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Abstract: From 2015 to 2021, we optimized mass cultivation of diatoms in our own developed
vertical column airlift photobioreactors using natural and artificial light (LEDs). The project took
place at the ferrosilicon producer Finnfjord AS in North Norway as a joint venture with UiT—The
Arctic University of Norway. Small (0.1-6-14 m?) reactors were used for initial experiments and to
produce inoculum cultures while upscaling experiments took place in a 300 m3 reactor. We here
argue that species cultivated in reactors should be large since biovolume specific self-shadowing
of light can be lower for large vs. small cells. The highest production, 1.28 cm?® L~! biovolume
(0.09-0.31 g DW day—!), was obtained with continuous culture at ca. 19% light utilization efficiency
and 34% CO, uptake. We cultivated 4-6 months without microbial contamination or biofouling, and
this we argue was due to a natural antifouling (anti-biofilm) agent in the algae. In terms of protein
quality all essential amino acids were present, and the composition and digestibility of the fatty acids
were as required for feed ingredients. Lipid content was ca. 20% of ash-free DW with high EPA
levels, and omega-3 and amino acid content increased when factory fume was added. The content
of heavy metals in algae cultivated with fume was well within the accepted safety limits. Organic
pollutants (e.g., dioxins and PCBs) were below the limits required by the European Union food safety
regulations, and bioprospecting revealed several promising findings.

Keywords: marine microalgae; diatom; mass cultivation; upscaling

1. Introduction

Numerous recent publications have dealt with the large potential of microalgae to
become future producers of energy, food and bioactive compounds [1-12]. The underlying
reasons for this are that they are nutritious in terms of lipid and protein and the fact that
they “grow” by binary fission (division), making them capable of doubling their biomass
every day. They can also thrive in both fresh and ocean water, and as photoautotrophs
they are efficient CO, sequestration agents [13]. Microalgae thus have large potential in
carbon capture and sequestration (CCS) as well as in carbon capture and utilization (CCU)
processes [14-16]. Other promising and sometimes successful microalgae applications
are (in operation, tested or planned) production of biogas, utilization of wastewater as
inorganic nutrient source or production of biofuel [17-19].
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Industrial mass production of microalgae has been pursued for more than a century
and was probably first suggested and demonstrated by Beijierinck [20] with monocultures
of Chlorella vulgaris. The “father” of photosynthesis, Warburg [21], also applied Chlorella
sp. in his seminal CO; assimilation experiment. After World War 2, interest in microalgae
cultivation increased, and a book on the subject stated: “ ... [the authors] hope that
this book will result in increased progress toward the large-scale culture of algae” [22].
Over the years commercial production has gained momentum in Europe, Asia, Japan,
Australia and India [23], but it is mainly a few small green and blue-green species from
the genera Chlorella, Spirulina, Dunaliella, Aphanizomenon, Haematococcus, Crypthecodinium
and Shizochutrium that are cultivated. The global annual production is difficult to estimate
but probably adds up to ca. 23,000 tons [24,25]. Considering the announced potential
of microalgae to be a future source for biofuel and feed, this is highly meagre compared
to the world soy production that is 360 x 10° tons. Microalgae hence amounts to only
ca. 0.05%. of world soy production. Thus, mass cultivation of microalgae compared
to other land-based crops must still be considered in its infancy. The reasons for this
may be diverse, but the bottom line is that the production is expensive. Microalgae
are present at much higher concentrations in PBRs than in their natural environments.
The annual photoautotrophic production along, e.g., the coast of Norway, amounts to
100-200 g C m~2 [26]. This equals an average production rate of merely 0.0001 g L' day~!
(DW). Compared to the 300-6000 times higher (0.03-0.6 g L~! day~! (DW) production
levels aimed at in industrial PBRs [5,8,27], this illustrates some of the challenges one meets
when attempting to mass cultivate microalgae for industrial purposes. Production is often
hampered by complex and expensive production processes [28,29]. This especially relates
to energy use (e.g., pumping, illumination, complexity of reactors and de-watering) but
also to contamination, lack of temperature control, troubles with gas exchange (CO, and
0,), contamination and illumination [30,31].

Tamiya [32] stated that the production of 1 ton of Chlorella would cost about USD 520
and can therefore not compete with inexpensive proteinaceous plant materials like, e.g.,
soy and bean meal. This is still a relevant statement as high costs hinder production of
large volumes. Microalgae therefore appear on the world market as small volume niche
products [33,34], i.e., as pharmaceuticals, bioactives, nutraceuticals, vitamins, enzymes and
health food [6]. We stress that here we have focused on photoautotrophic algae and not
so-called heterotrophic algae that utilize organic resources [35].

Compared to the large amounts of microalgae species that exist, i.e., perhaps more than
1,000,000 in total including 200,000 diatoms [36,37], very few species have been tested out
and exploited commercially. None of them have been genetically adapted (by hybridization,
mutation or genetic engineering) towards economically sustainable production, as is the
case with all their terrestrial agricultural counterparts [38,39].

The diatoms especially have drawn little industrial focus. Diatoms are the most
important primary producers in the oceans, especially in temperate and Arctic areas and
upwelling zones where the largest fisheries are [40,41]. Diatoms are considered to be
important potential sources of biofuel, pharmaceuticals and food/feed [5,8,42,43]. They
are also potential valuable producers of unsaturated fatty acids, especially omega-3 fatty
acids [44—47]. Diatoms differ from other microalgae by lacking organic cell walls but live
in houses of opaline silica, i.e., they reside in transparent glass houses ornamented with
detailed nanostructures that can handle and optimize light in diverse ways [48].

Microalgae are grown either in open (pond) culture systems or closed flat plate,
tubular and vertical column design PBRs. Of these, due to the greater ability to control the
environment, closed types are commonly considered the most promising ones [30,49]. On
the other hand, if economic analyses are included, it is the open pond type that often comes
out as the most profitable type [50].

Common to the few species of microalgae that have been and are exploited in mass
cultivation is that they are small [6,51-57]. Since they are small, they share the trait that they
have a higher surface to volume ratio relative to larger microalgae cells (Table 1). When cell
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size increases, it logically follows that the volume of the cell increases faster than the surface
area, since volume is cubed while surface area is squared. This causes a large diatom like,
e.g., Coscinodiscus radiatus, to have a volume that is more than 100,000 times larger than a
commonly cultivated small cell like Chlorella sp. (Table 1). Because small cells have a higher
surface to volume ratio it is often reported that they possess a greater ability to absorb
light and nutrients and that they therefore grow faster than large cells [58,59]. This is an
oversimplified concept since other factors such as pigment type, amount, thickness, nutrient
concentration, and uptake processes also play important roles [60,61]. This can cause large
cells to outgrow small cells, especially when nutrient concentrations are high. Maraéon
et al. [62] stated that carbon fixation per unit volume decreases with cell size in oligotrophic
waters, whereas the opposite occurs in areas with high concentrations of inorganic nutrients.
Cermeno et al. [61] suggested that high maximum photosynthetic efficiencies of large-
sized phytoplankton might be associated with a higher PSII photochemical efficiency,
characteristic of certain taxonomic groups such as diatoms.

Table 1. Diameter, surface area and biovolume of the green microalgae Chlorella sp. and diatoms of
different sizes (Attheya longicornis and strains of Porosira glacialis and Coscinodicus radiatus). Diatom
sizes are from the authors” own culture collections while the Chlorella sp. size and volume are from
Martinez-Jeronimo and Gutierrez-Valdivia [63]. Other volumes are calculated from Menden-Deuer
and Lessard [64].

Species Diameter Area Volume Area: Species: Chlorella
(um) (um?) (um?) Volume Volume
Chlorella sp. 5 79 65 122 1
Attheya longicornis 6 188 198 0.95 3
Porosira glacialis 1 40 6280 43,960 0.14 676
Porosira glacialis 2 45 9538 71,505 0.13 1100
Coscinodiscus radiatus 1 180 152,604 2,289,060 0.07 35,216
Coscinodiscus radiatus 2 220 227,964 8,366,666 0.03 128,718

Assuming that inorganic nutrient concentrations are sufficiently high (as they often
are in photobioreactors), the most important stress factor is light, or more precisely the
availability of light in space and time. According to Mie theory the diffuse scattering
coefficient relative to volume of a sphere decreases with increased size [65]. According to
Baker and Lavelle [66], suspensions with a mean particle size of 8.5 pm attenuate 660-nm
light 15 times more efficiently than suspensions of particles with a diameter of 48 um.
Agusti [67] reported that biomass (fresh weight)-specific absorbance coefficients decreased
as algal cell volume increased, regardless of the incoming irradiance, supporting the notion
that reduced self-shading allows large algae to support both greater maximal biomass and
production than smaller algae. In terms of optical science, large cells in light limited regimes
can hence take advantage of the “package” effect. This can also be seen as a reduction in
the absorption of pigmented particles relative to the absorption of the same pigments in
solution [68]. Geider and Osborne [58] reported that the ratio of whole-cell to disrupted-cell
absorption ranged from 0.5 to 0.7 for a small cell of Thalassiosira sp. The consequence of
this is simply that the size of the microalgae will play an important role in the utilization
of light, especially in densely populated commercial photobioreactors. We mean this is
an important point that often has been missed during the choice of species to cultivate in
photobioreactors. This “simple” fact, i.e., that self-shading can depend on particle size,
has been addressed earlier [69,70]. However, it is also clear that this is modified by the
fact that microalgae cells consist of several organelles of variable sizes and shapes, e.g.,
chloroplasts, nucleus, nucleolus, mitochondria, lipid vesicles, gas or fluid filled vacuoles
and pyrenoids with varying optical properties. The cell wall can also vary (e.g., “glass”
frustrule in diatoms), and the final level of reduced absorption and diffusion for each
species will be a result of the number and quality of internal organelles and structures. The
exact geometrical measure of a cell will only be a good measure of its optical properties in
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solution when the cell is completely full of material. What adds to this is that some diatoms
can manipulate the wavelength of light [48].

Today’s reactors, except from vertical column designs, are constructed to handle
short light depths due to the high self-shading of the small species applied [71]. These
constructions are complicated and expensive devices that take up large areas vs. volume
cultured. Our cultivation initiative was therefore designed to apply large cells to allow for
long light depths and low self-shading. Potentially, this approach makes it possible to use
(and illuminate efficiently) simple constructed columns with large volumes [64]. Another
advantage related to large cells is that the harvesting process can be more efficient. The
sinking speed of a sphere is ca. proportional to the square of the radius (Stokes law with a
modification for shape and density). Large cells will therefore sink faster than small species
if the specific cell density is higher than water, enabling, e.g., centrifugation to be more
efficient [72].

If production costs could be lowered and volumes increased substantially, the potential
market for algae biomass is large, as, e.g., algal biofuels and feed [39,73]. Although, if this
shall be achieved, as stressed earlier, improvements related to biology and technology are
required [74-76].

The present project was initiated in 2015 on the premise that new cost-reducing solu-
tions were needed. When choosing species to cultivate, focus was on high photosynthetic
efficiency, low self-shading, and ability to handle low temperatures. Thus, large north-
ern/Arctic diatoms were prime candidates. The final choice of species was done after
thorough literature studies as well as numerous P vs. I experiments. When choosing the
reactor type, large volume, low cost and area efficacy were the guiding principles. The ob-
vious choice here was therefore large (tank) vertical column airlift reactors with accessories,
allowing for both batch and continuous culture. Finnfjord AS annually emit 300,000 tons of
CO; and 1100 tons of NOx. The aim of our project was therefore to investigate possibilities
to perform sustainable circular economy and utilize factory cooling water, CO; from fume
and NOx to produce marine (diatom) biomass [10]. Analysis of chemical content, pollution
and suitability of the biomass as feed /food were also planned. In recent decades, marine
ingredients in Norwegian salmon feed have to a large degree been replaced by biomass of
terrestrial origin [77,78], leading to, e.g., reduced polyunsaturated fatty acid (LC-PUFA)
content in feed and salmon. This negatively affects the early development of salmon tissue
and organs, resistance to infections and fish health [79], and it can also reduce positive
health effects of omega-3 on humans [80]. Our intended prime application of the algae
biomass was therefore as aquaculture feed. The present publication deals with optimization
of the microalgae (diatom) cultivation process.

2. Materials and Methods
2.1. Photobioreactor Construction

The present cultivation project is an ongoing collaboration between UiT—The Arctic
University of Norway in Tromse and the ferrosilicon producing factory Finnfjord AS,
situated at Finnsnes in northern Norway (69°13'47"" N-17°58'52" E), i.e., well to the north
of the Arctic Circle. After planning for a couple of years, experimental microalgae mass
cultivation was initiated at the factory site during the spring of 2015 (Figure 1). The
initiative was based on results from several years of microalgae field sampling, marine
ecology studies and small-scale cultivation (150-300 L) attempts.

The main focus was on northern and/or Arctic diatoms due to their ability to han-
dle low temperatures and light intensities [41,81-85]. The applied reactors were of the
(open top) vertical column airlift type, i.e., cylindrical tanks with flue gas addition in the
bottom layer (by a rotating gas dispersing system) and additional artificial illumination
systems. The reactors have been used in repeated cultivation experiments. The aim of
these experiments was to optimize the production rate, this by testing combinations of
microalgae concentration and doubling rates regulated by irradiance, nutrient and CO,
addition (pH). Certain construction details, especially what concerns illumination, have
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been under constant revision. In 2015 experiments were performed with open cylindrical
transparent plexiglas units and a 6 m? stainless steel reactor (used diary item). In 2016 these
were joined by a 6 m? glass fiber (produced on site) and a 14 m? stainless steel (used diary)
reactor (Figure 1, Table 2). During the spring of 2018 the project entered a pre-industrial
scale when a 300 m? glass fiber reactor (produced on site) was set into functioning. The
entire reactor area has a transparent acrylic roof.

T T T T T T
300 (G) —
14(S) - - — —— [] -
E
o 6(G)F - — - . ——
5
S
>
£ 60 - ——— . —— . . S E—— - -
5
o
250 (P) - —-— — - . [
150 (P) - — — - [ ] -
L L L L L L
2015 2016 2017 2018 2019 2020 2021 |

Figure 1. Photobioreactor cultivation periods from May 2015 until July 2021 at Finnfjord AS. Letters
in parentheses refer to type of reactor 150 (P) = 150 L Plexi, 250 (P) = 250 L Plexi, 6 (S) = 6000 L Steel, 6
(G) = 6000 L Glass fiber, 14 (S) = 14,000 L Steel, 300 (G) = 300,000 L glass fiber.

Table 2. Inventory of main functions in the microalgae (diatom) mass cultivation project.

Function Type Unit

COgy-infared (NIDR) detector (Franatech HR, Liineburg,
Germany), coupled to temperature sensor (4-wire
platinum temperature 1000)

CO; logging, underwater and
atmospheric temperatures

mg L~ and % saturation
o
C

mg L1 and % saturation,

CO,, NO,, SO, in factory fume Kane Quintox 9206 flue gas analysers, Hertfordshire, UK ppm
H losein Endress-Hauser sensor Orbsint CPS11D and 4-channel

prilogging transmitter Liquiline CM444

. . Endress-Hauser sensors Turbimax CUS51D-HCC1A4
Turbidity logging and 4-channel transmitter Liquiline NTU
Conductivity, salinity logein Endress-Hauser digital sensor Indumax CLS50D w. uscm !

Y ty logging 4-channel transmitter Liquiline CM444 Yoo

Temperature Endress-Hauser sensor iTHERM ModuLine TM131 w. oC

P 4-channel transmitter Liquiline CM444

WTWMulti 360 m withWTWSenTix 940 IDS probe

pH manual measurement pH

(Xylem Analytics, Weilheim, Germany)

Auto analyser (Seal Analytical, Wisconsin, USA). Also

every second day in lab at Finnfjord AS from June 2018

with Merck kits: 1.09713.0002; 1.14408.001; 1.14848.0001; pmol L~}
1.01813.0001, adapted to be quantified in plate reader

(Molecular devices Filter Max F5)

Inorganic plant nutrient measurements
(NOS o NOZ o PO4 o SI(OH)‘l)

Turbulence NORTEK (Norway) Vectrino velocimeter x/y/z cms~!
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Table 2. Cont.
Function Type Unit

0, WTWDMulti 360 w. CellOx 325 sensor (Xylem Analytics, Mg L1
Germany)
LI-COR LI-193 (UK) Spherical quantum, LI-192 (cosine) | tam-2s-1

Irradiance logging underwater and LI-200/R Pyranometer sensors with ‘pft\]m;_c%uan am=s
LI-1500 Light sensor logger
Biospherical (USA) QSL-100 instrument, Trios,

Irradiance and light scans manually Rases-Acc-UV Hyperspectral; Irradiance sensor umol quanta m 2 s~!

atmosphere and sub-surface (280-570 nm) mW cm 2 nm !
LI-COR (UK) LI-180 Spectrometer

Chla fluorescence manually . . FL

in vivo/in vitro Turner Designs TD-700 (Turner Designs, San Jose, UK) mg ChlaL !
2015- March 2018: Biltema (Norway) OL 20-24; 2018: bar

Compressing and move factory fume Nash Vectra XL-80 and XL-35 liquid ring vacuum L min-1

pumps (Gardner Denver Nash, Quincy, IL, USA)

Illumination

2015-2018: sub-surface white LEDs made by authors;

2016: White sub-surface 500W lens cluster LEDs;

2018-2019: 1000W blue and white units from Wuhan pumol quanta m™
ZJKC Technology Co., Ltd., Wuhan, China; 2018-present: mW cm 2 nm~!
Aquagroup 400 W blue, 100 W Aurora white/green; % efficiency
Biomarine 2.5 kW blue (all Norway); Signify 680 W, 440

W (Netherlands); Biltema 46-3174 50W (Norway)

2 —1

S

Water filtration

2015-2018: Eaton filter cartridges; 2018-2021: AZUD
type 203/4VX, self cleaning system, 2 Eaton 5 cyl. Filter L
cartidges and Ultra aqua UV sterilization unit (Spain)

De-watering

WRW 5 x 200 mL table centrifuge (UK), plankton nets,
Veolia drum filter (Norway), Algae Centrifuge—Solid =~ Kgh™!
Bowl (USA), Manual Purge 25 kg-ATD-25

Reactors

2015-2020: 150, 250 L Plexi columns; 2015-2021: 6 m 3
stainless steel (DxH = 1.9 x 2.5 m); 2016-2021: 6 m 3 3
glass fiber reactor (2 x 2.4 m), 14 m 3 (2 x 3 m) stainless
steel; 2018: 300 m 3 glass fiber (Figure 1)

2.2. Cultivation Environment and Cultivation Strategies

The cultivation medium was factory processed (cooling) seawater pumped in from
25 m depth in the outside fjord. By mixing heated and unheated water from the factory
heat retrieval system we could mix the two water types with the desired temperatures.
Prior to being used the water was cleaned for particles (<0.45 um) (Figure 2, Table 2).

Inorganic plant nutrient was Yara Kristalon, which has 14% N (nitrate and ammonia)
and 3.9% P (orthophosphoric acid). Si was added as dissolved sodium metasilicate. The
amounts of inorganic nutrients added were adjusted according to actual growth rates and
from measurements every second day. Prior to April 2020 addition was done once daily
while after April this was done continuously by means of adjustable dose pumps.

Fume taken from the factory baghouse filter outlet was fed directly to the reactors
with gas compressors (ordinary piston and later liquid ring ones). We cultivated both with
fume added as well as with compressed air only (Figure 2).

The reactors were integrated in the production line at Finnfjord AS, and factory fume
with CO; (3-7%) and NOx (2—4 ppmv) was added with a rotating airlift (mixing) device.
The reactors (0.15 m3, 0.25 m3, 2 x 6 m3, 1 x 14 m3) were run either as batch or semi-
continuous type while the 300 m® was mainly run as continuous culture.



Appl. Sci. 2022,12, 3082

7 of 35
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Factory fume with
CO2 and NOx

Nutrient
reservoir (N-P-Si)

Ieaned fume

with CO2, NOx

and Si-dust

Heated seawater
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Vertical column

photobioreactor
w. fume injection
and illumination

:: \‘Lﬂ{ Finnfjord AS

Cold Cold
Microalgae culture ¢ filtration to algae to energy

cultivation retrieval system

Microalgae
Two step de-watering ﬁﬂ‘ = concentrate

Figure 2. The main components of the microalgae cultivation system integrated in the production
line at the ferrosilicon producer Finnfjord AS.

When performing semi-continuous cultivation, volume was kept constant and each
day the culture was diluted with volumes of seawater with nutrients equivalent to the
harvested volume. During continuous culture the dilution rate balanced growth. The
produced biomass was stored de-watered but unprocessed in a large industrial freezer
container (—20 °C) prior to, e.g., inclusion in fish feed (experiments), while biomass for
chemical analysis was stored in an ultra-low temperature freezer (—80 °C).

2.3. Physical Cultivation Environment, Inorganic Nutrients, Irradiance Measurements
and Computations

During the cultivation sessions, water was sampled every workday (Monday-Friday
and occasionally also during weekends) to measure temperature, pH, irradiance, in vivo
Chla and cell concentration. Every second day, concentrations of the nutrients nitrate,
nitrite, phosphate, silicate and sometimes ammonia were measured [86]. The first years
(until December 2017) a Seal Analytical auto analyzer was applied, while from June 2018
we analyzed samples by using Merck kits and modifications adapted to measurement
in a plate reader (Table 2). This allowed for nutrient concentrations being available 2 h
after sampling, whereafter eventual adjustments in the added quantities of nutrients to
the cultures could be done the same day. Occasionally in vitro Chla, oxygen and other
parameters were sampled.

During cultivation sessions in the 300 m> reactor temperature, salinity, pH, CO,,
turbidity and irradiance sub-surface and incident upon the reactor were also logged contin-
uously (Table 2). Irradiance logging was performed with a cosine atmospheric pyranometer
(400-700 nm) sensor placed above the reactor, in addition to cosine and scalar (spherical)
subsurface (0.7 m) 400-700 nm quantum ones (Table 2). The cultivation sessions were
started using diatom cells from our own in-house stock culture collection. The species
making up this collection were all isolated from the Arctic Barents Sea or the northernmost
part of the North Norwegian coast. These monoclonal stock cultures are maintained and
diluted with pasteurized f/2 or f/10 growth medium [87] with additional silicate added
(12.3 umol Si(OH)4 L) in temperature and irradiance controlled culture cabinets. Storage
temperature was 6-8 °C and scalar irradiance was kept at ca. 10 umol m~2 s~ 1. Photoperiod
was 14:10 (L:D) and the cultures were kept in 40 mL Nunc cell cultivation flasks. When new
mass cultivation sessions were started, inocula from the stock collections were transferred
to 10 and 20 L polypropylene containers filled with f/10 medium. The containers were
kept in culture cabinets with same temperature and photoperiod as the stock cultures
while irradiance was increased to >15 pmol m 2 s~!. When cell concentrations were >ca.
20 mill L=, the cultures were transferred to one of the 6 m> reactors and ca. 1000 L filtrated
seawater was added together with Yara Kristalon and Si-solution. Thereafter volume was
added until the reactor was full and desired cell concentrations were reached. If cultivation
in the 300 m® reactor was initiated, the 6 m> reactor thus functioned as inocula. From mid
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2020, addition of factory fume to the 300 m3 was regulated with a solenoid valve that was
controlled by the logged pH so that pH was kept between 7.9 and 7.5.

The spherical sensor pointed downwards (with bulb mount up) while the cosine
sensor pointed upwards. In an ideal illumination situation with diffuse light from all
directions, the cosine sensor should always show lower readings than the spherical one.
However, in a reactor the illumination units can shadow and variable ratios between direct
and diffuse radiation can occur. Therefore, in some few instances where the cosine sensor
showed higher values, this was taken as mean irradiance at 0.7 m.

The diffuse light attenuation coefficient (k) of a suspension is a measure of the energy
removed from a fixed-length light beam by both scattering and absorption. To find the
mean irradiance in the upper 0.7 m layer of the reactor we calculated values for 0.05 m
depth intervals from 0.7 m depth upwards, using our self-obtained k (diffuse extinction
coefficient) vs. cell number relation (n > 100), i.e.,

k = 2.5406 % Euler-94 “xcell no. "

This formula is valid for ca. 24 um diameter cells, and when cells were larger separate
similar relations were applied. Furthermore, the same formula was used, by planimetric
integration of irradiance vs. depth, to calculate irradiance at 0.05 m intervals to the bottom
of the reactor (from the 0.7 m value) whereafter the mean irradiance for the whole reactor
(volumes varied between ca. 40 and 300 m3) was computed. From these values the actual
irradiance in the reactor (daylight + from LED above surface and underwater units) was
calculated by applying Equation (1) to obtain k for the different observed cell concentrations
as input in the reformulated diffuse extinction coefficient equation:

Iy = Ip/Euler P (2)
where Ip is light at depth D (m) and Ij is irradiance under the surface.

2.4. Biomass Proxies, Growth Rates, Light Utilization and CO, Uptake

The water content of the harvested algae-paste varied with drum filter and centrifuge
systems used, as well as centrifugation time. We therefore applied computed biovolume
and in vivo Chla fluorescence (FL) [55] as biomass proxies during the test production runs.
Dry weight (60 °C 36 h) was tested occasionally and varied between 11% and 38% with
an approximated mean of ca. 22%. Occasionally in vitro Chla was also measured. Cell
counting was performed according to the Utermohl [88] method with Leica and Zeiss
inverted microscopes (400 x magnification) on cells fixed with Lugol’s iodine solution [89]
using Nunc 4 well 1.9 mL cultivation chambers. Settling time was minimum 2 h. Cell sizes
(diameter, height) were normally measured on ca. 10 cells once each week. Biovolume
was thereafter computed from measurements of cell size and number according to the
method in Menden-Deuer and Lessard [64]. In vitro Chla was measured according to
the Holm-Hansen and Riemann [90] method with ethanol as extractant. From this cell
number /biovolume/FL/Chla ratios could be established. Growth rates were registered as
doublings day ! (1) during two-to-three-day periods:

"= Log2(Ny ) ;LogZ(No) 3)

where y = doublings day’l, N and Nj are cell numbers (or biomass) at time f and zero
and ¢ is time in days. The collected data were screened manually, and obvious outliers
(excessively high biomass concentrations and doubling rates) were deleted. This amounted
to 4-5% of the data.

To estimate photosynthetic efficiency, it is necessary to include the energy content
of the microalgae. Platt and Irwin [91] reported caloric contents of 2.151 to 3.529 calories
mg ! DW in microalgae (diatoms) in a field spring bloom situation. Tibbetts et al. [92]
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reported 19-27 MJ Kg~! dry biomass, i.e., 4.5-6.45 calories mg~! with the highest values
in blue-green and green microalgae and the lowest in a diatom. We applied 2.1 calories
mg~! (8.7]) as a conservative estimate of the energy in our mass cultivated diatoms, this
taking the measured protein and lipid content into consideration. Example computation
with 1/3 of the large reactor full is a mean production value of 0.28 g L~ day~! DW (see
Results chapter), which will therefore amount to ca. 280 x 8.7 x 100,000/86,400 = 2.85 kW
(1 W =] s 1) “produced” in 24 h. During production peaks total irradiation in the reactor
was 50-55,000 umol m2 sl je., equivalent to 14.39 kW using the conversion from
Eilertsen and Holm-Hansen [93]. Light utilization was then 2.85/14.39% = 19.8% relative to
total light energy delivered to the reactor. The final efficiency was calculated with different
volumes in the reactor.

Estimation of potential maximum amount produced of algae biomass from CO; in
fume was calculated from several cultivation sessions from measured gas flow in pipes,
CO; content in the fume (Table 2) and an algae DW: CO, conversion factor of 2, i.e.,
time x flow x pipe area x CO; fraction in fume. Example is CO; uptake during 24 h
(86,400 s x 105 cm s~ ! x 44.16 cm? x 0.05 = 20,030 L). 1 L of CO, at atmospheric pressure
has a weight of 1.84 g, then the added CO; can maximum be converted to 36.5 kg biomass.
Harvested biomass (DW) was 12 kg. From this the logged uptake efficiency was ca. 33%.
Applying measured CO, pressure in the culture and 2 m above culture surface (but well
below rim of reactor) in similar situations yielded 709 ppmv in culture and 494 ppmv above,
i.e., d ppmv was 215 ppmv. This method, since the measured fluxes were stabilized over
time (>24 h), yielded a CO, uptake efficiency of 30.03%.

2.5. Total Lipid, Lipid Class and Fatty Acids, Protein and Amino Acid Analysis,
Environmental Contaminants

Extraction of lipid followed Jensen et al. [94] adapted from Folchs method [95], using
2 mL of dichloromethane:methanol (2:1 v/v) as the extractant per 100 mg of biomass [96].
The pellets were crushed using a mortar and pestle prior to extraction, and the biomass was
extracted twice to maximize yield. The organic extracts were evaporated under nitrogen
and the total lipid content was determined gravimetrically. Fatty acid methylation was
performed using a method adapted from Christie [97], using sulfuric acid as the catalyst.
Briefly, 100 uL of lipid extract (10 mg mL~! dissolved in dichloromethane) was transferred
to a 15 mL glass tube and added 800 pLof dichloromethane, 100 pL of internal standard
(C17:0-0.1 mg mL~!) and 2 mL 10% H2S04 in MeOH. The samples were then heated and
kept at 100 °C for 1 h, cooled, and 3 mL hexane and 3 mL 5% NaCl in H,O was added. The
resulting organic phase was transferred to 4 mL glass tubes. Following evaporation, the
samples were resuspended in 100 uL of hexane and transferred to GC test tubes prior to
analysis.

Fatty acid methyl esters (FAMEs) were analyzed on a GC-FID (Agilent Technologies)
coupled to a Select FAME column (length 50 m, ID 0.25 um and FT 0.25 pm, Agilent
J&W Columns), using helium as the carrier gas (1.6 mL min~!). The fatty acids were
quantified based on the peak area of the chromatograms divided by the area of the internal
standard and converted to absolute amounts using the slopes calculated from standard
curves (triplicates of 7.8125-2000 pg mL~! of GLC 502 Free Acids, Nu-Check-Prep, Elysian,
MN, USA).

The lipid class composition was analyzed by normal phase HPLC, using a Water
€2795 separations module coupled to a Supelcosil™ LC-S5I 5 mm (25 cm x 4.6 mm) column
(Supelco HPLC products, Bellefonte, PA, USA) set to a working temperature of 40 °C. The
HPLC method used was modified from [98]. Lipids were quantified on a Waters 2424 ELS
detector based on the peak area in the chromatograms and converted to absolute amounts
based on standard curves. The detector settings were as follows: Gain 100, nebulizer
heating level set to 30%, drift tube temperature set to 45 °C and pressure set to 40 PSI. The
total run time was 41 min, using the a gradient profile table. All lipid analyses including
fatty acids and lipid classes were performed using five replicates.
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For amino acid analysis dried microalgae (40 mg) was mixed with 0.7 mL distilled
H,O, 0.5 mL 20 mM DL-norleucin (internal standard) in glass tubes with two replicates
and hydrolyzed as previously described [99,100]. The amino acids were analyzed chro-
matographically using an ion exchange column followed by ninhydrin post column deriva-
tization on a Biochrom 30 amino acid analyzer (Biochrom Foods 2020, 9, 1901—4 of 17
Co., Cambridge, UK). As described previously, amino acid residues were identified us-
ing the A9906 physiological amino acids standard (Sigma Chemical Co., St. Louis, MO,
USA) [101]. The total amount of protein was measured as the sum of amino acid residues
as recommended by [102].

All contaminant analysis were performed by NILU-Norwegian Institute for Air Re-
search. For the analysis of polychlorinated biphenyls (PCBs), all pentachlorobenzene
(PeCB), hexachlorobenzene (HCB) and pesticide samples were prepared similarly. Briefly,
1.5 g freeze-dried microalgae were mixed and homogenized with a 20-fold amount of dry
NaySOy. Prior to extraction, the samples were added to a mixture of several different
isotope labelled compounds for quantification purposes. The samples were extracted with
organic solvents (cyclohexane/acetone, 1:1) and concentrated, followed by a sulphuric
acid clean up and fractionation on a silica column to remove interferences before analysis.
The compounds were quantified using GC/HRMS (EI) and/or GC-qToF (ECNI). Proper
identification and quantification were confirmed based on correct retention time, correct
isotope ratio, a signal/noise ratio > 3:1 and a correct recovery of internal standard, in
addition to accepted blank for the method.

For dioxins and non-ortho PCBs (no-PCBs), extraction and clean-up were performed
with a semi-automated three-column system as described in detail by Nash et al. [103]. In
brief, 5 g of freeze-dried tissue was homogenized with anhydrous NaySOy, spiked with
internal standards (13C-labelled polychlorinated dibenzodioxins (PCDD), polychlorinated
dibenzofurans (PCDF) and coplanar PCBs) and subjected to extraction and clean up through
three columns prepared with (a) activated silica and potassium silica, (b) silica and (c)
activated carbon with dichloromethane (DCM) and cyclohexane (1:1) followed by DCM.
Finally, the PCDD, PCDF and coplanar PCBs were eluted from the column with activated
carbon using toluene. The toluene extracts were attributed to solvent exchange to hexane
and further cleaned through consecutive sulphuric acid-coated silica column, followed by
potassium hydroxide-coated silica column with hexane, followed by 1% DCM in hexane.
13C-labelled 1,2,3,4-TCDD recovery standard was added before analysis by HRGC-HRMS-
EI (an HP5890 GC coupled to a VG AutoSpec) by monitoring at m/z of the molecular ions.
The separation of the congeners was carried out on a DB-5 ms (30 m, 0.25 mm, 11 pm film
thickness) fused silica.

For the analysis of perfluorinated alkylated substances (PFAS), the freeze-dried sam-
ples (0.4-0.9 g) were homogenized. Internal standards were added to the sample before
it was extracted with methanol or acetonitrile using vortex and ultrasonication. After
extraction the sample was concentrated followed by clean-up with emulsified carbon. The
anionic PFASs were analyzed according to [103]. Quickly, the samples were analyzed by
ultrahigh pressure liquid chromatography triple quadruple mass-spectrometry (UHPLC-
MS/MS). Analyses were performed on a Thermo Scientific quaternary Accela 1250 pump,
with a Waters Acquity UPLC HSS 3 T column (2.1 x 100 mm, 1.8 pm) coupled to a Thermo
Scientific Vantage MS/MS (Vantage TSQ). Ionization was conducted in the negative elec-
trospray ionization mode (ESI-). The QA /QC of the sample preparation and analysis was
assured using mass labelled internal standards for (13C PFAS), where they were available.
Quality of sample preparation and analysis for conventional PFASs was further assured
with reference materials and laboratory blanks.

To analyze (heavy) metals, the samples were digested by microwave-assisted min-
eralization using an UltraClave. About 0.5-0.75 g of sample was weighed in TFM tubes,
and 5 mL of diluted supra pure nitric acid was added. The samples were submitted to a
four-step program with 220 °C as maximum temperature. After digestion, the samples
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were split into two aliquots, and concentrated HCI was added to the aliquot used for Hg
determination. Metals were analyzed applying an ICP-MS.

For all environmental contaminant analyses, the limits of detection (LOD) were calcu-
lated for each sample, using the accepted standard method, i.e., the average of blanks plus
3 times the standard deviation for blanks. For metals, blank values were subtracted from
the detected concentrations.

2.6. Bioprospecting

Prior to bioactivity testing the microalgal biomass was freeze dried, grounded using
mortar and pestle and extracted overnight with ultrapure water at 4 °C. The sample was
centrifuged at 4.600 rpm, and the supernatant was freeze dried and grounded. The pellet
was freeze dried and extracted three times with a mixture of methanol and dichloromethane
(vol:vol). The extracts were combined, filtered through a Whatman No. 3 filter paper (Maid-
entown, UK) and reduced to dryness under reduced pressure in a rotary evaporator. The
aqueous and organic extracts were stored at —20 °C. To reduce the chemical complexity
of the samples in the bioactivity screening, the extracts were pre-fractionated using Flash
chromatography. Approximately 1.5 g of extract was fractionated on a plastic column
packed with 8.5 g Dianion HP-20SS resin using a gradient of water, methanol and ace-
tonitrile. Eight fractions with compounds of decreasing polarity were collected from each
extract. The fractions were reduced to dryness under reduced pressure and resuspended in
dimethyl sulfoxide (DMSO) to give a concentration of 40 mg ml~1.

2.6.1. Cytotoxic Activity against Human Cell Lines

The pre-fractionated samples were tested for cytotoxic activity against A2058 human
melanoma (ATCC CRL-11147), HT-29 colon carcinoma (ATCC HTB-38) cells as well as
MRCS5 normal lung fibroblasts (ATCC CCL-171). The cells were cultivated as described by
Osvik et al. [104]. The assays were performed in 96-well plates, and the cells were exposed
to the fractions for 72 h before their metabolic activity was assessed by adding CellTiter
96 AqueousOne solution (Promega, Madison, WI, USA) and reading the optical density
at 485 nm after one hour of incubation. Culture medium and Triton X-100 were used as
negative and positive controls, respectively.

2.6.2. Antibacterial Activity

Five bacterial strains were used to test the fractions for antibacterial activities: Staphy-
lococcus aureus (ATCC 25923), Escherichia coli (ATCC 25922), Pseudomonas aeruginosa (ATCC
27853), Escherichia faecalis (ATCC 29212) and Streptococcus agalactiae (ATCC 12386). The
bacteria were cultivated as described in Osvik et al. [104]. The growth of bacteria was mon-
itored by measuring optical density at 600 nm after overnight exposure to the microalgal
fractions.

2.6.3. Inhibition of Biofilm Formation

The ability of the fractions to inhibit biofilm formation was tested using the biofilm
producing strain Staphylococcus epidermidis (ATCC—5984). The bacteria were grown to
produce biofilm as described by Osvik et al. [104]. Briefly, bacteria and fractions were
incubated overnight in 96-well plates before the cells were removed, and potential biofilms
formed in the wells were stained by a solution of 0.1% crystal violet. The degree of biofilm
formation was monitored by recording optical density at 600 nm.

2.6.4. Antioxidative Activity

The cellular antioxidant activity (CAA) assay was used to detect antioxidative proper-
ties of the fractions. HepG2 cells were seeded and grown as described by Olsen et al. [105].
Briefly, the cells were incubated with 25 uM DCFH-DA (2/,7’-dichlorofluorescin diacetate)
and the microalgal fractions for 1 h. After incubation, 2,2’-azobis(2-methylpropionamidine)
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dihydrochloride (AAPH) was added and the antioxidative activities were recorded as
fluorescence at excitation 485 nm and emission at 520 nm.

2.6.5. Anti-Inflammatory Activity

The anti-inflammatory assay was performed as described by Lauritano et al. [106].
Briefly, THP-1 cells (ATCC TIB-202) were incubated with algal extracts and 1 ng/mL
lipo-polysaccharides (LPS), and the suppression of TNF-« secretion was measured by an
enzyme-linked immunosorbent assay (ELISA).

Methods for MRSA (Methicillin-resistant S. aureus, ATCC-33591) antibacterial testing
followed Ingebrigtsen et al. [107]. Regarding the diabetes assay (PTP1B), both assay method
and procedures are described in Ingebrigtsen et al. [107], while immunomodulating assays
were done as in Lind et al. [108].

3. Results
3.1. Physical Cultivation Environment

Minimum temperatures in the seawater intake (fed to the reactors) were 3.5-4 °C
early in April while maximums (13.5-14 °C) were in September (Figure 3). Annual mean
temperature was 7.97 °C, and the 75% percentile temperature was 9.66 °C. Data from the
other years (2015-2018 and 2020-2021) are available but not shown here since temperature
variations between years are negligible. The temperatures in the 300 m® reactor also varied
with surrounding air temperatures, i.e., down to and below zero during cold winter periods
and with maximums occurring earlier than in the outside fjord, i.e., during mid-summer
(Figure 4).
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Figure 3. Temperatures in the seawater intake at Finnfjord AS in 2019.
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Figure 4. Temperatures measured in the 300,000 L reactor during the cultivation sessions.

pH measurements during cultivation sessions in the 300,000 L reactor indicated a
range of ca. 3.0 units, with minimum 6.37 and maximum 9.44. It also tended towards
less low pH values in 2021 than during 2018-2020 (Figure 5). The dotted line in Figure 5
indicating pH in the cultivation medium (intake seawater and added inorganic nutrients)
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tilts weakly downwards with time. This is due to the fact that the cultivation sessions were
not identical with respect to time and duration between years, combined with the fact that
the CO; content in surface layers will vary with season (e.g., due to varying amounts of
microalgae and growth).
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Figure 5. pH registrations in the 300,000 L reactor during the cultivation sessions. The dotted line
indicates ca. pH in the cultivation medium (seawater and added inorganic nutrients without algae,
i.e., reactor intake water).

During representative cultivation sessions mean horizontal current was ca. 0.1 m s~

while maximum was 1.280 m s~ ! (Table 3). Vertical current mean values varied from 0.055
to 0.017 m s~ 1. Assuming this is representative of the whole water column in the reactor,
average net mixing time from bottom to surface (6 m) or opposite was 7-9 min. The shortest
mixing time was 25-50 s as measured when the rotating gas distributing device passes.

Table 3. Measured current (mixing rates m s~ 1) in the 300,000 L reactor. * Negative values indicate
upward vertical currents while positive values indicate downward currents.

0.1 m Depth 1.2 m Depth
Horizontally Vertically Vertically * Horizontally Vertically Vertically *
Absolute Value —/+ Up/Down Absolute Value —/+ Up/Down
Mean 0.09905 0.055289 —0.033 0.9563 0.01714 —0.00651
Min 0 0 —0.3081 0 0 —0.2079
Max 1.2802 0.3123 0.3123 1.069 0.2272 0.2272

Natural irradiance reaching the surface of the 300 m? reactor, through the transparent
acrylic roof, varied from close to zero (January-December) to ca. 40 W m? in June (Figure 6).
The mean scalar irradiance in the culture water of the 300 m® reactor varied from 3 to
100 umol m—2 s~! with occasional “spikes” well above this (Figure 7). Using a (own
obtained) factor of 0.2614268 [93] to convert quanta to W yields 0.8-26 W m2.

The total scalar light reaching the 300 m® reactor, i.e., both natural light incident
upon the water surface reaching the interior of the reactor and light from the submerged
LED lamps, varied substantially with max. 30,000-50,000 pmol s~ ie. 7800-13,000 W
(Figure 8).

Measurements of diffuse light extinction (k) coefficients at different depths and cell con-
centrations allow for diverse k computations in the 300 m reactor (Table 4). With a biomass
(biovolume) concentration of ca. 1 cm3 L~! and scalar irradiance of 100 umol m~2 s~ 1 at
the surface of the reactor, there will be 32 times more light at 0.6 m with 42 pum cells than if
cells were small (24 um). In a situation where biomass is lower, i.e., 0.5 em® L1 there will
be 4.5 times more light if large cells are cultivated.
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Figure 6. Monthly means of PAR (300-700 nm) cosine atmospheric irradiance incident upon the
300 m~3 photobioreactor at Finnfjord AS. Data represents means of logged data from October 2018,
March-June 2019, and all of 2020 until August 2021. Detailed data on interannual variation of visible
radiation in the area are not available, but further south along the coast radiation between years can
vary 2.5-3.1% [109].

E/

Jan Feb Oct Nov Dec

Figure 7. Mean scalar irradiance history in the 300,000 L photobioreactor.
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Figure 8. Total scalar light on—in the 300,000 L photobioreactor.

Computations of biomass specific uptake of inorganic nutrients over 1-3 day peri-
ods with factory fume on and off (off when atmospheric air was added) showed that N
consumption as nitrate and nitrite decreased ca. 35% when fume was added relative to
consumption with air bubbling. This difference was statistically significant (Figure 9). The
same tendency was observed for phosphate and silicate, but these differences were minor
and not statistically significant. The overall average uptake of nutrients was 110.54 NO3 ™~ +
NO,~, 48.11 PO, and 47.70 Si(OH),/cm?® biovolume.
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Table 4. Scalar irradiance in the 300 m3 reactor at different biomass concentrations and cell size,

k calculated from n = 62.

Biomass Cell Size Biovolume C Cetll i Scalar Irradiance pmol m~2 s~1
Specifick  (um Diameter) (cm® L-1) O(Ill\“f:?]ffll)on 0m 0.6m

6.5 42 1 18,000,000 100 2.024

12.3 24 1 90,000,000 100 0.062

3.1 42 0.5 11,000,000 100 15.56

5.6 24 0.5 40,000,000 100 3.47
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Figure 9. Biomass specific uptake of inorganic nutrients in the 300 m3 reactor 2018-2021. Inner
boxes = Mean +/— S.E. and outer whiskers = Mean +/— 0.95 confidence intervals. Left nitrate and
nitrite, n = 117 and students t-test p = 0.041. Middle Orthophosphate, n = 127 and students ¢-test
p = 0.66. Right Metasilicate, n = 95 and students t-test p = 0.86.

3.2. Cultivation: Growth Rates, Biomass Concentration and CO, Sequestration

Growth rates as doublings day~! are shown as pooled rates from all reactors (Figure 10),
covering the period since we started with the small reactors (150-6000 L) in 20152016
until implementation of the larger reactors (14,000-300,000 L), optimizing results from the
smallest ones in the larger reactors.

35 ; ; r ! T —
30 > . '_'- o
. : ;.-
25 H - " . . "
Tg 20 . .. l. -.-. . . " oa '

%’1,5 " - : l.. ) I.:.l E:: :..-*l .j -
° : . . - I . - " :-t L™
S T . TR TR LA

1 i ] "a o . et
n o g a2 .".._ii et
0.5 ‘.‘- [ " 4 “I - ', H .|
" r-: rha & ! : 72 "
0.0

2015 2016 2017 2018 2019 2020 2021

Figure 10. Cell doubling rates from all reactors for the years 2015-2021.

The growth of the cultures measured as pooled doubling rates from all reactors rates
increased throughout the period, i.e., mean rates increased ca. 70% during the period
2015-2021 (Figure 10). Production measured as biovolume also increased steadily during
the same period (Figures 11 and 12), as did biomass in the reactors (Figure 13).
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Figure 11. Production measured as biovolume pooled from all reactors.
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Figure 12. Production measured as biovolume in the 300,000 L reactor.
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Figure 13. Biovolume from all reactors 2015-2021.

The production in the 300,000 L reactor exclusively revealed that the decline in pro-
duction in 2021 was largely in this reactor.

The concentration of biomass reached at maximum ca. 1.28 cm® biovolume L~! during

the spring of 2021. Peak, but conservative estimated (values above the 75 percentile were
discarded) production volumes in the 300 m® reactor as DWs hence were in the range
0.09-0.31 g day !, and at the logged fume flow this resulted in a mean uptake of 34% of
CO; from the factory fume (Table 5).

In order to obtain an overview of stress factors vs. growth rate and biomass concen-

tration we performed PCA ordination analysis using the statistical module in Statistica
(Figure 14).
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Table 5. PCA factor loadings from variable correlation matrix for four first factors in analysis of data

(matrix since 16 cases x 206 active cases). Bold shows significant (5 %) loadings.

Variable Factor 1 Factor 2 Factor 3 Factor 4
Temperature —0.350603 —0.065362 —0.305317 —0.702564
pH —0.191139 —0.095166 —0.421719 —0.390890
CO, 0.246988 0.051189 0.019916 —0.231155
Fl 0.709964 —0.308751 —0.142231 0.108382
Doubl./Day —0.055976 —0.880949 0.077926 —0.222984
Oxygen 0.444822 0.257117 —0.137969 —0.131388
NO3 0.740952 0.124719 0.058572 —0.321568
NO, —0.017447 0.004179 —0.062530 0.330749
POy 0.502714 0.115031 0.507148 —0.279079
SiOH 0.808084 0.103553 0.048914 —0.161543
Cosine —0.184288 0.027598 0.711832 —0.237633
Pyranometer —0.132123 0.148798 —0.348898 —0.186659
Spherical —0.507825 —0.084130 0.481529 —0.076914
Biovolume 0.681223 —0.197680 —0.073498 0.335251
Production 0.207280 —0.924152 0.017919 —0.017458
Total light 0.494959 0.153890 0.022518 —0.226947
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Figure 14. Orientation of data from the 300,000 L reactor at Finnfjord AS by axes formed by the two
first factors in a PCA ordination analysis (n = 91).

Correlation (linear) tests between calculated biovolume and weight (in grammes) of
the harvested biomass from the 300 m> reactor revealed that the biovolumes calculated from
cell size measurements and enumerations always were higher that the weights (Figure 15).
The mean difference for weights between 0.15 and 0.5 g L' was ca. 0.15 g (ca. 25%).

At the prevailing cultivation conditions in our 300 m? reactor, large cells could, sta-
tistically significantly, sustain larger biovolumes at comparable illumination conditions
(Table 6). Large cells also maintained higher production rates, though not statistically

significantly.
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Figure 15. Harvested biovolume from the 300,000 L reactor vs. wet weight of the same harvested
biomass, r = 0.61 at p < 0.05 and n = 60.

Table 6. Operating results from cultivation in the 300,000 L reactor 2018-2021.

Mean +/—S.D. n Unit
CO; uptake 26.45 8.85 - Y%
Uptake NO3~ + NO, ™ in diatoms * 110.54 146.9 117 umol cm?
Uptake PO4™ in diatoms * 20.15 19.37 127 pmol cm?
Uptake S5iO; ™ in diatoms * 47.70 67.46 96 pmol cm?
Light utilization efficiency 21.66 22.71 84 % (W vs. W)
Temperature in reactor 6.64 5.07 852 °C
pH 8.089 0.41 679
Biovolume with cells < 30 um ** 0.189 0.151 152 cm?
Biovolume with cells > 30 um ** 0.622 0.205 102 cm’
Production with cells < 30 um ** 0.219 0.327 102 cm® L1 Day‘1
Production with cells > 30 ym ** 0.260 0.139 102 em® L1 Day~!

* Biomass (cm® biovolume) specific uptake; ** Cultivations performed with approximately same reactor
illuminations.

3.3. Chemical Content in Diatoms with and without Fume

The lipid content of our diatoms cultivated with or without factory flue gas is shown
in Table 7. The addition of flue gas to the cultivation did not affect the accumulation of
lipids in this experiment, and both treatments contained approximately 10% lipids of freeze
dried weight, corresponding to approximately 20% lipids of ash-free dry weight.

Table 7. Lipid content (%, average & SD, n = 5) of the diatom cultivated with and without factory
flue gas.

With flue gas 9.9 £0.11
Without flue gas 10.3 £0.73

Some differences in the fatty acid composition with or without factory smoke were
observed (Table 8). Notably, the total omega-3 content was slightly higher in the samples
cultivated with factory flue gas; this difference was due to an elevated content of 18:4n-3.
The eicosapentaenoic acid (EPA, 20:5n-3) was similar in both samples. Samples without fac-
tory fume appeared to upregulate the synthesis of 16:4n-1 compared to the other treatment,
which resulted in a similar total amount of polyunsaturated fatty acids in both sample
treatments.
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Table 8. Fatty acid composition (%, average & SD, n = 5) of the diatom cultivated with and without
factory flue gas.

With Flue Gas Without Flue Gas

C14:0 9.6 £ 0.16 6.8 £0.29
C16:0 5.7 £0.01 6.4 £ 0.05
Cl6:1n-7 8.4 £ 0.04 9.9 £0.06
C16:3n-4 13.9 £ 0.06 12.7 £ 0.03
C18:0 0.3 £0.02 0.1+£0.13
Cl6:14n-1 15.6 = 0.06 21.6 £ 0.04
C18:2n-6 0.3 £ 0.00 0.0 £ 0.00
C20:0 0.1£0.13 0.3 £0.01
C18:4n-3 9.4 £0.05 45=£0.01
C22:1 n-11 0.3 £0.01 0.0 £ 0.00
C20:5n-3 32.6 £0.19 32.8 £0.27
C22:6 n-3 3.7 £0.04 4.7 £0.06
Y SFA 15.7 £0.17 13.7 £ 0.33

Y MUFA 8.6 £0.05 9.9 £0.06
Y PUFA 75.7 £0.17 76.4 £ 0.36
Y Omega-3 45.8 £ 0.26 421 +£033

All amino acids, except aspartic acid and arginine, presented higher values when
cultivated with factory fume addition than with air (Table 9). The total DW specific amino
acid content was therefore 34% vs. 30% weight based, with and without fume, respectively.
The relative portion of EAA was though comparable, i.e., 36-37%.

Table 9. Amino acids, essential Amino acids (EAA), nonessential Amino Acids (NEAA), total amino
acids (TAA) and total protein (mg g~! DW, n = 2) of biomass cultivated with and without fume.
%EAA = essential amino acids as % of total and CS = chemical score.

With Fume Without Fume
EEA 1224 110.4
Threonine 1524+0.3 13.5+0.0
Valine 16.6 + 0.2 145+0.3
Methionine 84+03 74+05
Isoleucine 145 +0.3 12.8 £0.2
Leucine 25.6 £ 0.7 23.7 £ 0.2
Phenylalanine 16.8 = 0.1 16.0 04
Lysine 191+ 04 16.8 0.5
Histidine 6.2 +05 5.7 +0.1
NEAA
* Aspartic acid 323+ 0.5 33.9+0.2
Serine 155+ 0.0 139 £ 0.1
* Glutamic acid 46.9 + 0.5 441 4+0.8
Proline 24.0 £ 0.6 19.7 £ 04
Glycine 18.7 £ 0.7 177 £1.3
Alanine 38.8 £ 0.5 26.1 +0.4
Cysteine 24+02 23+0.1
Tyrosine 124+ 04 99+0.1
Arginine 21.8+04 199+15
P-Serine 4.0+£0.0 24 4+0.0
TAA 339.2 300.3
%EAA 36 37
Tot protein 286.3 4.6 2547 £ 4.5
CS >1.0 >1.0

* Tryptophan is denatured during acid hydrolysis while glutamine and asparagine deaminate during acid
hydrolysis and are therefore included in glutamate and aspartic acid.
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The contents of some health security relevant heavy metals, dioxins and dioxin-like
PCBs are in Tables 10 and 11. The European Union limits for heavy metals are: Total
As: <10 mg kg~! in calcareous marine algae and <2 mg kg~! in general, Pb: <15 mg
kg ! in calcareous marine algae and <10 mg kg ! in general, Cd: <1 mg kg~ ! and Hg:
<0.1 mg kg1

Table 10. Concentrations (pg TE/g ww) for dioxins and furans (PCDD/PCDF), non-ortho PCBs
(no-PCBs) and mono-ortho PCBs (mo-PCBs) and sum of all three groups (Total sum TE), fermented
with and without fume (n = 2). For upper bound (UB), <LOD concentrations are included; and <LOD
concentrations are set to zero in lower bound (LB).

With Fume With Fume Without Fume Without Fume
pg TE/g ww UB Incl LOD LB Excl LOD UB Incl LOD LB Excl LOD
Sum
PCDID/PCDE * 0.049 0.025 0.036 0.013
Sum no-PCB ** 0.007 0.007 0.003 0.003
Sum mo-PCB *** 0.0002 0.0001 8.9 x 1075 53 x 105
Total sum TE 0.057 0.033 0.040 0.016

* Sum of PCDD/PCDF includes 2378-TCDD, 12378-PeCDD, 123478-HxCDD, 123678-HxCDD, 123789-HxCDD,
1234678-HpCDD and OCDD; 2378-TCDEF, 12378-PeCDF, 23478-PeCDF, 123478-HxCDEF, 123678-HxCDE, 123789-
HxCDF, 234678-HxCDF, 1234678-HpCDF, 1234789-HpCD, OCDE. **/*** Sum DL-PCB includes PCB-77, -81, -126,
-169, -105, -114, -118, -123, -156, -157, -167 and -189.

Table 11. Concentrations (ng g~ ! ww) of ICES-6 PCBs, various pesticides and metals (ng g~! dw) in
the diatom fermented with and without fume (n = 2). Data for compounds with no detection in any
samples are omitted from the table.

ng/g ww With Fume Without Fume
Sum ICES-6 PCB * 0.07 0.02
PeCB 0.012 0.047
HCB 0.026 0.041
o«-HCH 0.005 0.006
3-HCH 0.003 0.002
v-HCH 0.010 0.007
op’-DDD 0.001 <0.001
pp-DDD 0.003 <0.001
PFUnDA 0.008 0.016
mg/kg dw With Fume Without Fume
Mercury (Hg) 0.005 0.002
Lead (Pb) 1.32 0.16
Cadmium (Cd) 0.02 0.01
Arsenic (As) 2.58 1.72
Selenium (Se) 0.67 0.27

* Sum ICES—PCB6 includes PCB-28, -52, -101, -138, -153 and -180.

3.4. Bioactivity in Diatom Biomass with and without Fume

Bioactivity results reported here represent two cultivation campaigns using two strains
of the same species. The cultivations are also differing in the cultivation technique. The
first campaign used 600 L PBR’s while the latter referred to as “G300” herein used a 300,000
L PBR (both PBR’s are vertical bubble column type PBR’s). These results are the summary
and comparison of bioactivity efforts and results. Some results are previously presented,
e.g., G300 in Osvik et al. [104] and on 600 L cultivations at different cultivation conditions
in Ingebrigtsen et al. [107]. In addition, previously unpublished results are included to
further elaborate the bioactivity profile.
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3.4.1. Cytotoxic Activity against Human Cell Lines

There was activity against human melanoma A2058 cancer cells at all tested conditions,
as previously reported in Osvik et al. [104] and Ingebrigtsen et al. [107]. In the assay against
HT-29 colon carcinoma cells we found similar activity in both G300 cultivations, and
previous unpublished data from three sets of 600 L cultivations across conditions 2—4 (see
Figure 16). Furthermore, this activity was detected in both extracts fractioned using HPLC
and FLASH (see Figure 17). Regarding activity against MRC5 normal lung fibroblasts,
which was tested in both G300 and, we found such activity only in latter cultivations. We
found activity in the MCF7 assay at low temperature and low light condition in a 600 L
cultivation.

A2058 Biofilm FRAP G300 - Biofilm
UV A
LOW A 0000
HIGH 4 L (]
G300- A2058 G300- HT29 HEPG2_CAA HT29
UV A .
Condition
LOW 4 1
HIGH 4 2
3
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UV 4 Normal Air
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HIGH 4 000
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Figure 16. Overview of positive results (hits) from bioactivity testing of diatom extracts. Testing
was performed in two rounds using two different strains of the diatom species, as reported in Osvik
etal. [104] and Ingebrigtsen et al. [107]. Each dot in the facets represents a positive hit in the respective
assay. The color coding and x and y-axes are cultivation conditions; please note that “smoke or no-
smoke” condition is only tested in the G300 photobioreactor. Results from assays G300-A2058,
G300-Biofilm and G300-HT29 were reported in Osvik et al. [104], and HPLC fractioned extracts
tested in A2058, FRAP, PTP1B and TNF_THPAIF/IM were reported in Ingebrigtsen et al. [107], see
Figure 17. Color coding for conditions 1-4 was added for readability. The figure was made using
RStudio Version 1.4.1106.

3.4.2. Antibacterial Activity

Extensive antibacterial testing has been done across a range of bacterial lines. We
found few examples of inhibition except against Streptococcus type B, cultivated using
strong UV illumination in a 600 L PBR (see Figure 16).
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3.4.3. Inhibition of Biofilm Formation

As previously reported in Osvik et al. [104], there is activity against biofilm both with
and without addition of smoke (see Figures 16 and 17). Anti-biofilm activity was also found
in 600 L cultivations at high light and UV light with high temperature. Both G300 and 600
L samples were FLASH fractioned.

Biofilm FRAP G300 - Biofilm

UV -

LOW 4

HIGH -

G300- A2058 G300- HT29 HEPG2_CAA HT29

uv+4

LOW 4

HIGH

HPLC_FLASH
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IL1B_THPAIF MCF7_MTT MRC5 PTP1B FLASH

UV -

LOW +

HIGH 4
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Figure 17. Overview of positive results (hits) from testing diatom biomass in bioactivity assays.
Highlighted here is the fractionation method (FLASH vs. HPLC). Results from assays G300—-A2058,
G300-Biofilm and G300-HT29 were reported in Osvik et al. [104], and HPLC fractioned extracts tested
in A2058, FRAP, PTP1B and TNF THPAIF/IM assays were reported in Ingebrigtsen et al. [107]. The
figure was made using RStudio Version 1.4.1106.

3.4.4. Antioxidative Activity

FRAP and CAA have so far not been tested on the G300 biomass. However, previous
results from Ingebrigtsen et al. [107] show that there is activity in the FRAP assay at all
conditions (1-4) tested. In addition, previously unpublished CAA results show that there
is also antioxidative activity at high temperature and light.

3.4.5. Anti-Inflammatory Activity

We found anti-inflammatory activity in most experiments. The anti-inflammatory
activity previously reported in Ingebrigtsen et al. [107] was only found in cultivations
subject to low temperatures, while cultivations at high temperatures yielded no anti-
inflammatory activity. Nevertheless, later 600 L cultivation experiments where the biomass
was FLASH fractionated had anti-inflammatory activity (see Figure 17).

3.4.6. Anti-Diabetes Activity

Anti-diabetes activity was ubiquitous across all cultivation experiments, regardless of
fractionation method, temperature or light intensity.
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4. Discussion

In many ways the present project was based on the conviction that a large part of the
future’s fish feed, nutritious biomass and oil in general will and should be harvested or
produced from the lowest trophic level in the marine food web, i.e., from fast growing
photoautotrophic organisms. Based on the experience from numerous other microalgae
projects, it was clear that this was indeed a high-risk journey to begin. The upside is that
there is still room for optimization of methods to use and organisms to apply, similar to the
optimization that the cultivation of terrestrial crops continuously experiences.

Both growth rates and biomass concentrations in our cultivation sessions increased
steadily during the five-year period (2015-2021) (Figures 10 and 11). The main, but not
only mechanism behind these increases was the gradual implementation of an improved
illumination concept. This was based on a combination of atmospheric radiation and
artificial light on and below the surface of the bioreactor. We used daylight white LED
lamps with variable intensity, and total illumination on/in the reactor was gradually
increased with time. A maximum was reached early 2021 with ca. 50,000 umol quanta s 1.
In our reactors we observed a mean conversion rate of light utilization efficiency of ca. 20%
(Table 6). This number is not exact since the precise chemical composition of the diatoms
are not accounted for in terms of energy. In our opinion, the applied computation method
is acceptable, and our logged efficiencies must be considered high relative to comparable
initiatives where maximum varied between 5% and 15% [110-113]. It must be mentioned
though that we use the term “light utilization efficiency” since the way photon efficiency is
measured influences the result. The way the reactor “captures” and “re-uses and keeps”
the light will be important (all light one can “see” is wasted energy). It has also been
shown in raceway reactors that cells can adapt to short (s~1) on—off light cycles [114]. In
addition, our large cells concept with low self-shading, allowing for long light depths, also
played a major role here (Table 4). The annual mean atmospheric irradiance incident upon
the reactor was ca. 20 W m~2 (Figure 6). The approximate mean annual radiation in the
Finnsnes area is much higher, i.e., 80 W m~2 [115]. This discrepancy was due to the fact
that our reactors for practical reasons were situated in a shadow zone close to the factory’s
energy retrieval system buildings. Further upscaling of reactor size and production is
therefore bound to take place in open areas without shadowing from buildings and terrain.

Tight monitoring of inorganic nutrient content and addition was also important for
the growth optimization. Sufficient levels and consumption of N, P and Si are mandatory
if nutrient limited growth shall be avoided, and we tried as much as possible to keep
concentrations > 2 x of the respective nutrient’s half saturation constants. At the beginning,
nutrients were measured ca. weekly, and the results from the autoanalyzer were only
available weeks after sampling. This is unsustainable if fast responses to unfavorable
culture environments shall be implemented. From 2018, nutrients were therefore measured
every second day and results were available the same day. This allowed for frequent
adjustments to maintain appropriate nutrient levels in the cultures, as well as to obtain
reproducible chemical content (fatty acids and amino acids) of the cells.

It can be observed that production decreased after early spring 2021 (Figures 12 and 13).
This was mainly due to application of fewer light units (Figure 7). Initial simple linear
correlation analysis between cultivation parameters vs. biomass and production revealed
few significant correlations between many (16) parameters. We therefore performed (data
reduction) PCA analysis on the data sets (Table 5). Here Factor 1 and 2 explained ca. 35%
of the data (Figure 14). It was mainly total light and nutrients (nitrate + nitrite, phosphate
and silicate) that were correlated to the first axis (Table 5). The second axis correlated
with actual measured light in the reactor (measured with spherical and cosine sensors),
though weaker than total light and inorganic nutrients. Doubling rate and production
surprisingly did not correlate with total light, here indicating that some other factor also
contributed as regulator of growth, since the light intensities in the reactor were well
below Pmax. Further temperature also seemed to have a minor impact on growth, while
biomass concentration in the reactor was in fact more tightly correlated to total light than
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production. We interpret this as being because during large periods we cultivated without
nutrient and/or temperature stress, i.e., with sufficient nutrients and total light. The fact
that production related poorly to total light may also be partly due to the fact that large and
small cells acted differently with respect to light utilization (Table 6). Another hypothesis
that will be tested is if zinc or aluminum anode materials in the reactor may have had
deleterious effects on the cultivated diatoms [116]. This is an important issue to consider if
underwater lights shall be applied since (nearly) all materials submerged in seawater are
prone to corrosion.

Biomass peaks in our 300 m? reactor were around 1.28 cm® L~! biovolume, and
production ones were ca. 1.5 cm® L™! Day~!. In terms of DW this translates into the
production peaking at 0.18-0.42 g L~! Day ! with a mean of ca. 0.22 g L~! Day ! DW.
Obtaining a reliable overview of “normal” microalgae mass production values from the
literature is difficult, e.g., due to the variability of cultivation and de-watering/processing
concepts. Issues related to intellectual property rights (IPR) can also hinder reporting of
correct values. Our own attempt to obtain an overview of published production rates
yielded values from 0.05 to 3.8 g L~! Day~! DW (Table 12).

Table 12. Production, growth rates and volumes of selected photobioreactor types. Numbers in table
are rounded and growth rates are in most of the instances computed from reported increases in
biomass in these publications [117-138]. Values are (assumed) DW ones.

Production Mean Mean Mean Volume
Reactor Type Range Production Growth Rate Reactor
gL 1day1 Doublings day 1 L
Plate 0.2-3.8 24 1.2 6500
Tubular 0.05-2.7 1.2 0.6 2800
Column 0.06-0.4 0.2 0.2 550
Pond 0.1-0.35 0.6 0.6 50,000

Other 0.05-0.5 0.08 0.08 100

Finnfjord * 0.18-0.42 0.22 0.47 300,000

* Values from 300 m? reactor during selected cultivation periods in 2019-2021.

The highest values were obtained with thin plate reactors, where associated doubling
rates also were highest, i.e., 1.2 doublings day ! (values from cited papers or recomputed
from same).

Tubular reactors came in second, illustrating that reactor types with short light depths
gave the highest production rates. The reported values are not necessarily peak ones though.
It is also important to take note of the fact that the large part of the above cited values
was obtained in small reactors (<10,000 L). Our Finnfjord initiative must be categorized
as “large volume with medium productivity and high light utilization efficiency”. Large
volume continuous culture types can of course cause stress on the water intake filtering
system as well as the de-watering capacity. Our inlet seawater was attached to the cooling
water stream at the factory, and the intake was at depths > 25 m in the outside fjord. During
large parts of the year seawater in the area is devoid of microalgae and small zooplankters
due to the winter darkness with no photoautotrophic activity. In addition, the intake
is below the surface water spring/summer stratification depth. The main spring bloom
takes place above the pycnocline [41,84]. We therefore have available “clean” seawater
that for large parts of the year needs minor filter capacity. In addition, despite renewal of
20-50% (25,000-150,000 L) seawater Day_l, we were able to cultivate 4-6 months without
contamination. The addition of factory fume lowered pH ca. 1.5 units below “neutral”
values in intake water, and this could have contributed to a reduction of contamination of
the culture.

The mixing rate in the reactor naturally has the potential to influence production rate,
since turbulence/mixing moves the cells through gradients in growth factors. This secures
homogeneity in the cultivation conditions which is beneficial, but too high turbulence
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creates currents shears that may be harmful to the cells. In a typical cultivation session, we
measured vertical mixing rates of 0.01 to 0.05 m s~ ! (Table 3). This is within the range of a
normal well performing vertical airlift reactor [139]. The highest (mean) values were in the
surface of the reactor (0.1 m depth). The horizontal values were high at 1.2 m depth, and
this we believe was due to the rotating gas injection arm at the bottom. The overall CO,
transfer rate from injector to fluid and algae was measured/calculated to an approximate
mean of ca. 26%. This is not considered to be a high transfer rate, and this is a well-known
problem [76]. Substantial improvements must take place here in the development of larger
reactors.

In our analysis of the data, we also observed that cell doubling rates did not decrease
proportionally to culture volume when, e.g., the amount of water was doubled, and the
same amount of total light was available to the cells. This points towards some energy
utilization advantage by giving cells small pauses in the exposure to light. This is because
illumination was above the reactor surface (LEDs and daylight) and submerged LEDs at one
layer (0.7-1.4 m) below the surface. This may be connected to the fact that photosynthesis
functions in pulses [140]. Furthermore, the efficiency may vary on longer timescales [141]
and the explanation to this discrepancy may also be that cell specific utilization of the light
is better at lower mean overall light intensities.

The large part of the cited cultivations in Table 12 took place at temperatures between
10 and 20 °C. The classic Eppley paper [142] predicts (maximum) doubling rates of 1.5 to
2.6 doublings day ! at these temperatures, leading to the conclusion that growth in mass
cultivation reactors is normally not temperature limited. The mean annual temperature in
our 300 m> reactor was 6.64 °C (Table 5) and the total range was from below zero (—2.0 °C)
to 16 °C. Our species has a wide temperature range, with maximum growth at 12-14 °C
and in fact positive growth even at sub-zero seawater temperatures [46,143]. However,
growth was modified by stress imposed upon the cultures in various experiments (light
limitation, e.g., decreased production early in 2021, see Figure 12).

The main factors that regulate microalgae growth are irradiance, temperature, pH,
CO,, inorganic nutrients (N, P, Si compounds), and trace nutrients [142,144,145]. Other
intrinsic or external compounds may also affect growth, e.g., phytohormones [146] and the
combination of photoperiod and light intensity may have effects on growth and chemical
composition [147,148]. If a surplus of the necessary resources is present, the growth rate
will be constant. In nature all these factors can be limiting, depending on the physical state
of the site. In situations with (species specific) non-limiting growth factors, temperature
will usually set the upper limit of the growth rate. It must here be taken note of that at high
biomass concentration, density dependent self-limitation may occur not only with respect
to light. Translated to mass cultivation, in reactors where biomass concentrations are much
higher than even peak spring bloom values, it means that it is seldom that temperature
limits growth but rather irradiance and nutrients. Even if the large part of pond, tubular and
plate reactors are “thin” constructions, at high, e.g., Chlorella sp. concentrations, production
rates are often described as light limited [149-151].

Several of the cultivation sessions in the reactors lasted up to 5-6 months without
fouling and microbial contamination (Figure 1). It is clear that open pond systems are
prone to contamination and especially fouling, but also flat plate and tubular reactors
need frequent maintenance and cleaning, often after cultivation periods only lasting a
few weeks [111,118,152-154]. The lengths of our cultivation sessions were hence clearly at
the higher end of the spectrum, and the main reason for this was possibly an anti-biofilm
(anti-fouling) activity of some compound in our algae [104].

Our results showed that biomass (biovolume) specific nitrate and nitrite consumption
was reduced with ca. 35% when factory fume was added (Figure 9), relative to cultivation
with only atmospheric air bubbled into the system (comparable flows). This indicates
indirectly that NOx fume is in fact utilized by the algae. This is strengthened by the
fact that both protein and lipid amount and composition were highly comparable during
cultivation with and without fume (Tables 7 and 8). This represents a quite substantial
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reduction in the need for fertilizer. In large scale commercial situations this means reduced
running costs. Microalgae contain 1-2% N. The annual emission of NOx from Finnfjord
AS amounts to 700-1100 tons/year (measured as NO,), and this is equivalent to an N
uptake to produce 16,500-47,000 tons of algae biomass. It is not unknown that nitrous
oxides can be taken up by microalgae and utilized as an inorganic N source. Nagase
et al. [155] cultivated Dunaliella tertiolecta > 14 days with continuous uptake of NO in the
cells, and they concluded that NO first was absorbed in the culture water by diffusion
and thereafter diffused into the algae. In addition, NO, can be oxidized to nitrite and
nitrate in seawater and thereafter taken up by microalgae [156]. When factory fume is
added this represents a 125 x increase in the partial pressure of CO; in the fume relative to
atmosphere concentrations. Information on how diatoms react to high CO, pressure is hard
to come by. Instrumental in understanding this is the functioning of Rubisco, concerning
biomass specific amount [157] and if specificity (ability to discriminate between CO, and
O3) increases at high CO, pressures. Hypothetically, if specificity increases, this could
in fact maintain photosynthetic efficiency with reduced need for N in biosynthesis since
Rubisco is a N rich enzyme [83,158].

The lipids in the diatom biomass have earlier been found to make up approximately
8-10% of the dry weight (20% of ash free dry weight) when harvested in the exponen-
tial growth phase [159,160], which is similar to the lipid content found in the present
experiment where fume and compressed air solely were injected into the culture. In their
review of the literature of lipid content of diatoms, Fields and Kociolek [161] reported that
species cultivated in nutrient poor media contained 6.6-39.8% lipids (DW); however, their
experimental data showed an average of 5.3-21.5% lipids (DW) when cultivated in nutrient
replete media. The addition of factory flue gas did not affect the lipid content of the applied
diatom in the present study, but it has previously been found that the addition of CO; can
increase the lipid content [162]. The reason for these discrepancies between our results and,
e.g., Fields and Kociolek [161], we believe is simply because different species with different
physiological traits were applied. What concerns “internal” differences may result from the
fact that in [45] pure CO, was added while in the present study uncleaned factory fume
with CO, was added.

The fatty acid composition was highly comparable between the two treatments. The
slightly higher omega-3 content, caused by the elevated 18:4n-3 content in samples with
factory flue gas, was the main difference. The EPA content seems to be stable at approxi-
mately 30% no matter the cultivation conditions [46,159,160,163,164]. Other diatoms usu-
ally contain 5-20% EPA; however, species such as Skeletonema costatum and Phaeodactylum
tricornutum have been reported to contain 30% of this fatty acid [165].

Proteins are important ingredients in all animal feeds as they are essential nutrients for
growth. Both the amount of protein and the protein quality are important. Microalgae are
generally rich in proteins, and the protein content of microalgae varies between 20 and 60%
of dry matter [166]. The quality of protein resources is usually described by different metrics
taking into account factors as digestion, absorption and assimilation capacity. Nagarajan
et al. [167] describe such common metrics in detail including content and percentage of
EAA, chemical score (CS) and assessment of limiting amino acids. Microalgal proteins
are excellent sources of essential amino acids (EAA) and the content of EAA (tryptophan,
methionine, phenylalanine, leucine, isoleucine, lysine, histidine, valine and threonine) are
comparable to protein sources of aquaculture feed ingredients such as soybean and pelagic
fishes. For many fish, arginine is also essential, owing to lack of a functional urea cycle. In
general, in terms of protein quality, digestibility and absorption, the requirements for feed
ingredients are met [168].

Amino acid analysis of our diatom revealed that the total amino acid content was
higher (339 mg g~! DW) when cultivated with fume compared to without (300 mg g~!
DW). Accordingly, protein content was also higher (29% vs. 25% with and without fume,
respectively) (Table 8). The EAA contributed to about 36-37% of the total amino acids
by both fermentation procedures. Similar protein contents and amino acid distribution
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patterns were also observed in samples collected throughout a cultivation season (2018-19)
when random samples for quality controls were analyzed (protein content 28.7% =+ 4.6%,
n = 11) [169]. The ratio of each amino acid was stable throughout the year. The largest
variation was observed in the total protein content (£). A stabile amino acid profile is
necessary for a reliable feed ingredient.

The chemical score equals the ratio between each EAA in the food protein and the
corresponding EAA in a reference protein proposed by FAO/WHO. Proteins of animal
source normally have a chemical score of 1.0, while cereal proteins normally range from 0.4
to 0.6. Legumes, beans and nuts normally range in between these. Our diatom has a high
protein quality with contents of all essential AA above the reference-scoring pattern (CS) for
adults [170], which indicates that the protein quality is superior to most terrestrial plants.
Tryptophan was denatured during the pre-treatment of the samples, acid hydrolysis, thus
it was not possible to assess whether it is a limiting amino acid.

Nagarajan et al. [167] reviewed mechanisms and indicators for assessing microalgal
suitability as a feed ingredient based on toxicological analysis. Microalgae are capable of
sequestering potentially harmful heavy metals from the environment. Thus, the heavy
metal content of the biomass is dependent on the growth environment. The use of flue gas or
fume as a CO; or a nutrient source may thus lead to contamination of the resulting biomass.
Hence, careful consideration of production processes and analysis of the resulting biomass
are necessary before it is used as a feed ingredient. In general, commercial laboratories
analyze feed samples for four major heavy metals, namely lead (Pb), cadmium (Cd), arsenic
(As) and mercury (Hg). Both inorganic and organic forms of As are present in foods, and
the major source for dietary As exposure is marine food products. Luckily, in marine food
products As is primarily present as organic compounds [171], which are less toxic than
the inorganic toxic ones, such as arsenobetaine (AsB), arsenosugars and arsenolipids [172].
Further data on As content in marine species are warranted to improve dietary exposure
and risk assessment. Selenium (Se) has been suggested to provide protective effects against
Hg toxicity by decreasing the bioavailability of Hg /mercury. Studies have showed that
the Se: Hg molar ratio >1 may offer protection against Hg toxicity [173].

The allowed content or levels, based on the European Union [174] food safety regula-
tions on undesirable substances in products intended for animal feed, are as follows on a
dry weight basis (relative to feed with a moisture content of 12%): Total As: <10 mg kg~ ! in
calcareous marine algae and <2 mg kg~! in general, Pb: <15 mg kg~! in calcareous marine
algae and <10 mg kg ! in general, Cd: <1 mg kg~ ! and Hg: <0.1 mg kg~ !. The analysis
of our diatom fermented with and without fume demonstrated that the content of these
heavy metals was within the safety limits and comparable within the natural variation of
marine food products

Finally, persistent organic pollutants (POPs) such as dioxins and PCBs have high chem-
ical stability and are known to accumulate in the environment, animals and food chains.
As mentioned, microalgae may sequester certain POPs from their growth environment and
even remove, break down or metabolize such pollutants. However, due to the non-polar
hydrophobic nature of PCBs and non-dioxin-like PCBs, the concentrations of these POPs are
extremely low in seawater without lipid-containing organic matter. Our results, although
this is just a single screening, indicate that the levels of polychlorinated dibenzodioxins,
dibenzofurans and biphenyls were below the limits required by the European Union food
safety regulations on undesirable substances in products intended for animal feed. The
allowed content of dioxins (sum of PCDDs and PCDFs) is 1.25 ng WHO-PCDD/F-TEQ
kg*1 and the sum of dioxins and dioxin-like PCBs (sum of PCDDs, PCDFs and PCBs)
is 4.5 ng WHO-PCDD/F-PCB-TEQ/kg, based on the previously referred to EFSA [174]
directives for undesirable substances in animal feed.

It is well established that marine diatoms can produce a wide array of secondary
metabolites and many of these compounds might have useful applications that can increase
the value of the biomass produced in the large-scale bioreactors [33]. In our bioactivity
screening of extracts of the biomass, we have focused on antibacterial, cytotoxic, anti-
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biofilm, anti-inflammatory and anti-oxidative activities. Some of the activities that we
have characterized could be of value in certain applications of the diatom biomass itself:
when using compressed algal cells for fish feed applications, the presence of anti-oxidative
compounds will help preserve the quality of the feed during storage whereas the presence of
antibacterial compounds will reduce the risk of microbial growth. Such aspect is also useful
during the cultivation itself. The presence of compounds that inhibits not only bacterial
growth but also biofilm formation and subsequently biofouling in the photobioreactors
is contributing to keeping the mass cultures healthy and the photobioreactors clean over
prolonged periods of time. This is essential for the success of continuous cultivation of
diatoms to produce larger amounts of biomass.

Several attempts have been made to isolate specific bioactive secondary metabolites
from diatom cultures, usually through a bioassay-guided fractionation scheme. Many of
these investigations have used biomass from laboratory cultures, and the limited access to
biomass and thus low abundance of target molecules in the extracts have unfortunately
often led to failures in isolating specific compounds. However, when using biomass for
large-scale cultivation, the increased amounts of metabolites present in the extracts make
in more likely that the bioactive secondary metabolites can be successfully isolated and
characterized. Many of the bioactivities that have been observed in extracts from diatoms so
far have in many cases been ascribed to unspecific activities to either break-down products
of different forms of chlorophyll (such as phaeophorbide) or membrane lipids such as
phosphocholines [106,175].

5. Conclusions

The biotechnological concept behind the diatom mass cultivation at Finnfjord AS was
to apply large diatom species. We did this since large cells have low surface to volume ratios
relative to small species, and hence potentially have less biomass specific self-shadowing.
This can allow for longer light depths and the use of large simple vertical column photo-
bioreactors. Our results demonstrate clear advantages in terms of illumination of the reactor
when large cells are applied. At a medium biomass concentration (0.5 cm® L™1!) in the
reactor we logged 4.5 times more light at 0.6 m depth when 42 mm cells were used relative
to 24 mm cells. At higher biomass concentrations this advantage was even larger. An
obvious question is of course if large cells can utilize the light available. At the prevailing
cultivation conditions in our 300 m? reactor, large cells could, statistically significantly,
sustain larger biovolumes at comparable illumination conditions than smaller cells. Large
cells also maintained higher production rates, clearly demonstrating the advantages of
using large cells. The large cells also contributed most to the obtained high light utilization
efficiencies (ca. 19%). This, together with the fact that we were able to sequester factory
fume CO, and NOx while cultivating nutritious biomass for 4-6 months without contam-
ination, makes our concept highly promising in terms of environmental and economic
sustainability. It is clear that an economic and LCA (Life Cycle Assessment) evaluation
is critical to ensure the success of a diatom-based industry. This is the focus of another
ongoing project where the main application of the biomass is salmon feed. Preliminary
results indicate the need for large (diatom) production volumes and possibly higher prices
justified by environmentally sustainable production processes. The produced biomass has
also been tested with success as an ingredient in lice deterring salmon feed [176].
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