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Abstract
Microalgae show an enormous potential as a feedstock for numerous bioproducts. The ability of algae
to convert CO2 into useful products increases the sustainability of the industrial region. Chlorella
vulgaris, one of the limited microalgae approved for human consumption, shows promise to be used
as a sustainable protein substitute due to its high protein content. In the current work a techno-
economic evaluation is performed on the production of Chlorella vulgaris on a 40 hectare scale and
the mild extraction of a carbohydrate rich fraction and a functional protein rich fraction through acid
precipitation. The protein concentration of the main product, the protein rich fraction, was 63%.
The economic evaluation of two refinement scenarios, immediate refinement and the introduction
of a drying step, resulted in a maximum ROI of 37% over 30 years.
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1 List of Abbreviations
CW - Cooling Water
DHA - Docosahexaenoic Acid
EPA - Eicosapentaenoic Acid
HPH - High Pressure Homogenizers
ITSD - Indirect Type Solar Dryers
LDPE - Light Density Polyethylene
LHC - Light Harvesting Complex
MFA - Monounsaturated Fatty Acid
MGDG - Monogalactosyldiaclyglycerol
PBR - Photobioreactor
PG - Phosphatidylglycerol
PL - Polar Lipids
PUFA - Polyunsaturated Fatty Acid
ROI - Return On Investment
SFA - Saturated Fatty Acid
UF - Ultrafiltration
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2 Introduction
Groningen Seaports is the port authority and the commercial developer of the ports of Delfzijl and
the Eemshaven and the surrounding industrial region. As the port authority, they take care of all the
maritime logistical services within the ports. By attracting new companies and supporting already
settled companies, Groningen Seaports takes an active role in the development of the industrial
region surrounding the ports [1].

Omega Green is one of the companies settled in the Eemshaven which actively cooperates with
Groningen Seaports in order to further develop themselves. Omega Green has developed a new
production method for algae cultivation, consisting of low cost, modular, recyclable bioreactors
which enables upscaling and affordable algae production [2]. Due to their high protein, fatty acids,
polysaccharides and pigment content, algae accumulate many biochemicals with applications in
health, cosmetics, pharmaceuticals, biofuels, food and feed. Compared to most of the current
sources of these biochemicals, algae are expected to represent a green alternative, offering several
environmental benefits [3, 4].

The ability of the system to convert CO2 into useful product increases the sustainability of the
industrial region, especially since the system is able to grow algae on direct or indirect flue gasses
[4, 5]. Furthermore, algae can be grown on land unsuitable for agricultural use and on residual water
streams or seawater with a higher areal productivity compared to other crops [5]. These synergistic
advantages of algae growth and the process of Omega Green with other potential companies falls
within the strategy of Groningen Seaports, attracting and developing companies working on waste
streams and reducing the environmental impact of the industrial clusters [6].

Currently, Omega Green is investigating the possibility of up-scaling towards a 40 ha algae plant,
which would result in an annual dry weight production of approximately 900 MT. The world market
for dried Spirulina and Chlorella, the only algae species approved for human consumption in the
European Union, are 12000 MT and 5000 MT respectively [7]. Entering the dried algae market
with a potential market share of 7.5% and 18% for Spirulina and Chlorella respectively would most
likely result in a significant reduction of product value, making whole algae production at such a
scale unprofitable.

The introduction of downstream processing could make it possible to produce higher value prod-
ucts which target other markets. Omega Green is interested in the potential development of a
downstream process which enables the recovery of a protein rich fraction suitable for usage as an
ingredient in formulated foods. The protein enriched fraction could introduce beneficial structural
and nutritional properties to formulated foods when the protein structure is maintained during ex-
traction [8, 9]. Since only Spirulina and Chlorella are approved for human consumption in the EU,
and growing Spirulina requires elevated temperatures incompatible with the climate in the north
of the Netherlands, the evaluated algae during this research is Chlorella vulgaris, an extensively
cultured microalgae [10].

During this research, a potential downstream process is developed which focuses on the recovery of
a protein rich fraction suitable to be used in formulated foods for human consumption. Initially,
the composition of Chlorella vulgaris is evaluated, followed by a model of the algae production and
refinement process in order to determine the feasibility of such a process.
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3 Biochemical Composition Chlorella vulgaris
The green microalgae Chlorella vulgarisf is an important member in the aquatic food chain which
shows promise as an alternative source of protein in food and feed applications [11]. Chlorella
vulgaris can be grown photoautotrophic, heterotrophic, and mixotrophic and is being cultivated
extensively around the world [10]. One of the advantages of using Chlorella vulgaris for the recovery
of a protein enriched fraction is the nutritional value attributed to proteins of Chlorella vulgaris.

3.1 General composition
In order to design a downstream process which targets the isolation of a protein rich fraction, the
composition of Chlorella vulgaris needs to be determined. An analysis by Omega Green on the
composition of produced Chlorella vulgaris in their system has resulted in a composition with a
protein, lipid, and ash content of 43.3%, 10.4%, and 13.7% respectively. This analysis lacks the
carbohydrate and pigment content and needs in terms of its constituents. Furthermore, when
looking at Table 1, it can be noticed that the lipid and ash content determined by Omega Green is
not within the range found in literature. Nonetheless, the figures of the analysis of Omega Green
are being used during this research.

To determine the carbohydrate content, the pigment content, and to further specify the individual
components, literature using comparable growing conditions as the system of Omega Green, such
as the photoautotrophic growing conditions, the light regimes, and medium composition, needs to
be evaluated.

Tab. 1: Composition ranges of Chlorella vulgaris found in literature in DW%

Protein Lipids Carbohydrates Ash References

11-58 13-48 12-60 3-12 [10, 12, 13, 14, 15, 16, 17]

The effect of varying light regimes on the fatty acid, protein, and pigment content of Chlorella
vulgaris was investigated by Seyfabadi et al. [10]. By altering the duration and the intensity
of the lighting, variations in the protein, pigment, and fatty acid compositions were measured.
The results depicted a positive relation in the amount of proteins and lipids with respect to light
intensity. Furthermore, the chlorophyll content is inversely related to the lighting intensity whereas
the β-carotene levels increased with increased lighting intensity [10, 11, 18].

The average lighting intensity experienced in the Netherlands is equal to 21 molm−2d−1 [19]. This
is similar to the light intensity used in the cultivation of Chlorella vulgaris by Griffiths et al., at a
Photo Flux Index of 21.6 molm−2d−1 [20], which focuses on the influence of nitrogen concentrations
on the compositions of Chlorella vulgaris. Their results depict an inverted relation between the
lipid content and nitrate concentration in the medium, whereas the pigment and protein content
increased with elevated nitrate concentration [20]. At a nitrogen concentration of 750 mgL−1, the
nitrogen concentration used by Omega Green, the carbohydrate content equals approximately 29
DW% whereas the pigment content is approximately 3-4% [20].

The pigment content of 3-4% is similar to other literature, which led to the assumption of a pigment
content for Chlorella vulgaris of 4% [11, 15, 20, 21]. The remaining content is assumed to be equal
to the carbohydrate content, which with the set lipid, protein, pigment and ash content, equals
28.6 %, close to the previously reported 29% [20]. This results in the final assumed composition
for lipids, proteins, carbohydrates, pigments, and ash of 10.4%, 43.3%, 28.6%, 4.0%, and 13.7%
respectively.
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3.2 Further specification of content
To further specify the composition of Chlorella vulgaris, the lipid profile needs to be determined.
The composition is simplified by assuming that only polar lipids, triacylglycerides, waxes, and
sterols are present. The lipid profile is, just as the total lipid concentration, affected by the growing
conditions, such as the used light regimes and the composition of the medium [15, 22, 23]. The
works of Chia et al. researches the effect of nitrogen and phosphate concentration at a lighting
intensity of 13 molm−2d−1 [22, 23]. By taking the average composition of the lipids in both works
from the control conditions, without depletion of either nitrogen and phosphate, the composition
of polar lipids, triacylglycerides, sterols, and waxes are determined at 93%, 1%, 2%, and 4% of the
total lipid content respectively [22, 23]. Furthermore, the fatty acid profile of the polar lipids and
triacylglycerides after saponification are retrieved from the average between the works of Tokuşoglu
et al. and Chia et al., with a saturated fatty acid (SFA), monounsaturated fatty acid (MFA) and
polyunsaturated fatty acid (PUFA) composition of 20%, 26%, and 54% of the polar lipids and
triacylglycerides content respectively [15, 22].

Besides using the works of Tokuşoglu et al. and Chia et al. in the determination of the fatty acid
profile in terms of SFA, MFA and PUFA, the average omega 3 content (42% total fatty acids) of
both works were used [15, 22]. The research of Tokuşoglu et al. was used to estimate the DPA
and EPA content of the PUFA, which were scaled according to the previously determined total ω-3
content [15]. Both the methods of des

Tab. 2: Fatty acid distribution of polar lipids and triglycerides in DW% in terms of SFA MFA and PUFA
(a), and ω-3 content and composition of PUFA in DW% of algae (b)

a DW% b DW%

SFA 2.0% ω-3 4.1%
MFA 2.5% DHA 2.9%
PUFA 5.3% EPA 0.4%

Pigments are generally divided into two groups, the carotenoids, such as lutein, β-carotone, and
zeaxanthin, and the chlorophylls, which consists of chlorophyll-α and chlorophyll-β. The composi-
tion of the pigments differs widely between different studies due to differences in the used extraction
methods and algae growing conditions [24, 25, 26]. The carotenoids are mostly of interest due to
their antioxidant behavior, with lutein being the main carotenoid found in Chlorella vulgaris. Lutein
content in Chlorella vulgaris in literature focused on the retrieval of pigments show concentrations
ranges of 3.86 and 9.82 mg/g DW, with an average of 6.26 mg/g DW [27, 28, 29, 30, 31]. Chlorophyll
content in the same and similar literature differs between 15.4 and 45.25 mg/g DW, averaging at
30 mg/g DW [24, 28, 31, 32]. These averages translate in a DW% of 0.63 and 3.0 DW% for lutein
and chlorophylls respectively. The residual pigments content were ascribed to the other cartenoids
present in Chlorella vulgaris besides lutein.

The carbohydrates can be divided into two groups, the polysaccharides and the monosaccharides.
Ferreira et al. used a holistic approach to separate the carbohydrates from Chlorella vulgaris,
in which several separation steps were performed of which each fractions carbohydrate, lipid and
protein content was measured [33]. Their results show that the majority of the carbohydrates consist
of glucose units with 74 mol %, followed by galactose and rhamnose with 10.3 mol% and 4 mol%
respectively. The remainder of the sugars present in Chlorella vulgaris are made up of fraction of
mannose, xylose, aribinose and fucose [33].
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The majority (76.6%) of these sugars were present in the form of starches, with an amylose/ amy-
lopectin ratio of 3:7, similar to other studies concerning the characterization of starch derived from
Chlorella vulgaris [33, 34]. The remaining carbohydrates were considered to be other mono and
polysaccharides for which no differentiation was made. This results in an assumed composition of
the carbohydrates of 22 DW% and 6.6 DW% for polysaccharides and monosaccharides respectively.

The nutritional value of proteins found in algae is determined by the content, proportion and
availability of the amino acids. Chlorella vulgaris has a high essential amino acid profile, with a
concentration of 38%. The major amino acids are alanine and glutamic acid with 10.7% and 10.3%
respectively [35].

This results in the final assumed composition of Chlorella vulgaris, which is depicted in Table 3.

Tab. 3: Assumed final composition of Chlorella vulgaris in DW%

Component DW%

Lipids 10.4%
Glyco-Phospholipids 9.7%
Triglycerides 0.1%
Sterols 0.2%
Waxes 0.4%

Proteins 43.3%

Carbohydrates 28.6%
Monosaccharides 6.6%
Polysaccharides 22.0%

Pigments 4.0%
Chlorophylls 3.0%
Lutein 0.63%
Other cartenoids 0.37%

Ashes 13.7%

3.3 Physical and Chemical properties of Components
In order to design the process the physical and chemical properties of the components need to be
investigated. To simplify the process design, only the major consistent is assumed to make up each
component.

3.3.1 Lipids
The main type of lipids found in Chlorella vulgaris are glyco- and phospholipids, both present in the
membrane of the algae [22, 23]. Glycolipids are complexes consisting of lipids and a carbohydrate,
attached by a glycocidic bond [36]. The main type of glycolipid found in Chlorella vulgaris is
monogalactosyldiaclyglycerol (MGDG). Phospholipids consists of two fatty acids and a phosphate
ester, connected by an alcohol. Phosphatidylglycerol (PG) is the main type of phosplipid found
in Chlorella vulgaris . Both MGDG and PG are predominantly composed of 16- and 18-carbon
fatty acid groups which are often unsaturated, as shown by the high PUFA content depicted in
Table 2 [36, 37]. Both MGDG and PG have a MW of approximately 0.75 kDa, depending on the
composition of the attached fatty acid chains. Their molecular diameters were estimated with the
group contribution method of van Krevelen to determine the molar volume with a non-globular
factor of 2.0, resulting in 1.4 nm [38]. Furthermore, the density of 855 kg/m3 was obtained from
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the calculated molar volume.

Due to the polarity of MGDG and PG, the lipids are likely to form micelles if the critical micelle
concentration is reached. If the concentration surpasses the critical micelle concentration, it is
assumed that spherical micelles are formed. A micelle diameter of 4.11 nm was derived from the
molecular volume with an assumed aggregation number of 100 [39]. The effect of salinity on the
micellization of PG due to its ionic nature is disregarded to limit the complexity.

Oils rich in unsaturated bonds, such the lipid fraction of Chlorella vulgaris, are prone to lipid
oxidation which limits the utilization in processed foods and in nutritional supplements [40]. Lipid
oxidation results in the formation of potential toxic compounds and undesirable flavors, reducing the
nutritional quality of the extract [41]. Increasing the oxidation stability is necessary to prolong the
shelf life of PUFA extracts, which can be achieved by the addition of a combination of antioxidants
[42]. Antioxidants have the ability to delay or prevent the oxidation of an oxidizable substrate
when present in low concentrations by removing metal ions, the scavenging of radicals, and by the
quenching of singlet oxygen [42].

3.3.2 Proteins
More than 200 species of proteins are present in Chlorella vulgaris, distributed in several classes
[35]. The major protein classes found in Chlorella vulgaris are ribulose-1,5-bisophosphate carboxy-
lase/oxygenase, commonly reffered to as RuBisCO, and chlorophyll-containing light-harvesting com-
plexes (LHC) [43]. In algae, mainly RuBisCO in the so called form I is found, consisting of 8 large
and 8 smaller sub units. The MW of the large and small sub-units differ, ranging between 50-55
kDa and 10-17 kDa respectively. The combined RuBisCO complex has a MW of approximately 540
kDa. The MW of the LHC range from 20-32 kDa [9].

In the work of Ursu et al., the SDS-Page analysis and SEC chromatogram of functional protein
fractions recovered from Chlorella vulgaris after filtration, show the presence of proteins with a
MW of approximately 30 kDa and 60 kDa, similar to the the LHC and small RuBisCO sub units,
and the large RuBisCO sub units respectively [35]. However, the majority of the detected proteins
are present as macromolecules with a high MW, above 670 kDa [35]. These macromolecules were
identified as complex soluble aggregates of proteins and the LHC, and amount to approximately 80%
of the total protein content [31, 35]. Solely attributing the high MW macromolecules to aggregates
of proteins and the LHC disregards the possibility of the presence of protein originating from the
structural protein in the cell membrane, which could be soluble due to the used high pressure cell
lysis [44, 35]. The molecular diameter of the protein aggregates were estimated according to the
method of Erickson, resulting in 19.8 nm if a MW of 1000 kDa is assumed with a spherical correction
factor of 3 [45].

The solubility of these proteins is drastically dependent on the acidity of the solution. Two ranges
of isoelectrical points were identified by Ursu et al., a minor fraction is insoluble at pH values of 6-8,
whereas the majority of the proteins have their isoelectrical points at pH values of 4-5 [35]. This
is similar to other green algae, where the majority of the protein fractions precipitate at pH values
of 4-5 at varying ionic strengths [9]. The precipitation will result in increased protein aggregates,
forming larger particles which can be separated through centrifugation. The assumed size of the
protein aggregates is based on studies involving pure soybean protein precipitation, which mention
a typical precipitated protein aggregate size of 1-50 µm [46, 47]. Since the algal protein is present
in mixture during precipitation, an aggregate size of 1 µm is assumed.

Furthermore, to recover a fraction containing a high degree of functional proteins, denaturation must
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be limited. Denaturation is the loss of secondary and tertiary structures of proteins, which is the
result of exposure to external stress, such as heat, acidic or basic conditions, radiation, and organic
solvents [35, 48, 49]. Long term exposure to temperatures above 30 °C will result in denaturation
and loss of secondary structure in beet root protein [8]. It is assumed that the algal proteins react in
a similar manner. Emulsifying capabilities of proteins decrease slightly compared to mild extractions
when the extraction is performed at a pH of 12 [35]. Contact with organic solvents should be avoided,
since solvents can disrupt the structure through two different mechanisms. The first mechanism can
be attributed to the disruption of hydrogen bonds within the protein if the protein is soluble in the
solvent [48, 50]. The second mechanism takes place at the water-solvent interface. Hydrophobic
patches on the protein surface will be attracted towards the solvent interface, leading to unfolding
[48].

3.3.3 Carbohydrates, ash and pigments
As previously mentioned, two types of carbohydrates are present in Chlorella vulgaris, monosaccha-
rides and polysaccharides. During this research, the assumption is made that all polysaccharides
are present as starches, ignoring pollysaccharides with other origins, such as the cellulose fractions
found in the algal cell wall [51]. The starch granules, with an amylose content of 30% and an
amylopection content of 70%, have an average Mw of 6.35 ∗ 108 [33, 52]. Based on the method of
Erickson et al., this translates to a particle diameter of 1.1 µm [45]. The solubility of native starches
with similar amylose content in 1 M NaOH at 25 °C after 15 h is equal to 7.6 g/L [53]. The only
assumed constituent for the monosaccharides is glucose. The Mw of glucose equals 0.18 kDa, with
molecular size of approximately 1 nm, and a solubility at room temperature of 909 g/L. The ash
content consists of several minerals, where the main constituents are sodium and calcium particles
[54]. The ash particles are assumed to be completely water soluble, similar to the glucose particles.
From the two main pigments found in Chlorella vulgaris, chlorophyll has the largest share with
75%. The Mw equals 0.895 kDa, which would result in a similar order of size as MGDG and PG,
below 1 nm. However, fractioning of Chlorella vulgaris has shown that the chlorophyll is bounded
to the LHC due to the vivid green color of protein fraction [31, 35]. Removal of pigments from the
protein fraction will require the usage of organic solvents or supercritical CO2, which will result in
denaturation of the protein [33, 55, 56].

Tab. 4: Physical Properties of components

Component Specific heat Density Mw Size
(kJ/kgK) (kg/m3) (kDa) (nm)

Protein 1.47 1125 1000 19.2
Protein Precipitates 1.47 1125 52083 1000
Starch 1500 6.35E+08 1300
Glucose 0.115 1500 0.18 1.00
Polar Lipids 2.3 855 0.75 1.41
Micelles 2.3 75 4.11
Biomass 1.58 1050 5000
Water 4.18 997 0.27
Ash 0.73
Pigments 1.47 0.895 0.65
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4 Algae Production Process
Omega Green has developed an efficient and sustainable growing system aimed at a low price
production of the algae. The process consists of low density polyethylene (LDPE) bags which
require no cleaning and, due to the closed and controlled nature of the production process, are
suitable for food and feed production. This system is currently being developed further in the
Eemshaven, where a standard unit of 2500 m2 is present. In Morocco, a 1 ha production system is
being used which utilizes flue gasses from a concrete production plant [2].

During this research, SuperPro Designer is used to obtain a model of the upscaled production facility
and the refinery process. An overview of the system is given in Figure 1, which consists of the algae
production and the dewatering steps.

Fig. 1: Model of Omega Green algae production system with dewatering based on VIBRO-I technology

The process consists of a disposable Photo Bio Reactor (PBR), two Ultra Filtration (UF) units, a
storage for the permeate and an additional spray cooler which cools the algae. Initially, the reactor
is loaded with the growing medium, consisting of recovered medium from the previous batch and
new medium. This is followed by the fermentation step, which is fed CO2 throughout the whole
step. After fermentation, 30% of the reactor volume is harvested. 10% of the harvested volume is
rejected, while the remainder passes through the two UF filtration units to concentrate the algae.
The permeate of the filtration units is recovered and recycled into the next batch.

A 1 ha production field is expected to produce 25 MT of algae annually. However, the dependency of
the algal growth rate on the available lighting will result in large differences in material consumption
and biomass production for each month. Nick Terra (intern Omega Green) has produced a monthly
mass balance based on the lighting regimes and temperature dependencies of algae production
retrieved from Schipperus et al. and Spruijt et al. [57, 58]. In this mass balance, the production
of 25 ton per ha is distributed over each production month based on the available lighting, whereas
both the lighting and temperature distribution are used to evaluate the required amount of water
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to compensate for evaporation. The production season starts in March and finishes at the end of
October, translating to a 35 week season. The 30% harvesting volume is kept constant, while the
obtained biomass concentration varies during the season. By decreasing the harvesting frequency
at low production, thus extending the duration of fermentation, the harvesting concentration is
kept above 0.4 g/L for the total biomass. The consequence of changing the harvesting frequency
is a variable batch time. The batch time equal 24 h, 29.5 h, and 56 h during maximal, average
and minimal production at the chosen harvesting frequencies. The production rates at maximum,
average and minimal production equal 189, 125 and 54 kg biomass per batch respectively. The total
amount of batches per year equals 7975, resulting in the production of 1000 MT of biomass annually
for the 40 ha production site when the average production is assumed.

4.1 Photo Bio Reactor
The disposable PBR has been modelled to contain 4 disposable LDPE bags of 120 m3 each, resulting
in a reactor volume of 480 m3. During production, the batch volume equals 430 m3, representing
the volume of a 1 ha production facility of Omega Green. By staggering an additional 39 reactors,
the aimed facility size of 40 is reached. Purchase costs are set at e9000 for each hectare with a price
of e 7200 for each disposable LDPE bag. Prices are derived from economic evaluations performed
by Omega Green, considering a 20% cost reduction for the production of the LDPE bags due to
upscaled production.

The process of the PBR consists of three raw material inputs, where water, medium salts and
carbon dioxide enter the reactor through IN-W, IN-SALT and IN-CO2 respectively. The medium
is composed of several salts to provide the required nutrients for the algae, which are depicted in
Table 5. This is a simplification of the mixture used by Omega Green for the production freshwater
algae at a concentration of 1.1 g/L (total salts/water), which besides the salts depicted in Table 5
contains an iron and a stimulus solution. The consumption of these mixtures are neglected to
simplify the simulation. Furthermore, a small alteration was made in the ratio of KH2PO4, which
is reduced according to its consumption to prevent accumulation.

Tab. 5: Assumed medium composition for freshwater and consumption during an average batch

Component wt% [C] (g/L) m (kg/batch)

KNO3 76.5% 0.841 78.1
KH2PO4 11.2% 0.123 11.4
MgSO4 7.5% 0.082 7.6
Ca(NO3)2 2.4% 0.027 2.5
NaCl 2.4% 0.027 2.5

Total 102.1

The conversion of input materials towards biomass is based on a stoichiometric model of the fer-
mentation reaction. The salt consumption is based on the nitrogen and phosphate content of the
algae. 1 kg of algae contains 76.5 g nitrogen and 17.6 g of phosphorus [15]. This translates to 0.529
kg KNO3 and 0.017 kg Ca(NO3)2 per kg biomass for the nitrogen consumption, whereas 0.077 kg of
KH2PO4 is sufficient to cover the phosphorus consumption. Furthermore, single ions are not con-
sidered during the simulation, converting all residual mass towards oxygen. The downside of this
assumption is that ion accumulation cannot be identified using this model. The CO2 consumption
is based on the ratio 1.843:1 (CO2:biomass)[59]. With pH controlled addition of CO2, efficiencies
of 90% (CO2 added vs CO2 converted) have been achieved in closed systems [60]. In this model,
an efficiency of 70% is assumed. However, CO2 has been set as the rate limiting component in
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the fermentation reaction which assumes a 100% efficiency. This has been compensated by only
feeding 70% of the CO2 through the reactor, while the excess of 30% is fed through the spray cooler
to obtain the desired consumption. The stoichiometry of the fermentation reaction is depicted in
Table 6. The energy consumption of the reactors is set at 5.625 kWh, derived from the energy
balance provided by Omega Green.

Tab. 6: Stoichiometry of the fermentation reaction

Reactants (kg) Products (kg)

CO2 184.3 Biomass 100.0
KNO3 52.9 Oxygen 153.4
KH2PO4 7.7
MgSO4 5.2
Ca(NO3)2 1.7
NaCl 1.7

Total 253.4 253.4

4.2 VIBRO Ultrafiltration
The filtration units are based on information retrieved from communication between Omega Green
and SANI-membranes. The VIBRO-I is an industrial filtration solution which achieves high flux at
low energy, delivering continuous low fouling filtration due to the introduction of vibration shear
[61]. The filtration unit consists of modular 2.5 m2 units, which can be stacked up to 60 m2 for a
single unit (3*20 m2). Membrane cut-offs are available for ultrafiltration and microfiltration.

The data used to model the VIBRO filtration units in SuperPro derived from communications
between SANI-membrane and Omega Green are depicted in Table 7. It depicts three different
setups and their characteristics. The permeation rates differ significantly, depending on the final
concentration.

Tab. 7: Characteristics of SANI-membrane VIBRO filtration units

Concentrations Max factor Maximal area MF/UF Permeation rate
initial (g/L) final (g/L) (final/initial) (m2) (L/hm2)

0.3 7 10 60 MF 63.3
3 24 8 20 UF 17.5
3 180 60 27.5 UF 14.1

The desired biomass concentration in the PROD-1 stream is set according to the homogenization
method, discussed in section 5.1, which equals 24 g/L. To achieve the desired concentration, a
combination of the MF unit and the UF with a permeation rate of 17.5 L/hm2 is needed. Due
to the varying harvesting concentrations and batch times throughout the year, the filtration setup
needs to be changed accordingly. The fermentation, filtration and charging times ares set at 90%,
5% and 5% of the total batch time respectively. The MF unit is assumed to concentrate the feed to
either the maximal final concentration, or towards the maximal final/initial concentration factor.
The UF unit concentrates the biomass towards the desired 24 g/L. The maximal number of MF
and UF units are needed during maximal production. In total, 44 MF (60 m2) and 92 UF (20
m2) units are needed to concentrate the product flow. The large difference between the required
units compared to the average and minimal production result in a significant fraction of units which
are not utilized besides during peak performance. Energy consumption was set at 0.08 kW/m2
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membrane area, 40% of the standard energy consumption of SuperPro based on energy reduction
claims of SANI-membranes, which argue a 50-80% energy reduction is possible with the VIBRO-I
technology [62].

Tab. 8: Modelled conditions of VIBRO-I filtration units at varying production rates

Production Biomass tfilt S-102 S-103 PROD-1 VIBRO-1 VIBRO-2
(kg/batch) (min) Biomass concentration (g/L) Units/parallel setups

Min 48.52 336 0.43 4.30 24.00 5/4 8/4
Average 113.3 176.96 1.00 7.00 24.00 9/4 14/4
Max 170.72 130.9 1.51 7.00 24.00 11/4 23/4

Fig. 2: VIBRO-I costs model assumptions

Finally, purchase costs and membrane consumption costs were determined by using three price
quotations. By subtracting the control unit costs from the quotations, a linear trend found between
the quotations as depicted in Figure 2. This has resulted in a membrane price of e567.08 per
m2. Furthermore, SuperPro enables the usage of a user purchase costs model in the form PC =
Co(Q/Q0)

a, where PC equals the purchase costs, C0 the base costs, Q equals the membrane area
in m2, Q0 the minimal area of 7.5 m2 and a as the exponent. By plotting the complete quotations
over the membrane area divided by the minimal area, the values for C0 and a were determined as
17058 and 0.571 respectively, as depicted in Figure 2.

4.3 Spray cooler
A closed production system such as the PBR developed by Omega Green has the advantage that
heat and evaporative losses are minimized during cooler periods. However, overheating is possible
during the warm periods, resulting in temperatures exceeding the tolerated temperature of the
algae [3]. To prevent overheating from occurring, Omega Green has developed a spray cooler which
activates when medium temperatures exceed the upper limit for the algae. The water consumption is
modelled based on the temperature and wind conditions, resulting in an average water consumption
of 17.96 m3 per batch. The energy consumption, based on the energy balance of Omega Green, was
set at 0.625 kW.
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5 Downstream processing
Omega Green wants to develop a process in which a functional, protein rich fraction is separated
from a carbohydrate fraction. Such a refinement of biomass is already applied by Rubisco Foods
and Royal Cosun, who have successfully developed extraction processes of these fractions for onion
toppings, duckweed, and sugarbeet roots [8, 56, 63]. Initially, only the protein rich fraction was
considered to be the main product as a food supplement by Rubisco Foods, with values ranging from
10-25 e per kg. However, the high fiber and polysaccharide fraction has shown to have beneficial
properties as an ingredient in foods, elevating taste by introducing a umami flavour and emulsifying
capabilities of commercial sauces [56, 63].

Their processes are able to extract a high content native protein fraction through acid precipitation,
based on the isoelectric point of the proteins. Each of their patented process designs consists of
five basic steps, a homogenization step to disrupt the cell walls and release their constituents,
elevation of the pH to dissolve the proteins, separation of a high fiber and polysaccharide fraction
through filtration or centrifugation, followed by protein precipitation by acid introduction, and again
separation through filtration or centrifugation. The exact pH at which dissolution and precipitation
occurs differs for each patent and are based on the protein solubility curves. During this research,
the protein solubility curves of Teuling et al. are used which depict the solubility of proteins from
several green microalgae [9]. These conditions are comparable to the conditions used with the onion
toppings and duckweed processes, with a pH of 8.3 and 4.2 during dissolving and precipitation
[9, 56, 63].

The mild conditions of the process results in the extraction of proteins which maintain their tertiary
structure, enabling their application in the foods industry due to their functional properties, such
as good solubility, emulsifying capabilities, and gelling behavior [9]. It must be taken into account
that during this research native and functional proteins are defined as proteins which maintain these
functional properties, not as isolated proteins with enzymatic activities. The benefit of this type of
process is its relative simplicity of the equipment, while the value of the product and the size of the
potential market is increased.

Fig. 3: Process design of refinery
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The five basic steps are depicted in Figure 3, which starts with the algae from the production process,
PROD-1, which undergoes the homogenization step. The pH is raised towards 8.3 in CISTR R-1 by
the addition of NaOH. The residence time equals 1 h to dissolve the maximal amount of protein,
similar to the process for sugar beet roots [8]. The first separation step is performed by the stacked
disk centrifuge DS-1, separating the undissolved high polysaccharide fraction from the dissolved
proteins. This fraction is spray dried in SDR-1,to obtain the carbohydrate enriched fraction in
CF-1, the side product.

The liquid containing the dissolved proteins from DS-1 are transported towards CISTR R-2 through
S-1, where the pH is decreased with HCl towards 4.2 to precipitate the proteins. The residence time
of R-2 equals 1 h to ensure maximum precipitation. The second separation step is performed in
the second stacked disk centrifuge DS-2, where the precipitated proteins are removed. The enriched
protein fraction is further dewatered in the UF-1, desalinating the fraction before being dried in
spray drier SDR-2, resulting in the enriched fraction PF-1. The characteristics and the assumptions
made for each of the process steps are explained in the following sections.

5.1 Homogenization
To obtain the protein rich fraction of Chlorella vulgaris, a cell disruption or lysis step is needed to
release the components. The cell wall ofChlorella vulgaris is predominantly composed of saccharides
and cellulose, resulting in a thick cell wall which hinders the release of the desired components
[51, 64]. Cell lysis methods are known to be significant operational costs due to their high energy
and chemical consumption, or the methods require expensive maintenance intensive equipment [65].
The disruption methods can be separated into mechanical and non-mechanical methods, where the
non-mechanical methods can be further divided into chemical, physical and biological methods.
Mechanical methods, such as High Pressure Homogenizers (HPH) and bead milling, are highly
effective in disrupting the cells and have been applied on an industrial scale. However, they require
extensive cooling to limit the damaging effect of the generated heat [66]. The non-mechanical
disruption methods have other disadvantages, such as a damaging effect on the proteins (thermal
lysis, cavitation, detergent lysis), usage of expensive reagents (enzymatic lysis), and the duration of
the process (chemical lysis) [66]. Due to the higher effectiveness of the mechanical methods and their
application at a larger scale, the comparison between cell disruption methods during this research
is limited to HPH and bead milling [66, 67].

HPH forces cells in media through an orifice valve using high pressure, subjecting the cells to high
shear forces due to the compression of the cells at the entry of the orifice and the expansion of
the cells during discharge [66]. The increase of pressure on the fluid will result in an increase in
temperature. This is a beneficial effect when HPH is used for pasteurization, while being undesirable
when functional proteins need to be extracted from algae [68]. When used to disrupt the cell wall
of the algae, extensive cooling will be required to protect the desired constituents.

Several studies have used HPH to disrupt the cell walls of Chlorella vulgaris with the goal of ob-
taining functional proteins [31, 35, 69]. With a Chlorella vulgaris concentration of 24 g/L, Kulkarni
et al. obtained a protein solubility of 75.6% with 3 passes at a pressure of 103.4 Mpa at neutral pH
[31]. Ursu et al. obtained 98% and 67% protein solubility with 2 passes of a 13 g/L medium at 270
Mpa with a pH of 12 and 7 respectively [35]. In the work of Grossmann et al. 46% of the proteins
in Chlorella protothecoides were solubilized in 6 passes at 150 MPa at a pH of 6.5 [69].

Bead milling uses glass, steel, or ceramic beads to agitate the cells, disrupting the cell walls during
collision and releasing the intracellular components [66]. The effectiveness of the process is influenced
by several parameters, such as the bead size and its material, cell concentration, and contact time.
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Besides the HPH method, Kulkarni er al., used bead milling as a disruption method at 24 g/L with
0.5 mm glass beads, where a contact time of 900 seconds was sufficient to solubilize 75.6% of the
protein at neutral pH [31]. Safi et al. performed bead milling at an increased Chlorella vulgaris
concentration of 77 g/L, obtaining a 96% protein solubility [70]. Postma et al. investigated the
energy consumption of bead milling on several types of microalgae [71]. On Chlorella vulgaris with
a concentration of 60 g/L, a protein solubility of 36% was achieved using 0.4 mm beads with a
contact time of 500 s [71].

To compare the disruption methods, both the bead milling and HPH were simulated in SuperPro
designer based on the disruption of 126 kg biomass per hour. The results of the simulation are
depicted in Table 9. Several assumptions were needed in order to compare the homogenization
methods. The protein solubility of the studies performed at neutral pH was increased to compensate
for the increase protein solubility at higher pH levels, with a factor of 1.11 obtained from Teuling
et al. [9]. CAPEX costs were determined by the SuperPro cost model. The costs per kg solubilized
protein were calculated using a depreciation period of 15 years, a kWh price of e 0.096, and a cooling
water (CW) price of e 0.40 per m3. The results depicted in Table 9 show a major difference between
the homogenization methods. HPH is mainly costly in energy and cooling water consumption, while
the majority of the costs for bead milling is caused by the depreciation costs.

Since the functional proteins are targeted, all cost calculations are depicted per kg of solubilized
protein to create a suitable comparison. HPH with a pressure of 103.4 Mpa and a concentration
of 24 g/L is the most cost effective per kg of solubilized protein, with e 1.30 per kg of solubilized
protein compared to e 1.40 per kg of solubilized protein for bead milling with a concentration of
77 g/L. This resulted in the decision to use HPH with a biomass concentration of 24 g/L as the
method for cell disruption. The maximal throughput for HPH-1 equals 20 m3/h, the power to heat
dissipation is set at 95% while the exit temperature is set to 30°C to limit the denaturation of the
protein.

Tab. 9: Comparison of simulated bead milling and high pressure homogenization, with the protein solubility
determined as the percentage of total protein solubilized (kgSP = kilogram solubilized protein).

Bead milling

Bead
size
(mm)

Conc.
(g/L)

Contact
time
(s)

Protein
solubility
(%)

E (kWh
/kgSP)

CW (m3
/kgSP)

CAPEX Costs
(e/kgSP)

Ref

0.4 60 500 36% 10.2 1.6 e 4,940,000 e 3.71 [71]
0.5 24 900 84% 4.4 0.7 e 11,856,000 e 3.02 [31]
1.6 77 2400 96% 3.9 0.6 e 4,940,000 e 1.40 [70]

High Pressure Homogenization

P
(Mpa)

[Conc]
(g/L)

Passes Protein
solubility
(%)

E (kWh
/ kgSP)

CW
(m3/kgSP)

CAPEX Costs
(e/kgSP)

Ref

270 13 2 75% 36.5 5.9 e 196,000 e 5.00 [35]
270 13 2 98% 27.8 4.5 e 196,000 e 3.80 [35]

103.4 24 3 84% 10.2 1.5 e 101,000 e 1.30 [31]
150 10 6 51% 115.8 19.0 e 436,000 e 16.00 [69]

During homogenization, it is assumed that 100% of the biomass is converted into its constituents
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depicted in Table 10. The properties of each constituent is set according to the values present in
Table 4.

Tab. 10: Homogenization of biomass into its constituents

Reactants (kg) Products (kg)

Biomass 100.0 PL 10.4
Protein 43.3
Starch 22.0
Glucose 6.6
Pigments 4.0
Ash 13.7

100.0 100.0

5.2 Buffer capacity of proteins
Proteins have the ability to act as pH buffers due to the ionizeable groups present on the polypeptide
chains, such as the amino acids, terminal amino groups, and the terminal carboxylic acid groups
[72]. In order to calculate the amount of NaOH and HCl needed to achieve the desired pH values
of 8.3 and 4.2, an estimation of the buffer capacity for the proteins needs to be made.

In the work of Mennah-Govela et al., titration experiments have been performed on several mixtures
of whey and egg protein [73]. The egg protein mixtures are used as comparison to the algae protein,
due to a similar glutamic acid and aspartic acid content [35, 73]. The protein size has an effect on
the buffer capacity, since amino acids can be hidden inside the protein structure [72]. The buffer
capacity of proteins with small, medium and large particle sizes were evaluated at concentrations
of 9.5, 13.3 and 17.2 wt%, whereas the protein concentration during both the addition of NaOH
in R-1 and the HCl in R-2 is approximately 1 wt% of the total mixture. Since the exact sizes of
the protein used in the work of Mennah-Govela et al. are unknown, the average buffer capacity is
calculated from the extrapolated results towards the concentration of 1wt%, which equals 0.0155
mmol/pH kgprotein.

This value is used to determine the additional amount of NaOH and HCl needed besides the
1.99∗10−6 mol/L NaOH to obtain a pH of 8.3, and the 6.31∗10−5 mol/L HCl to obtain a pH
of 4.2.

In reactor R-2, two reactions take place during acid additions. The acid base reaction between the
still present NaOH and HCl, which is converted into NaCl and water, and the precipitation of the
proteins after the pH is reduced towards 4.2. In the model, the protein is converted into protein
precipitates which differ in Mw and particle size, as depicted in Table 4. The costs analysis for the
CISTR reactors R-1 and R-2 have been changed towards the pricing model of Towler et al. [74].

5.3 Centrifugation
To determine the separation percentages during the centrifugation steps, several literature studies
will need to be combined. The equipment parameters of the centrifuges are modelled by SuperPro
designer according to the Sigma factor of the targeted material, which is affected by the particle
size and density [75]. During both the separation step, the density of the targeted component is
assumed with a limiting particle diameter equal to half the particle size.
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5.3.1 DS-1
The first centrifugation is continuously fed with the basic mixture of R-1, containing the homog-
enized biomass at elevated pH. The targeted components are the starches, resulting in a limiting
particle diameter of 0.65 micron and a density of 1500 kg/m3. The mixture is centrifuged towards
a solid concentration of 170 g/L, similar to the retentate concentration of Cavonius et al., where
the protein rich fraction from Nanochloropsis Oculta was obtained in a similar process [76].

As previously mentioned in section 5.1, the protein solubility after homogenization corrected for
elevated pH is equal to 83.916%, resulting in a solid removal percentage of 16.084% [31, 9]. Since
chlorophyll is assumed to be bounded to the LHC, the pigment solid removal percentage is set equal
to the protein removal percentage [31, 35].

The only study which measured the fatty acid content of each fraction obtained with a similar
separation process besides the protein content was based on Nanochloropsis Oculta [76]. Despite
the significant differences between the lipid content compared to Chlorella vulgaris, the behaviour
of the lipids during separation are assumed to be comparable [15]. This results in a solid removal
percentage of 19% at elevated pH for the PL [76].

Carullo et al. measured the dissolved carbohydrate content of HPH disrupted Chlorella vulgaris,
which depicted a solubility of 41.9% [77]. Glucose, ash and the salts present in the mixture are
assumed to be completely water soluble [44]. Their concentration in the solid stream is dependent
on the removed amount of water. With a desired concentration of 170 g/L, this equals 3.18% of
the entering amount for each component. Subtracting the glucose from the total solids stream, a
separation percentage of 74.92% for starch is required to obtain a total carbohydrate solubility of
41.9% [77]. The solid separation percentages are depicted in Table 11.

Tab. 11: Solid removal percentages for components during DS-1 in mass percentage of the respective com-
ponent

Components Solids removed (%) Ref

PL 19.000% [76]
Protein 16.084% [31]
Starch 74.920% [77]
Glucose 3.180%
Pigments 16.084% [35]
Ash 3.180%
Salts 3.180%

The separation of the starches into both fractions seems counter-intuitive, since the process is
designed to separate solids with a particle diameter above 0.65 micron, half of the starch particle
size.

5.3.2 DS-2
After the protein precipitation in R-2, the mixture is loaded into DS-2. Since the precipitated
proteins are targeted, the limiting particle diameter is set at 0.5 micron with a density of 1125 kg/m3

[47]. Due to the low density difference between the solid and the fluid combined with the small
limited particle, the dewatering of the mixture is being performed in two steps, by centrifugation
up until a concentration of 80 g/L, followed by an UF step. The concentration of 80 g/L is used
since it equals the maximum input concentration for the VIBRO-filtration units.

The solid removal percentage of the protein precipitate is determined based on the two precipitations
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of Ursu et al., which achieved a protein yield of 80% and 78%, and on the work of Cavonius et al.,
with a yield of 96% of the protein precipitate [35, 76]. The average of these percentages yield protein
precipitate removal percentage of 84.6%.

The PL solid removal percentage is based on the second separation step based on Nanochloropsis
Oculta, which equals 90% [76]. The glucose, ash and salts are assumed to be completely soluble,
similar as in DS-1 [44]. For the starches, 77 % of the starches present in the mixture are removed,
derived from the normalized figures of Cavonius et al. [76].

5.4 VIBRO-3
To further concentrate the protein fraction, an UF unit with membrane cut-off of 30 kDa is used.
This results in the retention of 100% for the remaining starches, the LP present as micelles, and
the precipitated proteins and their bounded pigments. Permeation of the glucose, ash and salts is
assumed to be possible due to the their cut-off sizes and their water solubility.

The filtration unit is modelled in a similar fashion as the other VIBRO UF units. The maximum
area equals 27.5 m2 per unit with a permeation rate of 14.1 L/hm2. Economic modelling of the
equipment is based on the VIBRO-I costs model assumptions.

5.5 Spray dryers
During spray drying proteins experience three types of stress, namely heat, mechanical and adsorp-
tion to the air-water interface [78, 79]. Since proteins denature with temperature exposures above 30
°C, spray drying of proteins has been approached with caution in the pharmaceutical industry [79].
However, the surface temperature of the droplets after atomisation is kept at wet bulb temperature,
significantly lower compared to the drying gas temperature. Since the temperature at the surface of
the droplets is limited to the wet bulb temperature, thermal denaturation of the proteins is rarely
observed during spray drying [79]. The main source of denaturation in the spray drying of algae is
due to the adsorption to the air water interface, which denatures the protein in a similar manner
as a water-solvent interface. This can be avoided with the addition of surfactants [80]. During this
research, the assumption is made that by keeping the product temperature at a maximum of 30 °C
during spray drying no denaturation occurs.

The spray drying conditions of Ruiz et al. are used for the equipment sizing, with an outlet air and
product temperature of 100 °C and 30 °C respectively [44]. The specific evaporation rate is set at
100 kg/hm3 with a relative wt water gas/ wt water evap ratio of 20. Inlet air is heated with steam
with a temperature of 152 °C. Water is evaporated to a final LOD of 3% in both SDR-1 and SDR-2.

The composition of the dried products CF-1 and PF-1 which are retrieved from SDR-1 and SDR-2
respectively are depicted in Table 12. The protein rich fraction PF-1 of the algae is significantly
higher compared to the protein percentages obtained in the onion toppings procedure, indicating
a superior product [63]. However, the enriched protein fraction obtained from sugar beet roots is
higher compared to the algae, with 74% [8]. Furthermore, the remaining chlorophyll in the algae
fraction could limit the usage of the fraction as an ingredient due to its green color [81]. Nonetheless,
the nutritional value of the algae fraction is far superior compared to the onion toppings, due to its
high protein an lipid content, especially the high PUFA and Omega-3 content of the algae.



20 6 Economic evaluation

Tab. 12: Product composition of algae fractions and onion fractions in wt% of fraction[63]

Component Algae Onion toppings
PF-1 CF-1 Protein fraction Fiber fraction

Protein 63.0% 26.0% 24.5% 7.5%
PL 15.5% 7.5% 5.5% 1.0%
Starch 9.5% 59.0% 37.5% 20.0%
Pigments 6.0% 2.5% n.a. n.a.
Water 3.0% 3.0% 9.0% 9.0%
Ash 1.5% 1.5% 6.5% 5.5%
Glucose 1.0% 0.5% n.a. n.a.
Fibers n.a. n.a. 17.5% 57.5%
Salts 0.5% 0.5% n.a. n.a.

It must be noted that the carbohydrate fraction is divided differently, with the algae in starches and
glucose, whereas the onion toppings divide the carbohydrate fraction into fibers and carbohydrates
due to their high cellulose content. Due to the different composition of the CF-1 compared to the
fiber rich fraction of the onion toppings, it is difficult to evaluate the product qualities, especially
the value. The fiber fraction obtained by Rubisco foods from duckweed and the onion toppings
turned out to have beneficial characteristics as a food ingredient. Testing the carbohydrate rich
fraction of the algae is required to determine if it has similar properties.

6 Economic evaluation
The economic evaluation of the previously described processes are performed with the SuperPro
models, which require several inputs.

The capital investment is divided into the direct, indirect and other costs which are calculated
through a distributed set of purchase costs factors. The purchase costs of the spray dryers are
based on their SuperPro equipment costs model, whereas the purchase costs of the other equipment
used are specified in each section. An additional 20% is added to compensate unlisted equipment
purchases.

The direct costs consist of several factors to incorporate piping, instrumentation, insulation, in-
stallation building, and auxiliary facilities. Indirect costs consist of engineering and construction
costs and are dependent on the direct costs. Finally, the indirect costs, the contractors fee and
contingency, are factors of the sum of the direct and indirect costs. The factors are depicted in
Table 13. When these factors are combined, the factor between the total capital investments and
the purchase costs of the listed equipment is approximately 3.8.

The operational costs consist of the raw materials, labor, facility dependent costs, quality control,
waste treatment, consumables, utilities, and rent. The price of the freshwater salts and CO2 where
set at 0.365 and 0.08 e/kg respectively, whereas the water price was set at 0.7 e/m3 STP [82]. The
price for HCl and NaOH were set at 0.1 and 0.24 e/kg. Price for operator labor equals 27.6 e/h,
derived from figures of Omega Green when assuming a 40 h workweek and a 35 week season. An
additional 7.5% of hours are added to incorporate the quality control costs. Water waste treatment
was assumed to be performed externally, at a rate of 0.46 e/m3 [44]. Utility costs were unaltered
besides the standard power costs, which were set at 0.096 e/kWh [44].

The facility dependent costs consist of the maintenance costs, which are sized on the purchase costs
of the equipment, the land lease costs, equaling e80.000/year, and the depreciation of the purchase
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Tab. 13: Capital investment costs calculation factors

Direct Costs Indirect costs

Piping 0.25 Engineering 0.10
Instrumentation 0.30 Construction 0.20
Insulation 0.01
Electric facilities 0.05
Buildings 0.25 Other costs

Auxiliary facilities 0.35 Contractors fee 0.05
Installation 0.26 Contingency 0.20

costs of the equipment, which are depreciated linearly over a 15 year period. Furthermore, the
project lifetime is assumed to be equal to 30 years.

6.1 Economic evaluation of algae production
The maximum production conditions, with 189 kg of biomass per batch with a batch time of 24 h,
were used to obtain the equipment sizing. This results in overcapacity during the other production
periods, where the additional equipment units are depicted as stand by. The total equipment
purchase costs equal e9,212,000, including the unlisted equipment purchases. With the capital
investment factors depicted in Table 13, this results in a total investment of e34,952,000.

Material consumption and operating conditions are modelled with the average production of the
35 week season, at 125 kg/batch with a batch time of 29.5 h. This resulted in salt consumption
of 102 kg/batch, a water consumption of 51.83 m3/batch including the cooling water of the spray
cooler, and a CO2 consumption of 69.59 kg/batch. During the simulation, the bioreactor initialises
with its content of the previous simulation since only 30% of the volume is removed. The remaining
70% is seen as a new raw material by SuperPro, resulting in hugely inflated consumption. This
is prevented by changing the input water into stock mixture H2O which solely consists of water.
During the simulation of the algae production, the stock mixture H2O has a price of 0.70 e /m3,
whereas the price for water is set at 0 such that the economic evaluation of SuperPro remains valid
and water consumption can be evaluated by the stock mixture H2O consumption. In Appendix A,
the stock mixture H2O is depicted as water which has been altered afterwards.

The summary of the costs are depicted in Table 14, whereas the details are depicted in Appendix A.

Tab. 14: Summary of Economic evaluation of algae production

Total investment e 34,952,000
Operating costs e 7,154,000
Biomass production (MT) 904

e/kg e 7.92
PROD-1 production (MT) 37517

e/kg e 0.19

The main contributors of the operating costs are the facility dependent costs, the consumables,
and the labor costs, with 36%, 25%, and 21% respectively. Both the facility dependent costs and
the consumables are related to the equipment selection, their consumables, and their respective
costs. The bioreactor and the LDPE bags have been developed to be as cost effective as possible by
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Omega Green. Furthermore, with an assumed cost reduction of 20% concerning the LDPE bags due
to upscaling leaves little promise for further reduction of the equipment and consumables costs for
the bioreactor. The majority of the equipment costs are attributed to the VIBRO filtration units.
The novel technology shows promise in its energy usage, but is accompanied by high purchase costs.
Switching to other dewatering techniques might reduce the facility dependent and consumables
costs, but is likely to increase the consumption of utilities.

It is necessary to keep in mind the degree of dewatering with the production costs per kg of biomass.
The expected price of 7.92 e/kg of biomass is relatively low compared to other studies [44, 83].
However, at 24 g/L the algae are far from being completely dried. The price of 7.92 e/kg of
biomass translates to production costs of the PROD-1 stream of 0.19e/kg.

6.2 Economic evaluation of the downstream processing
During the economic evaluation of the downstream processing, two scenario’s will be evaluated.
During the first scenario, the equipment is sized according to the maximum production of the algae.
The operating time is equal to the production time of 5880 h, all algae produced is immediately
refined into the two fractions. In the second scenario, the possibility for drying and storage of whole
algae is investigated to prolong the refinement campaign towards 7920 h, reducing the average
throughput.

6.2.1 Scenario 1
With a campaign time of 5880 h, the input of the refinement process PROD-1 equals 6.272 MT/h and
11.613 MT/h during average and maximal production respectively. At maximum throughput, the
purchase costs of the equipment equal e1,873,000, translating to a total investment of e7,306,000.

In contrast to the algae production, the raw materials consumption is insignificant during the
refinery steps. Due to the mild conditions of the process, only a small annual amount of NaOH and
HCl is used, resulting in material a consumption cost of e1,000. 94% of the operating costs can be
attributed towards labor, utilities and facility dependent costs. The high utility costs are caused by
the homogenization method, which consumes 80 m3 of chilled water and 550 kW. Combined with
the other equipment, the annual demand for power, chilled water and steam equals 4769007 kWh,
559826 MT, and 6239 MT respectively, resulting in utility costs of e757,000, 33% of the operating
costs. Switching towards another homogenization method might reduce costs related to the utilities,
but is likely to increase other costs as can be seen with bead milling in section 5.1. The total annual
operating costs for the S1 section equals e2,306,000.

To calculate the revenue, a price for the protein rich fraction (PF-1) and the carbohydrate rich
fraction (CF-1) needs to be determined. Expected prices for PF-1 and CF-1 range from 10-25 e/kg
and 5-10 e/kg respectively. The optimistic expected price is set at 85 % of the maximum price,
21.25 e/kg and 8.50 e/kg for PF-1 and CF-1 respectively.

The summary of the costs and revenues are depicted in Table 15, whereas the details are depicted
in Appendix B.

With the optimistic pricing used for both the products, a ROI of 36% is achieved after 30 years. A
positive return of investment is obtained at prices above 20.83 e/kg and 8.12 e/kg for PF-1 and
CF-1 respectively, equalling to 81.23% of the expected maximum price. The majority of the costs
are related to the algae production, with 83% of the total investment and 76% of the operating
costs.
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Tab. 15: Economic evaluation of algae production and refinery S1 with ROI over complete project lifetime

Algae production S1 Total

Total investment e 34,952,000 e 7,306,000 e 42,258,000
Operating Costs e 7,154,000 e 2,287,000 e 9,441,000
Revenues

PF-1 e 9,304,000.00
CF-1 e 2,067,000.00

Total revenues e 11,371,000
Gross margin 17%
Payback time (yr) 22.00
ROI 37%

6.2.2 Scenario 2
By prolonging the campaign period of the refinery process by incorporating a drying and storage
process to spread the overproduction during the summer, the investment costs are expected to
decrease. This reduction will be profitable when both the investment costs and operating costs of
the additional drying section are lower.

To figure out the costs of drying and storage, four initial parameters are needed to model the drying
procedure. The duration at which drying is required, the required capacity, the average drying rate,
and the average retention period of the stored algae. Furthermore, the type of drying process needs
to be determined. The yearly production, consumption and the storage of the algae is visualized in
Figure 4.

Fig. 4: Visualization of yearly production of algae, refinery consumption during during a 7920 h season, and
the algae in storage

The process time for the drying procedure can be derived from Figure 4. The monthly production
exceeds the refinery consumption in the months May up until September, equalling a campaign of
3672 h. The average algae consumption in the refinery equals 2.7 MT/day when a 7920 h season
is assumed. The difference between the monthly production and the refinery consumption is at its
maximum in July, at 169 kg/h, whereas the average of the overproduction equals 99.2 kg/h. The
storage capacity must be equal to 364 MT which is required at the start of October. The average
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retention time was estimated at 173 days (first in first out).

In order to store the algae to prolong the refinery season, the product needs to be dried. Several
drying methods are available. Freeze-drying is the most suitable drying method to maintain the
nutrient and bioactive components present in Chlorella vulgaris. Experiments concerning freeze
drying did not result in any significant degradation of the protein [84]. However, due to the low
capacity and high labor intensity, freeze drying will result in high investment and operational costs.
Spray drying of Spirulina resulted in a 10% protein loss, which would result in reduced production
of the desired end product [85]. Furthermore, spray drying will require significant amounts of heat.
Other industrial drying techniques such as convective drying or thin layer drying have shown to
result into higher degradation compared to spray drying [85]. Solar drying techniques, which could
be an interesting drying technique due to its energy neutral nature, have been shown to be ineffective
in central Europe due to environmental temperatures and the required labor, which is elaborated
on in Appendix D. The choice was made to model the drying procedure with spray drying.

Fig. 5: Algae drying procedure of overproduction through spray drying

The drying procedure of the process is depicted in Figure 5. The disk-stack centrifuge is used for
dewatering the algae towards 180 g/L before it is dried with the spray dryer SDR-3. The spray
dryer uses similar assumptions as previously modelled spray dryers, whereas the centrifuge assumes
a biomass particle diameter of 5 micron. After drying, the solids are stored in a silo which keeps
the temperature of the material below 20 °C. After the average residence time of 173 days, the
product is removed from storage and mixed with water at a biomass concentration of 24 g/L which
is transported to the refinery.

The overall effect on the water consumption of the drying procedure is minimal. PMF-3 is recycled
into the algae production storage, lowering water and salt consumption which can be used in IN-W2
for water addition. The only additional water required is the water leaving SDR-3, at a rate of 480
kg/h equalling to 1768 m3 annually.
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Tab. 16: Economic evaluation of algae production, drying procedure and refinery S2 with ROI over complete
project lifetime

Algae production Drying S2 Total

Total investment e 34,952,000 e 2,536,000 e 4,805,000 e 42,293,000
Operating Costs e 7,154,000 e 545,000 e 2,403,000 e 10,102,000
Revenues

PF-1 e 9,303,000
CF-1 e 2,067,000

Total revenues e 11,370,000
Gross margin 11%
Payback time (yr) 33.00
ROI -10%

When looking at the results depicted in Table 16, it is noticeable that the second scenario is inferior
compared to the first scenario. With the same pricing, the gross margin reduces by 5%, resulting
in a negative ROI with the same optimistic pricing. Prolonging the campaign period of the refinery
process by the introduction of a drying procedure has reduced the investment costs of the refinery
S2 by e2,500,000. However, this is compensated by the required investment costs of the drying
procedure. The operational costs of S2 have increased compared to S1. Where the reduction of the
equipment price of S2 resulted in a significant decrease in facility dependent and consumable costs
as depicted in Appendix D, the extended campaign resulted in increased labor dependent costs.
Furthermore, the operating costs of the drying procedure further reduce the gross margin.

It must be noted that the possible degradation of the algae during drying and storage is ignored
[85]. Incorporating the degradation would further reduce the profitability of the scenario, meaning
the results in Table 16 can be considered as an upper limit. Overall, it can be concluded that the
addition of a drying procedure does not result in increased performance of the process.

7 Discussion
The algae production combined with the refinery of scenario 1 has the potential to result in a prof-
itable process. With a relatively simple refinery process, requiring a limited investment compared
to the required production investment, the process is able to produce a protein rich fraction suitable
for formulated foods. This will result in an increased market size for the product compared to the
whole algae market. However, quite some uncertainties are still present.

The pricing indications of the products were retrieved from conversations of Omega Green with
Rubisco Foods. The assumed optimistic pricing is likely to be overestimated. Due to the quality of
the protein fraction in terms of nutritional value and protein content compared to the onion fraction
of Rubisco Foods, the optimistic pricing of this fraction might be valid. With a similar protein
content as the product of Cosun, the fraction is likely to have excellent functional properties, such
as good solubility, emulsifying capabilities, and gelling behavior, making it a high value product.
This make the optimistic pricing of the fraction justifiable. However, for the carbohydrate fraction,
it is nearly impossible to determine the quality of the product. The fiber fractions derived from the
onion toppings and duckweed differ significantly in their constituents compared to the carbohydrate
rich fraction of the algae [63, 56]. Due to the low cellulose content of the algae, which is only present
in the cell wall [51], it might lack the properties of the fiber fraction. This uncertainty makes the
optimistic pricing at 85% of the maximum price unlikely.
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A reduction of the price for carbohydrate fraction will have an profound effect on the profitability
of the project, where a price below 6.4 e/kg will result in a negative ROI when the pricing of
the protein fraction is left unaltered at 21.25 e/kg. This shows the uncertainty in this research
regarding the economic evaluation of this process.

Improvements concerning the algae production process can mainly be found in the dewatering
technologies. The VIBRO-I technology, although being energy efficient, is accompanied by high
investment and consumable costs. If the decision is made to purchase the pilot unit of SANI-
membranes, test concerning the durability of the membranes might reduce the assumed consumable
costs, whereas accurate energy consumption measurements could possibly further reduce the utility
consumption.

The choices concerning the homogenization method were based on the accompanied costs and the
high effectiveness of the methods. Due to the high utility consumption of the HPH process, other
homogenization methods could be deemed more suitable through other selection criteria. Each
homogenization method is accompanied by its own disadvantages and is likely to remain a significant
portion of the refinery costs.

Furthermore, to increase the validity of the model, detailed information on energy consumption
of the current process needs to be incorporated. The power consumption in the model is based
on overall consumption figures of the production processes. Detailed information on the power
consumption could increase the accuracy during upscaling, which might reduce the required energy.

8 Conclusion
A 40 hectare algae production plant which utilizes the Omega Green algae production system was
able to produce and dewater Chlorella vulgaris towards 24 g/L at 7.92 e/kgDW. The introduction
of a mild refinery process resulted into a dried functional protein rich fraction and a dried carbo-
hydrate rich fraction. Feasibility studies were performed according to two scenarios, in which the
introduction of a drying step to prolong the refinery season was deemed unprofitable. A positive
ROI is achieved with prices above 20.83 e/kg and 8.12 e/kg for the protein rich and carbohydrate
rich fraction respectively. At the optimistic pricing of 21.25 e/kg and 8.50 e/kg for the protein
and carbohydrate fraction, a gross margin of 17% results into a ROI of 37% with a payback time
of 22 years. This results in weak business case which is unlikely to attract investors. Overall, the
introduction of a mild refinery process can be achieved with relatively limited investment costs
compared to the investment needed for the algae production. This process is able to convert the
whole algae into fractions suitable to be used in formulated foods for human consumption, creating
new markets which can be targeted. Nonetheless, the process will not be economically feasible.
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In potential, solar drying is an environmentally friendly, low energy requiring drying technique.
However, solar energy has not been widely commercialized due to expensive investments, the vari-
ation in intensity and duration of radiation, the needed low skilled manpower, and the required
maintenance on equipment [86]. Since almost no literature concerning the drying of algae with
solar dryers is available, new developments in solar drying of agricultural crops are reviewed in this
section. Solar dryers which are used to dry crops with similar MC (w.b.) as algal paste (above 70%)
using suitable temperatures (50-70 °C) are specifically of interest. The variety of the dried crops,
the drying conditions, drying methods, and reported figures make it nearly impossible to create a
direct comparison between these techniques, limiting the overview to a description of general trends.
The large variety of solar dryers are available, varying in size and types, as depicted in Figure 6.

Fig. 6: Classification of solar drying systems, adopted from Lingayat et al.[86]

From the solar drying techniques depicted in Figure 6, open drying system will not be evaluated.
The contact of the to be dried material with the open air results in a system which can easily be
contaminated by dust, pollutions, bird droppings, insect infestations, degradation through direct
solar radiation, and additional loss due to non-uniform and insufficient drying, leading to infestations
by fungi, bacteria and other microorganisms. [86, 87].

Natural convection dryers depend on the thermo-syphon effect as the driving force for air circulation
during drying. Factors influencing the thermo-syphon effect are solar radiation, air temperature,
wind conditions and the collector design [88]. With forced convection dryers, a fan is installed which
ensures air circulation, resulting in increased control over the drying rate [89].

Cabinet type dryers and direct type dryers are composed of a transparent cover, such as glass
or polycarbonate, through which the solar radiation is transmitted toward the food products [90].
Convective losses need to be limited in order to obtain temperatures suitable for drying. Direct type
dryers are able to limit outside contamination, result in better quality products compared to open
system drying, and are cheap and easy to fabricate. Downsides are lower drying rates compared to
indirect drying configurations when vapor moisture is improperly removed, lower capacity compared
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to other configurations, and a reduction of glass cover transmissivity when moisture condensation
occurs [86, 90].

Indirect Type Solar Dryers (ITSD) consist of a solar air collector in which the air is heated, after
which the heated air is transported towards a drying cabinet in which the to be dried material
is placed. This method has the advantage of increased color retention since the product is not
exposed to UV radiation, has greater efficiency compared to direct solar drying, and does not result
in heat damage due to drying rate control [86]. Many different designs and configurations of the
solar air collectors have been studied, such as multiple passes, partial air re-circulation, and the
incorporation of heat storage [91, 92, 93, 94]. These different configurations have different benefits.
The introduction of a double pass has shown to increase the drying efficiency with 5% compared
to a single pass ITSD during drying of red seaweed [91]. With red chillies, a 10% drying efficiency
increase was obtained compared to cabinet dryers [92]. The addition of granite rocks on the top
layer of the drying cabinet to hold sensible heat in the drying process of Roselle has resulted in a
drying time reduction of 21 hours [94].

Hybrid type solar dryers use solar collectors in combinations with auxiliary heaters to increase
the operation window and to obtain suitable drying temperatures when solar radiation is insuffi-
cient. Auxiliary heaters can be combined with any type of solar dryer, where ITSD types are most
commonly used [94, 95]. These types of solar dryers have been used to investigate the usage of
solar drying in central Europe, where an ITSD equipped with an electrical water heater, partial
air re-circulation, and reflective plate is used to dry banana and tomato slices [96, 97]. This dryer
configuration was capable of reaching temperatures of 30-40°C above ambient temperature during
summer, suitable temperatures for drying of whole algae [96]. This configuration outperformed open
drying significantly, reaching MC (w.b.) of 18% in the same time period where open drying resulted
in 62%. However, it shows the limitations of solar drying in areas where solar radiation is limited,
such as the desired location for Omega Green in the Netherlands. Another hybrid recirculating
design resulted in a energy saving of 70 % in the drying of onion slices at 60 and 70°C [93]. The
addition of a LPG burner to a ITSD has resulted in an increase in drying efficiency of 47%, drying
tomato slices in 15 hours with an initial MC (w.b.) of 94 % [95].

Tab. 17: Overview developments solar drying studies of high moisture content agricultural crops

Material Type MC (w.b.%) Duration (h) T (°C) Ref
initial final

Tomato ITSD 93 11 11 50 [98]
Red seaweed Double Pass ITSD 90 10 - - [91]
Red Chilli Double Pass ITSD 90 10 32 52 [92]
Roselle Double Pass LH ITSD 85 9 14 57 [94]
Onion slices Partial Recirculation Hybrid ITSD 86 7 - 75 [93]
Tomato Hybrid ITSD 94 - 15 50 [95]
Banana Hybrid ITSD 82 18 8 40-50 [96]

Solar drying techniques have been shown to be ineffective for year-round use in areas with similar
solar conditions as the Netherlands, only proven effective during the summer period even with
hybrid drying techniques [96, 97]. Furthermore, the required low skilled manpower would be a
major obstacle in Western-Europe. Some automated systems have been developed, such as the
patented hybrid direct type drier of Ecoduna, an Austrian based algea producer [99]. The invention
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claims to be able to dry algal paste with an initial concentration between 100 and 200 g/L towards
a MC (w.b.) of 20-25 % within 20 minutes by thin layer drying on a moving belt [99]. However,
no information is available on the effectiveness, energy consumption, and whether the invention is
actually used commercially.

Nonetheless, the developments of drying techniques might be useful for the Moroccan plant of
Omega Green, where an ITSD system is already in use. The drying efficiency improvements with
the incorporation of re-circulation, multiple passes, heat storage and auxiliary heating could result
in an increased operating window for solar drying at the Moroccan Omega Green plant, where the
effectiveness of the current solar dryers significantly decreases after the summer period [91, 93, 96].


	List of Abbreviations
	Introduction
	Biochemical Composition Chlorella vulgaris
	General composition
	Further specification of content
	Physical and Chemical properties of Components

	Algae Production Process
	Photo Bio Reactor
	VIBRO Ultrafiltration
	Spray cooler

	Downstream processing
	Homogenization
	Buffer capacity of proteins
	Centrifugation
	VIBRO-3
	Spray dryers

	Economic evaluation
	Economic evaluation of algae production
	Economic evaluation of the downstream processing

	Discussion
	Conclusion
	Appendix A: Algae Production economic evaluation
	Appendix B: Algae Refinery S1 economic evaluation
	Appendix C: Algae Refinery S2 economic evaluation
	Appendix D: Solar drying techniques

