. biorefinery might open the possibility to produce three different fractions from the
last strain suggested — Arthrospira sp.. The final products connected with this strain might be an
insoluble protein and a carbohydrates mix obtained after the aqueous centrifugation, and two distinct
fractions obtained after the fractionation of the soluble proteins present in the aqueous fraction:

phycocyanin and soluble proteins.

Finally, a more detailed techno-economic assessment for each strain, or combination of strains, together
with the corresponding target products(e.g., specialty proteins or peptides), should be performed to
compare the economic performances achieved and find optimal investment choices and operational
policies for a multi-strain and multi-product biorefinery, comparing its performance and design with the

ones studied here for the proposed Nannochloropsis sp. biorefinery that was assessed in this thesis.
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APPENDIX

A. Supplementary Material for the Biomass Stabilisation through heat treatment
(Chapter 2)

A.1. Lipid fractionation through solid-phase extraction additional information
A.1.1. Introduction

Solid-phase extraction (SPE) is a relevant technique used to separate different classes of lipids, usually
after total lipid extraction. It is a useful and rapid method for lipid isolation with a high yield and purity.
Based on a chromatographic method sequencing, this technique includes creating selectivity in the
isolation of compounds from a mixture by successively shifting either the solid phase support, the
solvent, or both. In a biphasic solid/ support solvent system, a unique interaction exists between the
compound to be isolated and the functional group of the solid phase. Therefore, by varying the solvent
polarity, around the solid phase, or by changing the solid phase itself, compounds (in this case lipids)
can be selectively isolated with a high degree of purity and recovery, maintaining throughout the process

the integrity of the original lipid composition profile [212,213]

A.1.2. Materials and Methods
A.1.2.1. Material

For analytical procedures IWI® (EPA omega-3) capsules were obtained from IWI® (Houston, United
States), Sep-Pak Silica Plus Long Cartridges (690 mg) were purchased from Waters (Massachusetts,
United States), acetone 99.0% and methanol, 99.8% were obtained from JMGS (Odivelas, Portugal),
chloroform and diethyl ether were obtained from Honeywell/ Riedel-de Haén (Seelze, Germany), n-
hexane 99.0% was purchased from VWR Chemicals BDH® (Poole, United Kingdom), acetyl chloride
98% and 2,6-Di-tert-butyl-4-methylphenol (BHT) were obtained from Alfa Aesar (Karlsruhe,
Germany), petroleum ether 60-80 °C was purchased from Fisher Scientific (Leicestershire, United
Kingdom), and the internal standard C17:0 was obtained from Dr. Ehrenstorfer GmbH (Augsburg,

Germany).
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A.1.2.2. Method development and validation

In this work, a methodology to fractionate lipids mixtures into two distinct fractions was tested and
validated. In the first part of the experiment, a methodology to fractionate the lipids into a neutral lipid
fraction and a polar lipid fraction was tested and validated. The second part of the experiments intends
to evaluate the placement of the FFA fraction in both fractions: neutral lipids or polar lipids. Previous
works demonstrated the difficulty to separate the free fatty acid fraction from the neutral lipid fraction
(data not shown), therefore, a new approach to the fractionation assay was tested.

Lipid fractionation into NL fraction and PL fraction

In the first part of this experiment, the methodology proposed by Breuer et al. [109] and Ledn-Saiki et
al. [110] was performed and tested with the following modifications. The lipids present in the IWI®
(EPA omega-3) capsule were washed with 20 mL of hexane. Hexane was evaporated under a N stream
and the lipid extract was dissolved in hexane: diethyl ether (7:1 v/v) in order to obtain a concentration
of 25 + 5 mg. mLL. The lipid extract was separated into neutral and polar lipids using a Sep-Pak Silica
Plus Long Cartridge (690 mg, Waters). The silica cartridge was prewashed with 10 mL of hexane before
loading the sample onto the column. The neutral lipid fraction was eluted with 7 mL of hexane: diethyl
ether (7:1 v/v). The polar lipid fraction was eluted with 7 mL of methanol: acetone: diethyl ether (2:2:1
vivlv). Both extracts were evaporated under a N stream and then weighed in the analytical balance
(Kern, ABJ 220, Kern, Germany). Afterwards, both extracts were submitted to transesterification and
the fatty acids were quantified using gas chromatography (GC). The gas chromatography required for
the analysis was performed by an external supplier. The pigment content of the IWI® (EPA omega-3)

capsule was also analysed.

Table A.1. IWI® (EPA omega-3) capsule composition. Adapted from [214]

Free fatty acids (% w/w) 30.0%
Polar Lipids (% w/w) 31.0%
Neutral Lipids (% w/w) 15.0%
Chlorophyll a (% w/w) 11.0%
Others (% w/w) 10.0%
Sterols (% w/w) 2.0%
Carotenoids (% w/w) 1.0%
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Lipid fractionation into NL + FFA fraction and PL fraction

In the second part of this experiment, and to test and validate the hypothesis proposed - fractionate the
lipid fraction into a neutral lipid plus free fatty acids fraction, and a polar lipids fraction - a spiked sample
was prepared. The lipids present in a new IWI® (EPA omega-3) capsule were washed with 20 mL of
hexane. Hexane was evaporated under a N stream and the lipid extract was dissolved in hexane: diethyl
ether (7:1 v/v) in order to obtain a concentration of 5+ 5 mg. mL™. Then, a known mass (20 mg) of a
free fatty acid, palmitic acid (C16:0) was added to the previously prepared sample. The lipid extract was
separated into a neutral lipid plus FFA fraction, and a polar lipids fraction using a Sep-Pak Silica Plus
Long Cartridge (690 mg, Waters). The silica cartridge was prewashed with 10 mL of hexane before
loading the sample onto the column. The neutral lipid fraction was eluted with 7 mL of hexane: diethyl
ether (7:1 v/v). The polar lipid fraction was eluted with 7 mL of methanol: acetone: diethyl ether (2:2:1
v/viv). Both extracts were evaporated under a N2 stream and then weighed in the analytical balance
(Kern, ABJ 220, Kern, Germany). Afterwards, both extracts were submitted to transesterification and
the fatty acids were quantified using gas chromatography (GC). The gas chromatography required for
the analysis was performed by an external supplier. The pigment content of the IWI® (EPA omega-3)

capsule was also analysed.

A.1.2.3. Total fatty acids transesterification

The total fatty transesterification was carried out on samples before and after the lipid fractionation
process. Before total fatty acids transesterification, a known volume of the lipid extract sample (3-4 mL)
was evaporated in a glass tube (12 mL) under a N stream. The glass tube (12 mL) with the dried lipid
fraction was strictly weighed (Kern, ABJ 220, Kern, Germany), and the weight of the empty glass tube
was subtracted. The lipid fraction previously obtained was mixed with 200 uL of internal standard C17:0
(standard heptadecanoic acid dissolved in petroleum ether 60-80 °C with a concentration of 5 mg. mL"
1) before transesterification reaction. Finally, 4 mL of acetyl chloride/methanol solution with a 5:100
ratio (prepared with previously cold methanol) was added to the tube and vortexed. The mixture was
heated at 100 °C for 1 hour in a water bath to conduct a transesterification reaction. The samples were
thoroughly mixed during heating. The reaction tube was slowly cooled down to room temperature. Then,
2 mL of n-hexane was added to the tubes and mixed through a vortex stirrer. To aid in phase separation,
2 mL of distilled water was added to the mixture and after centrifugation (for 3 min at 2,500 x g) the n-
hexane layer that contained fatty acids methyl esters were collected and transferred to a glass vial
passing through a cotton filter filled with sodium sulphate to prevent moisture and impurities. The gas

chromatography (GC) required for the analysis was performed by an external supplier.
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A.1.3. Results and Discussion
A.1.3.1. Lipid fractionation into NL fraction and PL fraction

The results of the fractionation of the lipids present in the IWI® (EPA omega-3) capsule through SPE
are presented in Table A.2. The results obtained from the fractionation methodology are quite in
agreement with the composition of the commercial capsule (Table A.1). The IWI® (EPA omega-3)
supplier claims that the polar lipid fraction represents 31.0% (% w/w) of the product, however, the
chlorophyll (11.0% wi/w) is slightly more polar than carotenoids and it is eluted by more polar solvents.
Therefore, the total polar fraction of the IWI® (EPA omega-3) might be 42.0% (% w/w), which is quite
similar to the result obtained through the SPE fractionation (43.6% w/w). On the other hand, the IWI®
(EPA omega-3) supplier claims that the neutral lipid fraction represents 15.0% (% w/w) of the product,
however, FFA (30.0% w/w), carotenoids (1.0% w/w) [215], and sterols (2.0% w/w) are considered non
polar compounds [216]. Therefore, the neutral fraction of the IWI® (EPA omega-3) may represent 48%
(% wiw). The fractionation methodology result was 59.0% (% w/w) for the neutral lipid fraction, which
seems somehow different from the value presented by the supplier. Though, the IWI® (EPA omega-3)
capsule has also 10.0% (w/w) of other compounds, which might also exhibit non-polar properties. Also,
the supplier claims that the IWI® (EPA omega-3) capsule has 11.0% (% w/w) of chlorophyll, however,
the pigment analysis revealed that the sample no longer had chlorophyll in its composition, only the
chlorophyll degradation products — pheophytin a equivalents (10.0% w/w). The chlorophyll might have
degraded during the storage in the bottle, where the capsules were. was perfectly sealed before the

experiments.

The fractionation of the IWI® (EPA omega-3) sample into a neutral fraction and a polar fraction through

the methodology proposed by Breuer et al. [109] and Le6n-Saiki et al. [110] was successfully validated.

Table A.2 Original IWI® sample fractionation into neutral lipid fraction and polar lipid fraction. Composition of

the two distinct fractions (% w/w)

Neutral lipid fraction (% w/w) 59.0%
Neutral lipids (% w/w) 58.7%
Carotenoids (% w/w) 0.3%

Polar lipid fraction (% w/w) 43.6%
Polar lipids (% w/w) 33.6%
Pheophytin a equivalents (% w/w) 10.0%
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After the lipid fraction into neutral lipids and polar lipids, the fatty acid profile of both fractions was
performed through transesterification and GC analysis. The results are presented in Table A.3. The
neutral lipid fraction possesses the majority (60%) of the total fatty acids present in the IWI® (EPA
omega-3) sample. This result might indicate that the free fatty acids present in the sample were eluted
onto the neutral lipid fraction as the FFA have non-polar characteristics [216]. Also, the EPA omega-3
was mainly eluted into the polar lipid fraction, as expected, since PUFAs are mainly present in the

membrane lipids fraction.

Table A.3. Fatty acid profile of the fractionated original IWI®sample. The results are presented in mg of fatty acid

and, they are based on 2 replicates for each sample fatty acid analysis.

Total lipid fraction = Neutral fraction Polar fraction

Fatty Acid (mg) (mg) (mg)

C14:0 0.73+0.08 0.56 £0.06 0.17 £0.02
C16:0 2.17+0.11 1.57 £ 0.07 0.60 £0.04
C18:0 0.35+0.03 0.35+0.02 0.00 £0.00
YSFAs 3.26 +£0.21 249 +0.15 0.77 £0.06
Cl6:1 1.89 +0.13 1.06 £ 0.08 0.83 £0.05
C18:1 0.67 £0.05 0.37 £0.01 0.30£0.04
YXMUFAs 2.56 +0.18 1.43 +0.09 1.13+0.09
C18:2n6 0.37£0.04 0.19+£0.01 0.18 £0.03
C18:3 0.10 £ 0.00 0.05 +0.00 0.05+0.00
C20:4n6 0.64 +£0.04 0.30£0.02 0.34 £0.02
C20:5n3 3.58 +0.61 1.17 £ 0.06 2.40 £ 0.55
C22:5 0.28 £0.01 0.28 £0.01 0.00 £0.00
C22:6n3 1.55 +0.06 1.47 +0.03 0.08 £0.03
YPUFAs 6.52 +0.76 3.47 £0.13 3.04 £0.63
Total FA 12.33+1.15 7.39 +0.37 494 +0.78

A.1.3.2. Lipid fractionation into NL + FFA fraction and PL fraction

The fractionation of the IWI® (EPA omega-3) sample into a neutral fraction and a polar fraction through
the methodology proposed by Breuer et al. [109] and Le6n-Saiki et al. [110] was successfully validated

in the previous subchapter.

In the second part of this experiment, the fractionation of a spiked sample was performed to assess in
which fraction the free fatty acids will be eluted. To test and validate the hypothesis proposed a spiked
sample was prepared by adding 20 mg of palmitic acid (C16:0). The fatty acid profiles of both the
original IWI® sample and the spiked IWI® sample are exhibited in Table A.4. The results revealed that

91% of the palmitic acid added to the sample was eluted into the neutral lipid fraction. The overlapping
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in the polar lipid fraction was less than 10%. Therefore, it is possible to conclude that the free fatty acids

are eluted along with the neutral lipids into the neutral lipid fraction.

Table A.4. Fatty acid profile of the fractionated original IWI® sample and the fractionated spiked IWI® sample.

The results are presented in mg of fatty acid and, they are based on 2 replicates for each sample fatty acid analysis.

*The spiked sample was prepared by adding 20 mg of palmitic acid (C16:0)

Original IWI® sample

Spiked IWI® sample*

Fatty ACid  Neytral fraction ~ Polar fraction  Neutral fraction ~ Polar fraction
(mg) (mg) (mg) (mg)
C14:0 0.18 £ 0.04 0.05+0.01 0.22 +£0.03 0.05+0.01
C18:0 0.11 £ 0.03 0.00 £ 0.00 0.14 £ 0.01 0.00 £ 0.00
YSFAs 0.68+0.10 0.20 £ 0.02 18.10 £ 0.09 1.89 + 0.03
Ci16:1 0.35+0.08 0.21 +0.00 0.43 +0.05 0.21 +0.00
Ci18:1 0.11 £ 0.02 0.08 +£0.01 0.13+0.01 0.10+0.01
XMUFAs 0.46 £0.10 0.30+0.01 0.56 = 0.06 0.31+0.01
C18:2n6 0.07 £ 0.02 0.04 +0.00 0.08 +£0.01 0.04 +£0.01
C18:3 0.02 +£0.01 0.01+0.01 0.04 +£0.01 0.00 +0.00
C20:4n6 0.11 +0.03 0.07 £0.01 0.14 +0.02 0.06 +£0.01
C20:5n3 0.47 +£0.18 0.55+0.05 0.65+0.10 0.50 + 0.05
C22:5 0.08 +£0.01 0.00 £ 0.00 0.08 +£0.01 0.00 = 0.00
C22:6n3 0.43 +0.06 0.01+0.01 0.48 £ 0.04 0.00 £ 0.00
2XPUFAs 1.17+0.31 0.68 + 0.08 1.47 £ 0.50 0.60 = 0.07
Total FA 2.32+0.51 1.17+0.11 20.13 + 0.65 2.80+0.11

A.1.4. Conclusions

A methodology to fractionate lipids mixtures into two distinct fractions was tested and validated. In the

first part of the experiment, the fractionation of the IWI® (EPA omega-3) sample into a neutral fraction

and a polar fraction through the methodology proposed by Breuer et al. [109] and Leon-Saiki et al. [110]

was successfully validated. The second part of the experiment evidenced that the free fatty acids are

eluted along with the neutral lipids into the neutral lipid fraction when the methodology proposed by
Breuer et al. [109] and Ledn-Saiki et al. [110] is applied.
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B. Supplementary Material for the Nannochloropsis sp. biorefinery: process design and

techno-economic assessment (Chapter 6)

B.1. Process design and mass balance
B.1.1. Phase separation: centrifuge (cell debris/ aqueous fraction separation)

After the cellular disruption, a centrifugation step is required. This centrifugation step is used to separate
the solid phase (cell debris) from the agueous phase containing soluble proteins. This step also avoids a
high membrane fouling in the subsequent ultrafiltration step. The input stream contains whole cells,
disrupted cells, and the water—soluble intracellular components (released during cell disruption). It was
assumed that the whole cells and the disrupted cells (containing membrane lipids, insoluble proteins,
and other components) transfer during centrifugation to the solid phase. According to Slegers et al.
[209], the critical size and density of cell debris to be separated should be set to 0.5 um and 1500 kg.m®,
respectively. The liquid viscosity was fixed at 4 cP based on an algae mixture at 10%pw, according to
the literature [217]. The typical electricity consumption was calculated automatically in SuperPro

Designer®.

25.00°C
308.37 kg/h .
Biomass @ {27 o
E . 212.63kg/h
o 18.00°C > q Supernatant

Pat 1.1 800°C . 308.37 kg/h
- 308.37 kg/h
Heat BdM_1.1 Cnt 11
Treatment ili - 31.847°C
Bead Milling Aqueous 95.74 kg/h

Centrifugation

CellDebris Pellet

Figure B.1. Pre-treatment flow chart and streams characterisation using SuperPro Designer®.

B.1.2. Ultrafiltration/ Diafiltration

After the first ultrafiltration step, performed as reported in Chapter 4, a second ultrafiltration step was
performed, aimed at purifying the soluble protein present in the permeate resulting from the first step of

the membrane processing.

Tests were performed at a pilot scale using a ceramic membrane (Inopor®, Germany) with a molecular
weight cut-off of 1 kDa. The membrane was composed of 19 channels, with a total filtration area of

0.251 m?. Briefly, 5 L of soluble protein aqueous fraction (2.6 g.L* soluble protein) were fed to the
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membrane system. The ultrafiltration was performed in a concentration mode followed by diafiltration
under controlled transmembrane pressure conditions (TMP 1.10 + 0.11 bar). The volumetric flux during
the experiment was 26.03 + 5.18 L.m2.h? (Figure B.2), the concentration factor was CF=2.5, and the
membrane was capable to retain nearly 90% of the soluble protein present in the feed (Table B.1). Also,
it was possible to remove 88% of salt present in the feed after four diafiltration volumes (Figure B.3).
The typical electricity consumption was calculated automatically in SuperPro Designer®.
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Figure B.2. Volumetric flux plotted against operating time during the concentration mode.

Table B.1. Mass balance of soluble proteins

Mass soluble protein (9) Recover soluble protein (%)
INFeed 13.00 -
OUTRetentate 11.60 89.20 %
OUTpermeate 1.17 9.00 %
60
50
~ 40
2
= 30
3]
“ 20
10
0
0 1 2 3 4 5
D()

Figure B.3. Salt removal during the diafiltration mode. Salt quantity plotted against the diavolume D(-)
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Concentrate
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.
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N > |: 28.70°C
DUF_1.1 < 27.66°C ) 29.77kgh
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Diaultrafiltration o e ¥
100 kDa DUF 1.2 2791°C
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Diaultrafiltration

1KkDa

@ Waste Water

Figure B.4. Ultrafiltration flow chart and streams characterisation using SuperPro Designer®.

B.1.3. Spray Drying

After the ultrafiltration step, the soluble protein concentrate extract is fed to a drying step. On lab-scale
freeze drying is often applied. Though, this is an expensive and arduous process at larger scales. On
industrial scales, spray drying is the most effective drying technique. The residual water content after
drying was fixed at 5%pw. The typical electricity consumption was calculated automatically in SuperPro
Designer®. An electrical resistance is used to warm the air up to an inlet temperature of 140 °C, while

the outgoing temperature of the dry biomass is set to 85 °C.

25.00°C
29.77 kgh
Soluble Proteins @ P PO
140.00°C 85.00°C
1288.50 kg/h 1314.27 kgh
- T N > >
s P + Eﬁ ; >
ir lnlet® Ty Sl \ b Dry Soluble Protein
1288.50 kg/h SpD_L.1 ¢ 485’6?\%,,'(,: }

Spray Drying

Air Outiet

Figure B.5. Spray drying flow chart and streams characterisation in SuperPro Designer®.

B.1.3. Ethanolic phase separation

After the ethanolic extraction, a phase separation is required. A centrifugation step is used to separate
the solid phase (defatted pellet) from the ethanolic extract (EPA-rich ethanolic extract). The input stream
contains whole cells, defatted cell debris, and the lipids solubilized in ethanol (previously extracted).

We assumed that the whole cells and the defatted cell debris (containing insoluble proteins, and other
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components) transfer during centrifugation to the solid phase. The critical size and density of cell debris
to be separated should be set to 0.5 pm and 1200 kg.m=, respectively. The typical electricity

consumption was calculated automatically in SuperPro Designer®.

Tests were performed at an industrial scale using an ATEX centrifuge with automatic discharges every
2.5 minutes. A first centrifugation cycle was performed at a feed flow rate of 350 L.h* and it was
possible to remove 30% (% w/w) of the total solids present in the feed (solubilized + suspended solids).
The supernatant obtained in the first cycle was fed to a second centrifugation cycle at a feed flow rate
of 150 L.h* and it was possible to remove 80% (% w/w) of the total solids present in the supernatant of
the first cycle (solubilized + suspended solids). However, almost 45% of the solids present in the final
ethanolic extract were suspended solids, which represent 1.25% (% wi/v) of the ethanolic extract.

Therefore, an automatic pre-filter cartridge should be placed after the ATEX centrifuge. The pore size
of the filter should be set to 0.1 um, and it was assumed that suspended solid particles present in the
ethanolic extract are retained by the filter. The typical electricity consumption was calculated

automatically in SuperPro Designer®.

. Waste Treatment

> - 1
s282°C CellDebris Peliet 26.29°C
95.74kg/h 5.16kg/h
V7 26.29°C
25.00°C =TT 732.10kg/h
70.88 kg/h : :

PrE_1.1 Ethanol Extract
Ethanol (washing) N (e -
25.00°C MxT 1.1 cat 12 (3:532319; :
657.00 kg/h Mixing oL :

Pre-filter
Tank Centrifugation

UF Concentrate @

—_—

Defatted Pellet

Figure B.6. Ethanolic extraction and phase separation flow chart and streams characterisation SuperPro

Designer®.

B.1.4. Tween-80 Emulsification

After the production of an ethanolic EPA-rich extract free from suspended solids, the rheological
properties (apparent viscosity) of the product obtained (oleoresin) after the evaporation of ethanol (+
water) under a N, stream was performed. Different sample dry weights (DW) were tested at 20 °C, and
the results are shown in Figure B.7. For the sample with 50% DW, a concentric cylinder geometry
system was used, for the samples with 73% DW and 90% DW a cone-plate geometry system was

applied, and for the sample with 100% DW, a parallel-plate geometry system was used.
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Figure B.7. Apparent viscosity of the product obtained after ethanol evaporation under a N, stream.

The results revealed that the apparent viscosity increase rapidly with increases of the sample dry weight.
Therefore, tests were performed at a laboratory scale using Polysorbate 80 (Tween-80) as an excipient
for the oleoresin formulation. Tween-80 is a non-ionic surfactant and emulsifier often used in foods and
cosmetics. The results of this work revealed that it is possible to promote a stable emulsion with the
addition of 0.1g tween-80/Q lipids present in the ethanol extract. AlSO, the emulsion remained stable after the

evaporation of nearly 90% of the initial ethanolic extract in a rotary evaporator.

26.29°C
732.10kg/h

Ethanol Extract
25.00°C
0.30 kg/h

Figure B.8. Tween-80 emulsification flow chart and streams characterisation in SuperPro Designer®.

26.29°C
732.40 kgh
MxT 1.2 Ethanol Extract

Mixing +
Tank Tween-80

Tween-80 &

B.1.5. Nutsche Filter

After the ethanolic phase step, the defatted pellet (insoluble protein) is fed to a drying step. On lab-scale
the defatted pellet was dried under a N> stream. However, this is an expensive process at larger scale.

For as industrial scale the Nutsche filter was selected, due to its versatility. In the first cycle of the
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Nutsche filter, previous to the drying step, it was assumed that the defatted pellet will be washed with
ethanol (solvent to biomass ratio of 5 mL.g™?) to minimize the EPA losses in this stream. The residual
ethanol content after drying was fixed at 5%pw. The typical electricity consumption was calculated

automatically in SuperPro Designer®.

Tests were performed at a laboratory scale, re-extracting a previously extracted pellet (defatted pellet)
with an ethanol to pellet ratio of 5 mL.g™. The initial defatted pellet still had 32% of total lipids present
in the initial biomass. The results after the re-extraction revealed that it was possible to extract 62.5%
of the lipids present in the initial defatted pellet. Hence, only 12% of the total lipids present in the initial
biomass remained in the defatted pellet after the ethanol washing inside the Nutsche filter.

The second cycle of the Nutsche filter aims to concentrate the EPA rich extract after creating an
emulsion with tween-80. The residual ethanol content after drying was assumed to be at 5%pw. The
typical electricity consumption was calculated automatically in SuperPro Designer®.

Waste Treatment

Cell Debris Pellet 26.29°C

732.10kg/h

...............................
29.09°C |— v F
166.59 kg/h PrF_1.1 Ethanol Extract

Pre-filter

70.01°C
740.51 kg/h

Ethanol (washing) > b | N

25.00°c \MxT_L1 26.27°C Tween-80 @
! oh M {35 33k )
B57.00kgh Mixing ., o/h

Tank

25.00°C

MxT 12
Centrifugation 030kgh Mixing

Tank :
Ethanol 99% NtF_1.1 (cyele 2) § 70.00°C
anol
Nutsche Filter 6.15kg/h
70.01°C
55.60kg/
Ethanol Recycling 1
+@) Dryinsoluble Protein
70.00°C
14.56kgh
Washing Ethanol
NiF_1.1(cycle 1) { 2516°C
Nutsche Filter  1070-38kgh

Figure B.9. Nutsche filter flow chart and streams characterisation in SuperPro Designer®.

Defatted Peliet

B.2. Techno-Economic Assessment

The raw materials and utilities price information is presented in Table B.2.
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Table B.2. Price for utilities and raw materials

Item Price Source
Electricity 1.130 € kWh! [218]
Steam 20.00 €.ton? [187]
Water 0.48 €m? [209]
Nitrogen 1.50€.L*! [219]
Ethanol 0.46 €.kg* [209,220]
Tween-80 20.00 €.kg* [221]

The estimated capital expenditures (CAPEX) and operational cost of a single product Nannochloropsis

sp. biorefinery are presented in Table B.3, and Table B.6, respectively.

Table B.3. Capital Expenditures (CAPEX) regarding the main equipment of the single product Nannochloropsis

sp. biorefinery

Name Description E(il;L[zr(T]e(;nt

Pat 1B Pasteurizer 1 112,000

= |BAM_1B | Bead Mill 1 184,500
£ |Cnt_1B | Centrifuge 1 241,000
£ | MxT_1B | Mixing Tank 1 80,000
.0 [Cnt 2B | Centrifuge 2 260,000
= [PrF_1B | Pre-filter 1 10,000
2 [MxT 2B | Mixing Tank 2 40,000
NtF_1B | Nutsche Filter 1 295,200
Total Equipment Cost (€) 1,222,700
Capital costs (€.year ) "depreciation over 10 years 122,270
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Table B.4. Energy consumption (kWh/year) and steam consumption (ton/year) for a biorefinery with a single

product. “The values were estimated in Super Pro Designer®.

Name Description (kI\E/\r/]ﬁygg ar) (tiae/?/g;r)
Pat_1B | Pasteurizer 1 70700| 1500
€ |BdM_1B |Bead Mill 1 268 000
S_ Cnt_1B | Centrifuge 1 101 000
u% MxT_1B | Mixing Tank 1 30 000
c |Cnt_2B | Centrifuge 2 120 000
S [PrF_1B | Pre-filter 1 15 000
MxT_2B | Mixing Tank 2 28 000
NtF_1B | Nutsche Filter 1 867 800
Total 1498 486 1500

Table B.5. Estimated total operational cost (OPEX) for the two products Nannochloropsis sp. biorefinery.

OPEX

Human Resources (€.year?) ™ 210,000
Operational Energy (kWh.year?) 1176 069
Energy price (€.year?) (0.129 € kWht) "2 151,716
Operational Steam (ton.year™) 1500
Steam price (€.year?) (20.0 €.ton?) [187] 30 000
Maintenance (€.year™) 61,135
Consumables (€.year™) 24,454
Solvents/Reagents (€.year™) 255,252
Waste Water Treatment (m3.year™) 2300
Waste Water Treatment (€.year™?) (0.45 €.m®) [209] 1,035
Biomass Purchase Cost (€.year™) (5.00 € kgsrow™) 1 090 000
Total OPEX (€.year™?) 1,823,589

*1HR = (number equipment -1) x 2500 €/employee
*2source: www.pordata.pt
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Table B.6. Estimated total operational cost (OPEX) for the single product Nannochloropsis sp. biorefinery.

OPEX

Human Resources (€.year™?) ™ 210,000
Operational Energy (kWh.year) 1 498 486
Energy price (€.year?) (0.129 € kWh?) "2 193,305
Operational Steam (ton.year™) 1500
Steam price (€.year?) (20.0 €.ton?) [187] 30 000
Maintenance (€.year?) 61,135
Consumables (€.year™) 24,454
Solvents/Reagents (€.year™) 335,725
Waste Water Treatment (m3.year™) 1548
Waste Water Treatment (€.year?) (0.45 €.m®) [209] 697
Waste Treatment (ton.year?) 204
Waste Treatment (€.year™?) (200 €.ton?) [222] 40,769
Biomass Purchase Cost (€.year™) (5.00 €.kgsrow™) 1 090 000
Total OPEX (€.year™) 1,986,084

"1 HR = (number equipment -1) x 2500 €/employee
*2source: www.pordata.pt
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