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Nannochloropsis oculata is a microalga that produces a significant amount of eicosapentaenoic acid (EPA).
Cultivating strains in photobioreactors commercially can be challenging. We cultivated a mutant N. oculata
strain, capable of accumulating >40 % EPA more than the wild-type strain at laboratory scale, in an outdoor 300
L pilot-scale photobioreactor, in the U.K. The mutant N. oculata recorded the highest amount of EPA quantity at
129.87 mg/g dry cell weight (DCW) compared to the wild-type strain, which accumulated 75.43 mg/g DCW. A
techno-economic assessment (TEA) evaluated the feasibility of the study. Using specific combined cultivation
scenarios, the process resulted in a positive net present value (NPV) and return on investment (ROI) at
£52,156,484.46 and 607.22 % after 10 years, respectively. The TEA of the improved EPA quantity by M1
N. oculata showed the high processing cost could be overcome by high yields and an optimised operational

strategy.

1. Introduction

Microalgae represent an emerging sustainable source of bioactive
products for the health market, including carotenoids, vitamins, and
omega-3 (Kumar et al., 2022). The demand for nutraceutical products
and super-functional foods is growing as people become more health-
conscious (Ghosh et al., 2022; Paterson et al., 2023). Omega-3 eicosa-
pentaenoic acid (EPA) is a notable component of microalgae that re-
duces the risk of chronic diseases such as cancer, heart disease, and
arthritis, while also enhancing muscle metabolic flexibility and strength
(Gammone et al., 2019). N. oculata, a unicellular oleaginous microalga,
is one such species that has a relatively high EPA content (Sousa et al.,
2022). Although low-cost fish and krill oils are presently the primary
sources of omega-3 (Cecchin et al., 2022), the growing demand for fish
and fish oil will require a more sustainable source, with microalgae the
primary replacement candidates. However, the cost of the overall pro-
cess needs to be reduced (Barros de Medeiros et al., 2022).

Currently, there is a focus on increasing the EPA content in specific
microalgal strains. This is because the price range of microalgae oil falls
between 80 and 160 USD per kg, and this variation is due to the quantity
of omega-3 incorporated accumulated within the total oil, i.e. the price
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of microalgae oil correlates directly with the quantity of EPA (Schade
and Meier, 2021). However, one of the primary challenges associated
with producing EPA from microalgae is the significant expense incurred
in cultivation and downstream processing. One solution is the bio-
refinery concept, and co-producing high-value-added products, such as
protein, astaxanthin, and exopolysaccharides (Rafa et al., 2021).
Several studies have reported on the cultivation of different strains of
wild-type Nannochloropsis at pilot scale, using natural source of light and
heat to reduce cultivation costs. For instance, one study found that a
strain of N. oceanica grown in a 6000 L outdoor pilot-scale raceway pond
in Portugal produced an average of 26-29.5 % EPA of total fatty acids
(TFA), which is comparable to other species of Nannochloropsis (Cunha
et al., 2020). Another study, also in Portugal, reported that N. gaditana,
cultured in a semi-continuous mode in a 100 L outdoor tubular photo-
bioreactor, had an EPA content that reached 41.56 % of TFA (Nogueira
et al., 2020). Moreover, the cultivation of N. oceanica in an outdoor
(simulated) 5 L plastic-bag type photobioreactor resulted in an EPA
quantity of 41.2 mg/g dry cell weight (DCW) (Chen et al., 2018).
Additionally, N. oculata and N. salina have shown consistent growth
productivity levels in outdoor photobioreactor systems, suggesting that
these microalgae species are stable and resistant to environmental
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stresses (Quinn et al., 2012). Consequently, Nannochloropsis species are
expected to thrive in outdoor photobioreactor systems and achieve
optimal growth.

In this study, the performance of a high EPA-producing N. oculata
mutant strain was assessed in a 300 L outdoor photobioreactor. This was
undertaken to assess growth and productivity of the novel strain
compared to the wild-type, using environmental light and temperature
conditions. Generally, wild-type microalgae strains do not reach eco-
nomic parity with fish oils in terms of EPA and DHA productivity
(Chauton et al., 2015). The novel mutant strain (M1) was generated and
characterised in a previous study using a chemical mutagenesis and
novel selection methodology based on enzymatic inhibitors (Wan Razali
et al., 2022). It was shown to accumulate 37.5 % EPA per TFA with a
high productivity of 68.5 mg/g DCW.

The production of EPA was evaluated for its economic viability
through a TEA analysis, incorporating the experimental findings of
replicate outdoor cultivation experiments into a model previously
developed by Schade and Meier (2021). Until recently, there have been
limited published results on assessing the economic feasibility of the
main industrial Nannochloropsis species. Furthermore, all studies have
used predictive models to evaluate the technical and economic perfor-
mance of Nannochloropsis species (Kang et al., 2019; Schade and Meier,
2021; Vazquez-Romero et al., 2022). However, a pilot-scale photo-
bioreactor experiment provides a more accurate means of predicting the
actual EPA content and improving the accuracy of developed TEA
models. High-precision data is necessary to bridge the gap between the
models’ findings and the setup of future microalgae biorefinery plants.
To determine the sustainability of the developed strain in the outdoor
setup, economic measures such as net present value (NPV) and return on
investment (ROI) were used.

2. Materials and methods
2.1. Materials and Methods

Wild-type strain N. oculata (849/1) from Culture Collection of Algae
and Protozoa (CCAP) Scotland and EPA-overproducing M1 strain (Wan
Razali et al., 2022), were cultured in an f/2 medium (Stein, 1979) with
33.5 g/L salinity of synthetic seawater (Instant Ocean® Sea Salt, United
Kingdom). In brief, M1 N. oculata strain was developed by using ethyl
methane sulfonate and screened using fatty acid synthase inhibitor,
cerulenin and MGDG synthase inhibitor, galvestine-1 (Wan Razali et al.,
2022). All the chemicals used in this study were purchased from Sigma-
Aldrich, United Kingdom, unless otherwise specified.

A volume of 800 mL inoculum was started in 6 replicates of 1 L flasks
photobioreactor, exposed to 150-200 pmol m~2 s~ fluorescence light
(Lumilux cool white fluorescent bulbs, Osram, United Kingdom) and the
light intensity was measured using an LI-250A light sensor (LI-COR
Bioscience, New England, USA). The microalga was cultured with 12 h
light/dark cycles, 20 °C and standard aeration at 2 L/min. Once the
optical density (OD) (A = 595 nm) reached approximately 0.7 absor-
bance, 400 mL volume was transferred to two units of 20 L carboys that
were exposed to the same growth conditions. 1 mL sample in triplicates
were taken for each harvested stock batch microalga culture and
observed using a microscope (BX51, Olympus, Japan) and ensure the
microalgae cells were in the exponential growth phase (having the size
around 3 pm) and dominating the culture over bacteria. The inoculum in
the 1 L flasks was refreshed by adding f/2 sterile medium. The process
was repeated until a 40 L microalga inoculum was obtained.

2.2. Description of pilot-scale photobioreactor

An outdoor 300 L pilot-scale PhycoFlow® photobioreactor was
installed at Arthur Willis Environmental Centre (53.3832000157627°
North, —1.4995194567741421° West), Department of Animal and Plant
Sciences, University of Sheffield. The PhycoFlow® was encased in a
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Sunlite multiwall polycarbonate unit with 83 % light transmission
(Leflay et al., 2020). The photobioreactor consisted of two stages, the
photo stage and the dark stage. The photo stage comprises transparent
glass tubes (length: 2.5 m; outer diameter: 54 mm; wall thickness: 1.8
mm) and u-bend glass tubes (width: 234 mm; outer diameter: 54 mm;
wall thickness: 2.5 mm; height: 200 mm) connected by using compres-
sion twist couplers in a serpentine arrangement. The serpentine
arrangement helps in reducing the pumping requirements and prevents
biofilm build-up and contamination (Acién et al., 2017). The dark stage
consisted of a 300 L holding tank, where the nutrient dosing line, PT 100
thermocouple, and negative temperature coefficient (NTC) probe for
temperature measurement and pH probe were located. The photo-
bioreactor has a heating and cooling system and uses an electric heater
(Marko Electrical, United Kingdom) and a tap water sprayer (Varicon
Aqua, United Kingdom) to maintain the temperature within the range of
10 to 30 °C. The CO; was supplied at the bottom of the holding tank and
the initial point of the light stage. The photobioreactor is controlled by a
system located next to the holding tank which includes a timer controller
for aeration, solenoid operation for nutrient dosing, a water-powered
injector system for cooling, a temperature and pH meter controller, a
heating control circuit, a variable drive pump motor controller, a low-
level protection circuit for the pump, heating, and cooling circuits,
and buttons for starting and stopping the photobioreactor. A control
system is housed in a waterproof, IP66-rated GRP enclosure.

The process of starting up the photobioreactor involved chemical
sterilisation of the system by adding 3 L of 2 % sodium hypochlorite
(Alfa Aesar, United Kingdom) to approximately 297 L of tap water. This
created an available chlorine concentration of 200 mg/L, which was
then circulated throughout the photobioreactor for a period of 24 h.
After this time, 3.42 L of 5 % sodium thiosulphate (Thermo Fisher Sci-
entific, United Kingdom) was used to neutralise the chlorine. The solu-
tion was then circulated for an additional 24 h before being drained to
remove any remaining particles from the photobioreactor.

Before beginning the cultivation process, the holding tank was sup-
plied with 270 L of tap water. Then, 10 kg of artificial seawater (Instant
ocean, United Kingdom) was added to create an artificial seawater so-
lution with salinity levels of 33.5 g/L. Next, 750 mL of 2 % sodium
hypochlorite was added to create an available chlorine concentration of
50 mg/L, and the solution was circulated for 24 h. After that, 855 mL of
5 % sodium thiosulphate was added, and the solution was circulated for
another 24 h. Finally, sterile nutrients were added to prepare f/2 me-
dium (CCAP, Scotland) in the photobioreactor.

To begin the experiment, approximately 40 L of N. oculata in expo-
nential phase with an OD of approximately 1.125 absorbance (A = 595
nm) were added to the prepared f/2 medium in a 300 L photobioreactor
to achieve an initial culture concentration of around 0.15 measured at
595 nm. The culture was circulated for 24 h at a flow velocity of
approximately 0.42 m/s using a CO4-350/02 K 3-phase SS pump (ITT
Lowara, United Kingdom). Pure CO5 was supplied daily to maintain a pH
range of 7-8.5. Wild-type and M1 strains N. oculata were supplied with
4.5 % and 4 % CO, (v/v), respectively, throughout 15 days of culturing
period. The temperature and pH of the photobioreactor were recorded
using the control panel and a portable pH meter (LAQUA B-712, Horiba,
Moulton Park, United Kingdom). Outdoor temperature was manually
recorded using Sheffield’s daily weather forecast report. Light intensity
was measured using a digital light meter (LX1330B, Dr. meter, China).

Throughout the 15-day experimental period, a 1 L sample was taken
every day at 9 a.m. and the OD (A = 595 nm) was measured to monitor
the growth of the microalgae. A volume of 5 mL of culture was used for
each analysis of DCW, proteins and chlorophylls, lipids, and EPA, with
samples collected in three technical replicates for all analyses. After
harvesting the cell pellets were centrifuged (SL16R, Thermo Fischer
Scientific, United Kingdom) at 4415 xg for 5 min, they were washed
with phosphate-buffered saline and centrifuged again (11,337 xg for 2
min) before storage at —20 °C. The supernatant was used for the nitrate
and phosphate uptake assays.



W.A. Wan Razali and J. Pandhal
2.3. Physiological and biochemical analysis

Cell pellets were freeze-dried for 24 h by using a freeze drier (Lyo-
Quest, Telstar, United Kingdom), and the DCW was measured using a
microbalance (CPA2P, Sartorius, OH, United States). Chlorophylls and
proteins were quantified by using the spectrophotometric method in
triplicate (Chen and Vaidyanathan, 2013). First, cell pellets were lysed
using a cell disruptor (DISRUPTOR GENIE®, United States) with glass
beads. Then, the samples were saponified by heating at 100 °C for 30
min (Digital Dry bath, Thermo Fisher Scientific, United Kingdom). An
aliquot of 600 pL was used for protein assay, and the remaining sample
was mixed with chloroform and methanol in a 2:1 ratio (v/v), vortexed
for 2 min and centrifuged at 12,000 xg for 2 min. The top aqueous phase
was used for chlorophyll a assays. A volume of 500 pL of samples was
aliquoted into a 1 mL (2 mm) quartz cuvette and measured by spec-
trophotometer at 416 nm and 453 nm. The equation (chlorophyll-a =
6.4 x A416-0.79 x A453) was used to calculate the chlorophyll-a as
described by a previous study (Chen and Vaidyanathan, 2013). The
protein assay was quantified using the microbiuret method and bovine
serum albumin (BSA) as a standard curve (Itzhaki and Gill, 1964). In
brief, 150 pL of copper sulphate (0.21 % CuSO4*5H20 in 30 % NaOH)
was added to 300 pL samples. 150 pL of 30 % NaOH was added to the
other 300 pL samples for blank reference. The samples were vortexed for
5 min, and a spectrophotometer recorded the colour formation at 310
nm. The procedures for measuring the levels of nitrate (Collos et al.,
1999) phosphate (Strickland and Parsons, 1972) in f/2 medium were
modified from prior research conducted, respectively. The filtered su-
pernatants from the collected samples were retained after passing
through a 0.22 pm syringe filter (Millex, United Kingdom). The con-
centration of nitrate and phosphate was measured for each sampling day
by calculating the absorbance values at 220 nm and 885 nm,
respectively.

2.4. Fatty acids analysis

The FAME analysis method used in this study was adapted from
(Griffiths et al., 2010) with some modifications. To summarize the
procedure, 300 pL toluene and 300 pL sodium methoxide were added to
a 2 mL Eppendorf tube containing wet microalgal biomass. After incu-
bation at 80 °C for 20 min and cooling, 300 pL boron trifluoride was
added, and the mixture was incubated again. The extracted solution was
then transferred to a new Eppendorf tube containing water and hexane,
and the upper organic layer was collected for further analysis. The
extract was dried using inert nitrogen gas and stored at —20 °C until
further use. For analysis, 35 pL of the FAME extract was transferred to a
GC vial and analysed using a GC-FID system (Thermo Fisher Scientific,
United Kingdom). The peak areas were integrated using a chromatog-
raphy data system, and the amount of unknown components in the
microalgal extract was then calculated in mg/g DCW. Standard 37 FAME
was used for all 24 samples to ensure the system’s accuracy. The iden-
tities of the peaks were established using an external 37 component mix
of FAME standards (Supelco, USA), C16, C18, and C20:5 standards. The
peak areas were integrated using a chromatography data system,
Chromeleon 7 software (Thermo Fisher Scientific, United Kingdom).

2.5. Techno-economic assessment

The TEA was conducted by integrating the optimum EPA quantity
into the developed TEA model by a previous study (Schade and Meier,
2021). Microalga oil economic data was selected as baseline data, where
42 g EPA/kg DCW and 13,225 kg/annum of microalga oil production
were estimated (Table 1). In this study, the average optimum EPA
quantities recorded for wild-type and M1 strains N. oculata from day 4
until day 7 were used for economic assessments.

The temperature and hours of daylight comparison between the
location used for the model study, Halle, Germany, and this study based
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Table 1

Parameters and input of microalga biomass, lipid, and EPA production com-
parisons for baseline Nannochloropsis sp., wild-type, and M1 strains N. oculata.
All other parameters and input are considered constant variables and similar to
the baseline Nannochloropsis sp.

Parameter Unit Baseline Wild-type M1 strain
Nannochloropsis N. oculata N. oculata
sp. (this study) (this study)

Lipids g/kg 206 206 206

DCW
EPA g/kg 42 57.6 87.02
DCW
Total kg/1.2 64,200 64,200 64,200
microalga ha/
cell yield annum
Biomass kg/1.2 50,917 50,917 50,917
residue ha/
annum

Microalga oil kg/1.2 13,225 13,225 13,225

ha/
annum
Land ha 1.2 1.2 1.2

in Sheffield, United Kingdom, are shown in Table 2. The data compar-
ison shows that the high-temperature average is within range for strains
of Nannochloropsis culturing, and the hours of daylight are comparable,
enabling the Schade and Meier (2021) model to be used for assessing the
wild-type and M1 strains culturing in Sheffield, United Kingdom.
Referring to the baseline data by Schade and Meier (2021), a new
baseline was obtained for wild-type and M1 strains N. oculata, respec-
tively. Then, there were four scenarios considered for the wild-type and
M1 N. oculata strains, respectively. The first scenario considered a faster
growth rate of 28.3 %, that was estimated by growth of wild-type and
M1 strains in the laboratory setup. The faster growth rate indicates that
each experiment could reach a higher EPA quantity. In the second sce-
nario, the baseline study increased the culturing operations days to 80 %
(292 days) instead of 50 % (183 days). The increase of working days to
80 % was considered in order to optimise the profits gained, hence
shortening the payback period. The operational cost increased propor-
tionally with the number of days. In the third scenario, the potential of
the wild-type and M1 strains to produce 50 % higher biomass due to
sunlight availability throughout the year in tropical countries such as
Malaysia and Indonesia (Handara et al., 2016). These scenarios are
crucial in influencing production costs (Chauton et al., 2015). The fourth
scenario combines the changes made in all scenarios (Scenario 1, 2 and
3) to achieve an overall ‘best-case’ scenario (Leflay et al., 2020). Net
present value (NPV) was calculated by referring to the equation:

NCF

NPV, = @l
(144d)

Table 2

Average daily temperature and hours of daylight comparison between Halle,
Germany and Sheffield, United Kingdom, referring to a forecast website (https:
//weatherspark.com/). The website uses the NASA climate model, Modern Era
Retrospective-analysis for Research and Applications (MERRA-2, https://gmao.
gsfc.nasa.gov/reanalysis/MERRA-2/).

Place Conditions June July  August
Halle, Germany High-temperature average 22 24 24
Q)
Low-temperature average 12 14 14
[§9)
Hours of daylight (h) 16.6 16.1 14.5
Sheffield, United High-temperature average 18 20 20
Kingdom Q)
Low-temperature average 10 12 12
O
Hours of daylight (h) 16.9 16.4 147
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where NCF is the net cash flow of a time period n, and d is the nominal
discount rate set at 12 % (Schade and Meier, 2021). Return on invest-
ment (ROI) was calculated by referring to the equation:

"\ NPV, — Cyy
ROI = 23: —

where total costs (Ctot) represent the sum of payments assigned in the
first and second years when all investment costs were paid (Schade and
Meier, 2021).

3. Results and discussion

3.1. Physiological and biochemical analysis of wild-type and M1
N. oculata strains

On 27 July 2019, the M1 strain N. oculata experiment was conducted
in a 300 L photobioreactor for a 15-day period. The growth started with
a lag growth phase from day 0 until day 2 due to partly cloudy weather
with a temperature range of 16-17 °C, and limited light intensities as
shown in Figs. 1 and 2. When the weather changed from cloudy to sunny
on day 3, the growth rate of microalgae cells increased sharply (to 0.38
per day) from day 4 to day 8. This implied light limitation during the
initial lag phase, as increased light enabled higher photosynthetic rates
(Stunda-Zujeva et al., 2018). These observations were similar to a pre-
vious outdoor pilot scale study, where cloudy weather conditions were
less favourable for microalgae growth (Kumar et al., 2023). The cells
continued to grow at a slower rate (0.12 per day) from day 9 to day 12,
and the exponential growth phase ended on day 13. Meanwhile, a slower
growth rate was recorded from day 9 to 12, which was most likely due to
nitrate-depleted conditions as shown in Fig. 3 (b). Nitrogen depletion is
a common reason for microalgae to enter the stationary phase of growth
(Zhou et al., 2023). The highest temperatures recorded during the
experiment were on days 3, 8, and 9, with 23, 25, and 24 °C, respec-
tively. This may be due to increased sunlight hours during this time
increasing the temperature inside the polycarbonate housing. The pilot-
scale photobioreactor was intentionally performed with limited control
of conditions that can impact on microalgae growth, and therefore relied
on environmental weather conditions. However, the unpredictable
weather conditions didn’t significantly affect microalga cell growth. The
average temperature throughout the experiment was 19.9 °C, and the
average light intensity was 969.6 pmol m~2 s~%, with a 15:53-h/8.47-h
(light/dark) cycle.

The light intensity is shown in Fig. 2 and represents measurements
during the sampling time from 9 a.m. until 10 a.m. only, and hence the
light intensity is expected to be higher during partly cloudy days in the
afternoon than cloudy days. A higher concentration of 4.5 % CO; (v/v)
was needed to regulate the pH over 15 days of the culturing period for
the wild-type N. oculata, compared to 4 % CO; (v/v) for the M1 strain. It
is not immediately clear why there was a difference. A similar strain
showed 4 % CO; led to the most increased CO5 fixation in wild-type
N. gaditana, that were cultured in an 18 L photobioreactor (Adamczyk
et al., 2016). However, this can change based on the cultivation con-
ditions as another study using N. oculata found 8 % CO, was the opti-
mum concentration for growth in a 1.8 L photobioreactor (Razzak et al.,
2015). Higher concentrations of CO, are often detrimental to growth
rates, for example, 10 % and higher was reported to reduce the growth of
Nannochloropsis sp. (Lestari et al., 2019). It has been reported that
maintaining the N. gaditana culture at pH 8 allows the optimum CO2
conversion in biomass (Moraes et al., 2020), perhaps due to reducing
stress as pH fluctuations are minimised. Providing the optimal amount
of CO2 will increase the carboxylation activity of ribulose-1,5-
biphosphate carboxylase/oxygenase (RubisCO), hence increasing
photosynthesis rates. However, excess CO, concentrations negatively
affect extracellular carbonic anhydrase activity and impede microalgae
cell growth (Kandasamy et al., 2021). Hence, high CO, concentrations,
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for example, over 10 %, can impede photosystem efficiency, hence
reducing microalgae cell growth (Varshney et al., 2020). Further
investigation is needed to reveal the specific effects of CO5 concentra-
tions on RubisCO, extracellular carbonic anhydrase activity and growth
development in the N. oculata M1 strain.

The OD profile was directly proportional to chlorophyll-a, as ex-
pected. Chlorophyll-a showed a rapid increase from day 4 to day 8,
followed by moderate increases until day 14, and decreased on day 15,
as depicted in Fig. 3 (a). The highest chlorophyll-a level was observed on
day 14 at 3.94 pg/mL for the M1 N. oculata strain. The chlorophyll-a
results in this study are consistent with the other studies for N. gaditana
and Nannochloropsis sp. that ranged around 2 to 3 pg/mL (Fakhri et al.,
2017; Janssen et al., 2018). However, cell densities and therefore
chlorophyll-a content can be increased by using novel cultivation sys-
tems. For example, N. oculata cultured in a novel lab-scale open raceway



W.A. Wan Razali and J. Pandhal

Bioresource Technology Reports 24 (2023) 101682

m]ight intensity -+ Temperature inside - Temperature outside

72500 - 35
o - 30 ~
L 2000 [ 25 ©
< 1500 - 20 &
£ 1000 - 15 3
2 500 (0§
iz 0 _I__l__l__l_ J_ _L_Ll L 0 @‘
2 215022 2l 2l 2l 2l 2l 2| 2l 2l 2l 2l Bl 3| F
= S22 2 g == é sz 22282
= slelelel| gl g2 3| 8|3 El2]|2]|se| ]2
N Q o Q Q Q o Q o Q
hE| 2222 = =2 2 =
B E|§| & § B 8| |E
o & & & (=5 o o
011121314567 [8]9]10|11|12(13|14]15
Time (Days)
b) m]ight intensity < Temperature inside < Temperature outside
~ 2500 - 35
£ 2000 [ =
E - (5o
o 1500 s\ Ny~ \M\V/X —HM 20 o
g Xﬂgx"l X *x—X X x o
= 1000 - 15 g
2 I 5
§ 0 _I__I_ _l_ J__l_l i i 0 g"
E z\2l2| 25| 5l 5l 2l 2l 2 2l B Bl 2| 2] 8| ©
E sl212lel221222)2]1212212]12]2
=) 21212 2l2121212|12 1222 LLL8ls
.- Qo o Q Q Q Q Q Q Q Q Q (o] Q (] Q
- 2 2 (222222
B E| |§|§|8|5|E|E
o o Q e & & & &
O]1]2]3]14[5[6[7[8]9][10]11[12{13]14[15

=
B
—
)
&
<
z

Fig. 2. Temperature and weather profiles throughout 15 days experimental period: a) wild-type supplied with CO4, b) M1 strain N. oculata supplied with CO,. Cloud

levels are described at time point of sampling only (9 am — 10 am).

pond with planar waveguide modules recorded a higher chlorophyll-a
(15.36 pg/mL) (Sun et al., 2018). Similarly, N. oceanica was cultured in a
vertical column photobioreactor designed to apply direct current to
cells, recorded around 13 pg/mL chlorophyll-a (Cheng et al., 2022).

Nitrate was fully utilized on day 10, whereas phosphate was rapidly
consumed on day 3, as shown in Fig. 3 (b) and (c), respectively. The
phosphate uptake rate was 28.56 pM/day from day 3 to day 4. The M1
mutant’s protein content was highest from day 8 to day 12, ranging from
0.22 to 0.38 mg/mlL, as illustrated in Fig. 3 (d).

Figs. 4(b) and 5(b) depict the FA contents of M1 strain N. oculata that
was supplied with CO9. From day 0 to day 3, the percentage of C16:0 and
C16:1 was approximately 24-30 %. However, on day 4, when growth
was optimal, there was a significant decrease in the percentage of C16:0
and C16:1 with 13.28 % and 18.85 %, respectively. During this time,
EPA levels increased and reached its peak from day 4 to day 7. On day 5,
the highest percentage of EPA (42.77 %) of TFA was recorded. The EPA
to C16:0 ratio was 2.85, 2.49, and 1.43 on days 4, 5 and 6, respectively.
From day 7 onwards, the ratio fell below 1, indicating that C16:0 was
again the dominant FA in the cells. From day 7 to day 15, C16:0 and
C16:1 again became the dominant FA and reached their highest per-
centage on day 15 (35-36 %). The higher EPA percentage during the
exponential phase is mainly synthesized in the polar lipids, while the

EPA is translocated to neutral lipids when the nutrients become depleted
during stationary phase (Janssen et al., 2019).

On days 4, 5 and 6, EPA levels were higher than C16:0 and C16:1.
The highest amount of EPA was recorded on day 7 (129.87 mg/g DCW)
with an EPA to C16:0 ratio of 0.73. Interestingly, from day 8 to day 15,
EPA levels remained significantly high, ranging from 41 to 69.8 mg/g
DCW, while C16:0 and C16:1 levels were highest on day 15 with 215.20
and 281.74 mg/g, respectively.

The wild-type N. oculata experiment was conducted for 15 days
starting from August 18, 2019. During the initial six days, the micro-
algae exhibited an exponential growth curve with an average rate of
0.42 per day. However, the growth rate decreased to 0.07 per day from
day 6 until the end of the late exponential growth phase on day 13. The
decrease in growth rate is expected since the phosphate was consumed
in 4 days and nitrate concentration was reduced around 50 % after day
6. A similar growth trend is observed for other Nannochloropsis species
(Alami et al., 2021). The experiment was conducted at an average
temperature of 20.9 °C and 1009.9 pmol m~2 s ! with a 14:07-h/9.93-h

(light/dark) cycle, as depicted in Fig. 2 (a).

Fig. 3 (a) illustrates that the quantity of chlorophyll-a increased
rapidly until day 5, moderately increased until day 8, and then gradually
declined towards the end of the 15-day experimental period. Day 8 had
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Fig. 3. Profiles for wild-type and M1 strains of N. oculata cultivated in an
outdoor 300 L pilot-scale photobioreactor supplied with CO,. a) Chlorophyll-a,
b) nitrate uptake, c¢) phosphate uptake, and d) protein quantity profiles. Mean
+ standard deviation is shown (n = 3) for each day.

the highest chlorophyll-a quantity, which was 3.2 pg/mL. Although the
wild-type strain showed rapid growth progress, the average chlorophyll-
a level was higher in the M1 strain. The fast growth of the microalgae
indicated a faster nitrate uptake that was completely consumed by day
9, one day earlier than the M1 strain, as depicted in Fig. 3 (b). The nitrate
uptake rate from day 0 until day 7 was 48.27 pM/day and 33.11 pM/day
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for wild-type and M1 strains N. oculata, respectively. The adverse
weather condition on the initial day 1 and 2 affected the initial growth
and nitrate uptake rate of the M1 strain. The wild-type’s rapid growth
was also demonstrated by a fast phosphate uptake rate that was
completely consumed by day 2, as illustrated in Fig. 3 (c). The rapid
phosphate uptake correlates to fast microalgae growth, as the macro-
nutrient phosphorus is an essential component of microalgae. Micro-
algae can rapidly consume phosphate when in replete conditions,
maintaining growth when concentrations in the media are depleted
(Manisali et al., 2019). Fig. 3 (d) shows that the protein quantity grad-
ually increased from day O until day 7, reached the highest point of 0.22
mg/mL, and then gradually decreased from day 8 until day 15. On
average, the protein quantity of the wild-type N. oculata was lower than
that of the M1 strain.

High chlorophyll-a content in M1 strain was in line with findings in
our previous study (Wan Razali et al., 2022), indicating that the light-
harvesting capacity in the M1 strain is higher than the wild-type
strain, hence enhancing chlorophyll-a and EPA production. In addi-
tion, the pathway changes in the M1 strain could promote higher
chlorophyll synthesis, hence, increasing the EPA content, that is mainly
synthesized in membrane polar lipids (Janssen et al., 2019). A faster
nitrate uptake rate during optimum growth conditions could also
contribute to a higher chlorophyll-a and protein content in the M1 strain
as indicated in a previous study (Hernandez-Sandoval et al., 2022). In
contrast, nitrate limited conditions is a known trigger for neutral lipid
synthesis in many oleaginous microalgae (Burch and Franz, 2016;
Remmers et al., 2017; Tran et al., 2016) The decrease in protein content
resulting from nitrogen deprivation is consistent with a previous study
(Sui et al., 2019). In another study, the neutral lipids decreased while the
protein increased when nitrate was replenished in a Nannochloropsis sp.
culture (Li et al., 2020). Phosphate was rapidly consumed for both wild-
type and M1 strains, indicating that a higher phosphate concentrations
or regular dosing could be employed in the future. A previous study
recorded up to 20.05 mg/g/day phosphate consumption rate in N. salina
(Sforza et al., 2018), and 2 g/L phosphate showed the highest OD in
N. oculata (Mahat et al., 2015). In addition, an optimised N:P ratio
concentration could be prepared as a 20 N:P ratio showed the highest
EPA percentage in N. oculata (Rasdi and Qin, 2015).

Figs. 4(a) and 5(a) display the FA contents of wild-type N. oculata
supplied with CO,. The percentage of FA showed 42.68 % and 37.55 %
EPA on days 3 and 4, respectively. The EPA to C16:0 ratio was 2.23 and
1.47 on days 3 and 4, respectively, while from day 5 until day 15, the
ratio dropped below 1, indicating that C16:0 dominated the microalgae
cells. Towards the end of the culturing period, C16:0 and C16:1 showed
an average of 35-36 %. Although the EPA percentage was highest on
days 3 and 4, the EPA quantity recorded 39.66 mg/g DCW and 66.26
mg/g DCW on those days, respectively. On day 10, the highest EPA was
recorded at 75.43 mg/g DCW with an EPA to C16:0 ratio of 0.58.

TFA comparison for wild-type and M1 strains N. oculata is shown in
Table 3. The M1 strain indicated a higher TFA than the wild-type strain.
The TFA could reach around 270 to 300 mg/g DCW in wild-type
N. oculata cultured under nitrate and phosphate limitation for 5 days
of the culturing period (Gong et al., 2013).

The biochemical results were in agreement with an enhanced EPA
quantity in M1 N. oculata (129.87 mg/g DCW), while the wild-type
strain EPA quantity (75.43 mg/g DCW) was relatively higher than
quantified in similar studies (Camacho-Rodriguez et al., 2014; Chen
et al., 2018; Chen et al., 2015; Chen et al., 2013; Hulatt et al., 2017;
Willette et al., 2018). However, despite a lower absolute EPA quantity,
the EPA percentage of TFA reached 42.68 % in the wild-type strain, a
comparable result to the EPA percentage in M1 strain, which recorded
42.77 %. The reason for the higher EPA content recorded in the wild-
type was not clear, although conditions in the pilot-scale photo-
bioreactor design could have contributed. A high ratio of EPA to C16:0 is
a useful indicator for identifying the ideal time for harvesting cells
whilst maximizing the EPA concentration. The M1 strain had a higher
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**p < 0.01, ***p < 0.001).

overall oil content than the wild-type strain, due to changes in FA syn- 3.2. Techno-economic assessment results
thesis and degradation pathways as described previously (Wan Razali

et al., 2022). The TEA analysis was conducted by integrating the optimum EPA

quantity data for wild-type and M1 N. oculata strains in this study into a
TEA model described in a previous study (Schade and Meier, 2021). The
system referred to an outdoor 628 m® tubular photobioreactor located in
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Halle/Saale, Germany (Schade and Meier, 2021). All measured param-
eters are assumed suitable for growing strains at the optimal growth
rate. In the TEA analysis, four possible scenarios were evaluated. The
cost projection was calculated by referring to the baseline data (Schade
and Meier, 2021) as shown in Tables 4 and 5. The scenarios studied the
economic impact of M1 strain EPA quantity (87.02 g/kg DCW) when the

microalga oil production was higher than the baseline data. In the
baseline scenario, a weight of 64,200 kg of Nannochloropsis sp. biomass
was produced in one year, and 13,225 kg accounted for total lipids or
microalga oil. The other valuable side product was biomass residue left
after the microalga oil was extracted. The yearly production of 50,917
kg/year was accounted for biomass residue; the by-product after the
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Table 3
TFA profiles (mg/g DCW) for wild-type and M1 strain N. oculata. The data show
the mean value of three technical replicate samples.

Days  Wild-type Standard M1-strain Standard deviation
(4.5 % CO3) (v/  deviation (4 % CO2) (v/ (1)
v) (€3] v)
0 27.59 5.58 104.85 18.48
1 77.92 32.07 36.66 6.21
2 174.26 28.27 45.04 4.48
3 92.36 33.18 86.27 1.02
4 188.14 9.80 289.21 41.92
5 270.22 29.31 160.69 13.11
6 266.28 48.87 203.06 11.16
7 328.55 45.62 590.10 65.03
8 310.83 74.26 250.86 24.98
9 327.46 48.90 296.73 19.46
10  393.60 33.60 428.63 37.89
11 432.93 30.71 522.43 19.52
12 472.07 70.64 499.76 55.99
13 446.64 28.23 602.58 38.63
14  487.95 86.98 607.80 45.84
15 536.94 45.20 674.45 54.82

microalga oil was removed. The biomass residue could also be used as
animal and fish feed. The price of fish feed was estimated at €1091 or
equivalent to £938.26 per tonne (Shield and Lupatsch, 2012). The
conversion rate from euro to pound when this study was conducted was
1 euro equals 0.86 pounds. The NPV and ROI calculations are shown in
the supplementary Table S1 until S11.

NPV and ROI are two financial metrics that are used to evaluate the
significance indicators for the economic potential of the studied sce-
narios. Table 6 shows 10-year comparison of NPV and ROI for this study.
The ROI for the M1 strain was expected at 110.99 % after 10 years of
operations. On the contrary, Nannochloropsis sp. and wild-type N. oculata
have ROI —0.10 % and 39.68 %, respectively, after 10 years of opera-
tions, which are unprofitable. Having 28.3 % growth faster for wild-type
showed an increase of ROI 124.63 % after 10 years. Having 80 % of
running of total days per year has reduced the ROI to 94.09 %, while, the

Table 4
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accumulation of 50 % microalga biomass cultured in tropical countries
has increased the ROI to 109.52 % after 10 years. Combining all the
scenarios, higher growth, 80 % operational days per year and the setup
in tropical countries has significantly increased the ROI to 368.20 %
after 10 years.

A higher EPA quantity in the M1 strain contributed to 110.99 % ROI
after 10 years. A faster growth (28.3 %), 80 % operational days per year,
and 50 % biomass increase for the setup in tropical countries recorded
ROI at 239.30 %, 193.18 % and 216.49 %, respectively. Combine sce-
narios showed 607.22 % ROI after 10 years, indicating a profitable
business.

EPA quantity per cell in the M1 strain was significantly higher
compared to the EPA quantity reported in other studies (Camacho-
Rodriguez et al., 2014; Chen et al., 2018; Chen et al., 2015; Chen et al.,
2013; Hulatt et al., 2017; Willette et al., 2018). 110.99 % ROI and
£8,129,226,70 NPV after 10 years indicate 87.02 mg/g DCW EPA
quantity has doubled the initial investment. The results demonstrated
that the M1 strain reaches the breakeven point after 10 years and gains
profits in a few more years. The break-even point is when the investment
cost of developing the microalga plant equals the revenue from sales,
hence starting to generate a profit (Mohammady et al., 2022). The
baseline scenario showed that at least 10 years and 6 months are
required for a plant to show a positive ROI from selling biomass, while at
least 24 years is needed for microalga oil of wild-type Nannochloropsis
sp. industry to portray a positive ROI (Schade and Meier, 2021).
Therefore, further strategies must be implemented to gain profits in a
shorter period.

In this study, wild-type N. oculata reached a break-even point in 22
years while baseline data indicated Nannochloropsis sp. microalga oil
could never make a profit. On the contrary, a higher EPA quantity in the
M1 strain indicated a break-even point is reachable in 10 years. A higher
growth rate (28.3 %) for wild-type showed a faster break-even point in 9
years with NPV achieving £9,128,236.14 after 10 years. 80 % more
operational days per year and 50 % more biomass in tropical countries
setup showed NPV of £7,913,862.55 and £8,021,781.11, respectively.

The increase in the M1 strain growth rate could shorten the break-

Parameters and input for four possible scenarios to be applied to wild-type N. oculata to increase microalga oil production productivity. All other parameters and
information are considered constant variables similar to the baseline Nannochloropsis sp. (Schade and Meier, 2021).

Parameter Unit WT N. oculata (grow 28.3 % WT N. oculata (292 day per WT N. oculata (tropical WT N. oculata (combined
faster) year) country) scenarios)
Lipids g/kg DCW 206 206 206 206
EPA g/kg DCW 57.61 57.61 57.61 57.61
Total microalga cell kg/1.2 ha/ 103,242.20 102,439.34 96,292.72 247,106.8
yield annum
Biomass residue kg/1.2 ha/ 81,881 81,244.61 76,375.5 195,980.4
annum
Microalga oil kg/1.2 ha/ 21,267.79 21,102.19 19,837.5 50,903.24
annum
Land ha 1.2 1.2 1.2 1.2

Table 5

Parameters and input for four possible scenarios to be applied to M1 strain N. oculata to increase microalga oil production productivity. All other parameters and
information are considered constant variables similar to the baseline Nannochloropsis sp.(Schade and Meier, 2021).

Parameter Unit M1 strain N. oculata (grow 28.3 M1 strain N. oculata (292 day M1 strain N. oculata (tropical M1 strain N. oculata (combined
% faster) per year) country) scenarios)
Lipids g/kg DCW 206 206 206 206
EPA g/kg DCW 87.02 87.02 87.02 87.02
Total microalga cell kg/1.2 ha/ 103,242.20 102,439.34 96,292.72 247,106.8
yield annum
Biomass residue kg/1.2 ha/ 81,881 81,244.61 76,375.5 195,980.4
annum
Microalga oil kg/1.2 ha/ 21,267.79 21,102.19 19,837.5 50,903.24
annum
Land ha 1.2 1.2 1.2 1.2
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Table 6
Net present value (NPV) and return of investment (ROI) comparisons for 10
years timeline.
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costs, while the improved scenarios for the M1 strain demonstrated
further financial advantages in overcoming the high capital costs that
currently exist within the microalgae industry.

Case study Net present value Return of
(NPV) (£) after 10 investment (ROI) CRediT authorship contribution statement
years after 10 years

1 Baseline Nannochloropsis sp. 7354.08 -0.10 % Wan Aizuddin Wan 1) Planned and Conducted experiments

2 Wild-type N. oculata 2,906,431.17 39.68 % Razali:

3 Wild-type N. oculata (28.3 % 9,128,236.14 124.63 % 2) Writing-original draft, review and editing
growth faster) manuscript

4 Wild-type N. oculata increased ~ 7,913,862.55 94.09 % Jagroop Pandhal: 1) Planned the experiments
to 80 % of running of total 2) Writing, review and editing manuscript
days/year

5 Wild-type N. oculata 8,021,781.11 109.52 %

(accumulates 50 % more
biomass in tropical countries)

6 Wild-type combine Scenario 32,053,860.19 368.20 % Declaration of competing interest
3,4,&5)

7 M1 strain N. oculata 8,129,226.70 110.99 % . . L.

8 M1 strain N. oculata (28.3 %  17,527,277.25 239.30 % The authors declare the following financial interests/personal re-
growth faster) lationships which may be considered as potential competing interests:

9 Ml strain N. oculata increased  16,247,505.17 193.18 % Wan Aizuddin Wan Razali reports financial support was provided by
;" 80/% of running of total Ministry of Higher Education Malaysia. Wan Aizuddin Wan Razali re-

ays/year . . . . ous .

10 Mly sti,ain N. oculata 15.855.974.41 216.49 % ports financial support was provided by Universiti Malaysia Ter-
(accumulates 50 % more engganu. Jagroop Pandhal reports financial support was provided by
biomass in tropical countries) Natural Environment Research Council.

11 M1 strain combine Scenario 52,156,484.46 607.22 %

(8,9, &10)

even point to the end of 6 years, as the NPV achieves £17,527,277.25
after 10 years. Increasing the operation period to 292 days/year also
could shorten the break-even point to an early 7 years, as the NPV
achieves £16,247,505.17 after 10 years. Culturing the M1 strain in
tropical countries showed NPV of £15,855,974.41 and break-even
period of 7 years. Tropical countries with consistent light intensities
and temperatures could be the ideal place to culture microalgae. For
example, in tropical country Malaysia, at a lower altitude place such as
Kuala Lumpur, the daily temperature is around 26-28 °C (Rahman,
2018; Tang, 2019). On the other hand, in a high-altitude place like
Cameron Highland, the average daily temperature ranges from 15 to
22 °C, which could be an ideal place for culturing and maximizing the
EPA synthesis (Tan et al., 2021). The ‘best case’ scenario shows the
highest ROI and NPV as expected, with a break-even point as early as
year 4 for the M1 strain and gaining profit afterwards. After 32 years, the
ROl is expected at 919.03 %, about nine times of initial investments with
an NPV of £98,727,632.36. A similar result showed for the ‘best case’
scenario for the wild-type N. oculata with 5 years of break-even, 574.63
% ROI and £62,419,795.68 after 32 years.

Overall, the M1 mutant shows significant promise in our TEA using
data extrapolated from the experimental runs. A further advantage is the
strain is not classified as genetically modified minimising regulatory
issues. Challenges include unpredictable productivity rates in outdoor
systems with minimal cultivation control.

4. Conclusion

The physiological and biochemical results obtained from the 300 L
pilot-sized outdoor photobioreactor demonstrated that it was appro-
priate for cultivation of both the wild-type and M1 strains of N. oculata.
The exponential growth phase indicated the highest EPA quantity for
both strains. However, the M1 strain indicated capabilities of producing
higher amounts of EPA in an outdoor pilot-scale system. For TEA eval-
uation, the average EPA quantity in the exponential growth phase was
integrated into a developed TEA model and evaluated to determine
whether the enhanced EPA-based project is economically feasible. In
conclusion, wild-type N. oculata achieves an upgrade in economic con-
ditions under the improved scenarios one to three. The M1 strain
characteristics imply the ability to overcome the high overall processing
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