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Abstract

Microalgae can form renewable feedstock for many sectors. However, most microalgae commercially cultivated are dif-
ficult to grow in colder climates. To overcome this problem one could cultivate cold tolerant algae. One such alga is the
red marine alga Porphyridium purpureum. It is currently often cultivated in bag systems in limited volumes. In this study
we cultivated P. purpureum at pilot-scale in horizontal tubular reactors in a greenhouse. P. purpureum was grown in batch
mode in a total volume of either 350, 500, 1000 or 1500 L. A total of 28 batches, spread over two years, were cultivated
reaching a maximum dry weight of 1.94 g L™!. The growth was continuously monitored to calculate the productivities and
growth rates. The P and N concentrations were measured frequently during four batches to calculate the P and N usage per
gram biomass. To calculate CO, fixation efficiencies the total CO, consumption was monitored during 6 of the 28 batches. A
maximum productivity and growth rate of respectively 0.195 g L™ day™' and 0.233 day™' were achieved while the P and N
usage varied from 3.2-6.19 and 14.5-36.6 mg g~! biomass for P and N, respectively. Growth was supported between 10 °C
and 30 °C, while temperatures above 34—35 °C proved to be detrimental. The CO, efficiencies differed among the 6 tested
periods with the highest utilization efficiency being 13.5% and the lowest a mere 1.5%. Further large-scale, continuous, tests

would be needed to fully optimize the cultivation of P. purpureum in larger volumes.
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Introduction

Consisting of several thousand species (Guiry 2012), micro-
algae form a large and diverse assemblage of single-celled
eukaryotic organisms that can be found in a wide variety
of habitats. Using sunlight as energy and CO, as a carbon
source they can produce biomass through photosynthesis
(Benedetti et al. 2018; Vecchi et al. 2020), a process they
can perform 10 times more efficiently than terrestrial plants.
In combination with fast growth rates, they form a prom-
ising valuable source of renewable feedstock for multiple
applications (Singh and Ahluwalia 2013; Benedetti et al.
2018; Khan et al. 2018). While the main focus for microal-
gal production in the last decades was energy based, more
focus is currently also put on the production of biomass for
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feed and food, nutraceutical and biomedical applications
(Fuentes-Griinewald et al. 2015; Bhalamurugan et al. 2018).

Due to its vast potential, the cultivation of microalgae has
received a lot of attention in recent years, yet large-scale pro-
duction of microalgae remains largely underexplored. Only
a select few species are currently produced on a commercial
scale (Richmond 2000; Singh and Ahluwalia 2013; Bene-
detti et al. 2018; Khan et al. 2018; Dolganyuk et al. 2020;
Aragjo et al. 2021). The legislative hurdles, high produc-
tion cost, and most research being done at well-controlled
laboratory scale form bottlenecks for a swifter upscaling of
microalgae cultivation (Fernandez et al. 1998; Tredici 2010;
Quinn et al. 2011; Pérez-Lopez et al. 2017; Aradjo et al.
2021; Latsos et al. 2022).

Porphyridium purpureum (formerly P. cruentum) is one
of the select few microalgal species already cultivated com-
mercially (Gaignard et al. 2019; Li et al. 2019a; Aragjo et al.
2021). It is a unicellular eukaryotic marine red algal species
belonging to the Rhodophyta (Sato et al. 2017; Gaignard
et al. 2019; Li et al. 2019a). Being a marine species, it can be
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cultivated in seawater and thus be more sustainable as no or
less fresh water or nutrients are needed (Moomaw et al. 2017,
Merlo et al. 2021). However, currently often artificial seawa-
ter is used (Gaignard et al. 2019). Furthermore, it can still be
cultivated at lower temperatures (Durmaz et al. 2007; Guihé-
neuf and Stengel 2015), making it an interesting species for
countries with colder climates. It lacks a cell wall and produces
extracellular polysaccharides (EPS) surrounding its cell (Gaig-
nard et al. 2019). Aside from EPS it produces and accumulates
several valuable bioactive substances such as unsaturated fatty
acids and phycobiliproteins (e.g., phycoerythrin) (Gaignard
et al. 2019; Li et al. 2019a; Bayu et al. 2022). Research on
P. purpureum dates back to the 1950s (Brody and Emerson
1959; Golueke and Oswald 1962) and recently more in-depth
studies have started because of its potential economic value
(Fuentes-Griinewald et al. 2015; Sato et al. 2017). Due to the
aforementioned, more (mainly laboratory-scale) research has
been published on Porphyridium spp. and it is on its way to
become a model rhodophyte (Li and Bock 2018). While the
genetic exploitation of P. purpureum is still in its initial stage
(Li et al. 2019a), its genome has been sequenced and genetic
transformation tools have been developed (Perrineau et al.
2015; Li and Bock 2018; Li et al. 2019a).

At larger-scale, even though already being produced com-
mercially, its full potential remains underexplored (Li et al.
2019b; Yin et al. 2022). Current commercial cultivation,
mainly for EPS production, occurs mostly in batch mode in
short lived, single use bags prone to biofouling. The cultiva-
tion volumes are often also small (60-80 L) (Tredici 2003;
Fuentes-Griinewald et al. 2015). Research done in the labo-
ratory in well-controlled small volumes makes it difficult to
extrapolate to larger-scale cultivation (Tredici 2010; Quinn
et al. 2011; Latsos et al. 2022). Specifically for Porphyridium
spp., only a handful of studies describe its cultivation in a
larger-scale set-up (Gaignard et al. 2019; Li et al. 2019a) of
which one study described the cultivation in a total volume of
7000 L (Chaumont et al 1988; Chaumont 1993). To generate
more larger-scale cultivation data outside the well controllable
lab conditions and gain more insight on long-term cultivation
in a tubular photobioreactor using larger cultivation volumes,
we performed multiple and long-term pilot-scale cultivation
tests in a total volume of up to 1500 L in a tubular photobio-
reactor placed inside a greenhouse located in Geel, Belgium.
Furthermore, the growth was continuously monitored by tur-
bidity measurement to determine the growth pattern.

Materials and methods
Microalga strain and culture conditions

Porphyridium purpureum (SAG 1380-1C) was purchased
from SAG (Department Experimental Phycology and
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Culture Collection of Algae, University of Gottingen, Ger-
many). The culture was maintained in the laboratory in
brackish water medium based on the SAG brackish water
medium recipe (version 10.2008). The medium was steri-
lized by autoclaving (121 °C for 20 min). Porphyridium
purpureum was kept in 250 mL-Erlenmeyers on an orbital
shaker at 90 rpm with 70 umol photons m~=2 s~ light expo-
sure (cool-white fluorescent) at 22 °C (+0.2 SD) under
a 16/8h day/night regime. Cultures were subsequently
transferred to aerated 1, 2 and 40 L recipients for upscal-
ing. During upscaling autoclaved medium and ambient
air was used for aeration and mixing. No extra CO, was
provided during upscaling. For pilot-scale cultivation in
the photobioreactors the same brackish medium, steri-
lized by filtration (0.2 pm), was used. The medium had
the following composition: 252 mg L™' HNO;, 22 mg L™!
H,PO,, 248 mg L' KOH, 6.3 mg L™ Fe-DTPA, 42 pg L™!
CuS0,.5H,0, 2.8 ug L™! ZnSO,, 7.2 ug L™! MnSO,, 4.3 g
L~ Na,MoO,, 40.1 pg L' Na,B,0,, 0.2 g L™! NaHCO,
and 3.5 g L™! MgS0,.7H,0, 11.8 g L™! NaCl and 0.315 ¢
L~! CaCl,.2H,0. Furthermore 0.5 mg L~! Vitamin B12 was
added during each step of the scaling-up. For cultivation in
the photobioreactors Vitamin B12 was added at the initial
start of the culture, but not afterwards. During cultivation
in the photobioreactors HNO; and H;PO, were added to the
culture when needed, based on regular measurement of their
concentrations. For medium preparation for the pilot-scale
cultivation a central autonomously computer control unit
was used and the medium was fed to the cultures by a feed
supply unit (FertiMiX 600).

Determination of microalgal growth

For continuous monitoring of the growth at pilot-scale, a
continuous online turbidity monitoring system (Georg Fis-
cher Signet 4150 turbimeter 0—1000 Nephelometric Turbid-
ity Unit, NTU) was used. The turbidity was measured every
30 min and the corresponding dry weight could be calcu-
lated using the correlation previously determined (Thoré
et al. 2021b):

DW = 0.022x°9%78. R? = 0.926

with x being the turbidity (Thoré et al. 2021b). The dry
weight was furthermore regularly manually measured, spe-
cifically at the start and end of each batch and during the
cultivation. Both measurements were combined to follow
the growth. For dry weight measurements samples (5 mL
per sample) were filtered on glass microfiber membranes
(0.45 pum), dried at 70 °C for 24 h and transferred to a desic-
cator before weighing. Regular microscopic evaluation dur-
ing the cultivation was also performed to check the purity
of the culture. Non-contaminated cultures were defined as
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cultures free of excessive presence of bacteria, fungi, graz-
ers or other algae. The pilot-scale cultures however were not
axenic, as the presence of minute traces of other microorgan-
isms is nearly unavoidable in large volume pilot-scale setups
such as the ones used in this study.

The growth was evaluated by calculating the growth rate
(p) based on turbidity measurements and dry weight meas-
urements, volumetric productivity and doubling time based
on the start and end concentrations of each batch cultivated
in the photobioreactor.

Horizontal tubular multilayer photobioreactors

Three tubular multilayer photobioreactors with volumes of
respectively 350 L, designated reactor 3 (R3) and reactor 4
(R4) and 1500 L, designated reactor 1 (R1), were used for
cultivation of P. purpureum. The 1500 L reactor consists of
3 smaller units of 500 L connected to each other with valves
(Fig. 1). Depending on the experiment, either a 500 L, 1000
L or 1500 L configuration was used. All reactors are located
in a greenhouse in Geel, Belgium and are part of the pilot
plant of the EU EFRO-project “Sunbuilt”. The photobiore-
actors consist of transparent unplasticized polyvinylchloride
(PVC-u) tubes with an external diameter of 5 cm. To avoid
shading of lower located tubes the photobioreactors were
constructed in a triangle-like configuration (Fig. 1).

Operating procedure of the photobioreactor

Porphyridium purpureum was successfully cultivated in
batch mode for a total of 28 batches between January 2018
and January 2020. In total 14 batches were cultivated in the
350 L reactors, while 12 batches were grown in the 1500 L
reactor. The remaining 2 batches were cultivated in a total
volume of 500 and 1000 L respectively (Fig. 2). The growth

Fig. 1 The photobioreactors N / s

used to perform the growth 4 A ;/ 7/

experiments with P. purpureum. P 2 = Vo~
i Y -

A. The left photobioreactor 24 A
is a 350 L reactor of which 2 s T
separate reactors were used (R3 / | <
and R4). B. The 1500 L reactor 2

which consists of 3 (1, 2 and 3)
units of 500 L that can be used
separately or together (either
500, 1000 or 1500 L total vol-
ume) is shown on the right

==

tests were performed in non-nutrient limiting conditions
and partial harvests (50 to 80%) occurred at the end of each
batch. Cultivation continued with the remaining culture and
fresh medium (same volume fresh medium was added as
the harvested volume). The growth tests took place in the
spring, winter and fall periods. Two batches, not included
in the list of 28 batches, were cultivated during the summer
(both in 2018 and 2019) but crashed after a few days due to
temperatures reaching 35 °C and higher. Since temperatures
of 35 °C during the summer are no exception, no further
cultivation attempts took place during the summer periods.
A third batch, not mentioned in the list of 28, was a cultiva-
tion attempt in October 2020. However, the culture halted
growth after only 10 days.

A centrifugal pump (900 rpm) was used to circulate
the medium and filter-sterilized (0.1 pm) ambient air was
injected in the lowest tube at a continuous rate creating a
turbulent flow for mixing. Since P. purpureum is generally
cultivated at a pH between 7.5 and 8, the working pH was set
at a value between 7.5 and 8.5 (Singh et al. 2000; You and
Barnett 2004). However, a few batches were also cultivated
at a pH setpoint of 9 or 10. The pH was continuously meas-
ured and maintained by the injection of CO, on demand.
Filter-sterilized (0.1 pm) CO, was injected in the airflow,
with a maximum flow of 885.9 mL min~" (350 L reactor) or
5600 mL min~! (1500 L reactor). To have an indication of
the CO, usage during the growth of P. purpureum, the total
CO, injected in the 350 L photobioreactor was continuously
measured during 6 batches, cultivated between 5 October
2018 and 12 December 2018, by an in-flow mass flow meter/
controller (Bronkhorst, the Netherlands). See also supple-
mental Fig. 1 for a more in-depth overview of the configura-
tion of the reactors used in this study.

The ambient temperature inside the greenhouse was mon-
itored (Ektron III-C, Hortiplan) continuously. To prevent an
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1. Laboratory-scale, well
controlled conditions

250 ml erlenmeyers kept on orbital
shaker at 90 rpm with 70 pmol m? s
light exposure and kept at 22°C
When needed for upscaling, cells
were transferred to 1or 2 L aerated
bottles.

in the greenhouse.

2.Up-scaling to 40 L

A 40 L aerated cultivation
was used for inoculation

22°C, natural sunlight.

4.Algal biomass

Dry weight up to max.194 g L'

ST
3. Pilot-scale cultivation in
350 to 1500 L

28 batches in total harvested over a 2-year period
divided into the following cultivation periods:

+ January to March 2018

+ September 2018 to February 2019

« April 2019 to May 2019

+ October 2019 to January 2020

Reactors were partly harvested and cultivation
continued with diluted culture.

Fig.2 General overview of the cultivation process. Algae were kept in well controlled conditions in the laboratory until up-scaling and finally

pilot-scale cultivation in 350—1500 L reactors. See text for more details

excessive rise in temperature in the greenhouse, foggers
inside the greenhouse and sprinklers on the roof were turned
on automatically when the temperature reached 23 °C. A
gas heater (HHB-100A-230 V, Holland Heaters) was used
to maintain a minimal temperature of 10 °C. Aside from the
heater, an energy screen was closed between 16.00 and 8.00
during the colder periods to keep the heat in the greenhouse.
The photosynthetically active radiation (PAR) was measured
continuously with a PAR sensor (LI-COR LI-190R Quan-
tum sensor) installed inside the greenhouse, on top of the
reactor. A solar irradiance meter (LPO2-TR pyranometer)
was installed outside the greenhouse to measure total solar
radiation. At a measured value of 400 W m™2, a sunscreen
inside the greenhouse was automatically partially closed to
reduce irradiation by 20-30%.

To provide more light, artificial lighting was provided
during shorter days (Philips TL-D 58W 865; approximately
504 mmol photons m~2 day™!) to lengthen the daytime
to approximately 14-16 h. Control, logging and steering
was done automatically by computer (MultiMa series 11,
Hortiplan).

Determination of nitrogen and phosphorus
in the culture medium

To determine the nitrogen and phosphorus usage of P. pur-
pureum at pilot-scale 50 mL samples were taken at regular
intervals to determine the usage of N and P. Based on the
remaining N and P in the samples, extra N and P was added
to the photobioreactors to provide non-nutrient limiting
growth. Samples were subsequently centrifuged for 10 min
at 1500 Xg at 20 °C and either directly analyzed or frozen
before analysis.

Remaining nitrogen content was analyzed as nitrate by
ionic chromatography (Metrohm Eco IC using a Metrosep
A Supp 17-250/4.0 column) and a 6 mM Na,CO; buffer.

@ Springer

Samples were pretreated by filtering through 0.45 um and
0.20 um disposable PET-filters (NBN EN ISO 10304-1).
The obtained concentration of nitrate was recalculated to
nitrogen concentration based on molecular weights.

Phosphorus content in the medium was determined by
ICP-OES (Optima 4300 DV, Perkin Elmer Instruments).
Samples were centrifuged for 10 min at 3000 Xg to remove
algal biomass. A 9 mL sample of the algae medium was
taken and acidified with 1 mL of concentrated nitric acid
(65%). The sample was homogenized and phosphorus was
measured by ICP-OES at 214 nm.

Calculations

For each batch the volumetric biomass productivity P, (g
L~! day~!) was calculated using Eq. 1:

Pv = (Ce - Cs)/tc (1)

with C; and C, the start and end biomass concentration (g
L"), respectively, and ¢, the cultivation time (days) for each
specific growth period (Islam et al. 2021).

To be able to calculate the biomass yield on light for each
batch the areal productivity (P,) was also calculated. This
was done by the formula (Eq. 2):

Pa = V(Ce - Cs)/Artc )

with V the volume of the reactor, C; and C, the start and
end biomass concentration (g L™!), respectively, A, the area
occupied by the reactor used and ¢, the cultivation time
(days) for each specific batch (Islam et al. 2021). The 350 L
reactor had a surface area of 14 m? while the 1500 L reactor
had a total surface area of 120 m? (for each unit of 500 L a
surface area of 40 m? was used, surface area was defined as
the surface occupied by the PBR, including the degasser).
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The following adapted Eq. (3), using the areal instead
of the volumetric productivity (Molina Grima et al. 1997),
was used to calculate the biomass yield on light (P;, g
mol~! photons) for each specific batch:

P =P,/PAR, @)

with P, the areal productivity and PAR, the average PAR
(mol photons m~2 day~') received during each day (light-
period) of that specific batch.

The specific growth rate (day~') was calculated for each
batch using Eq. 4:

H= ln(Ne/Ns)/tc (4‘)

with N, and N, the biomass (g) at, respectively, the end and
start of each period and ¢, being the total number of days in
the specific period (Lee and Shen 2003).

The doubling time (days) was calculated as (Eq. 5):

T, =1n(2)/u 5

with u being the calculated specific growth rate (Islam et al.
2021). For a doubling time in hours, 7; was multiplied by 24.

During four batches, the nitrogen (N) and phosphorus
(P) content were measured frequently to monitor the N
and P usage by the algae. The used N and P was then cal-
culated using Eqs. 6 and 7:

Ny =N, —N, (6)
and
P, =P, —P, @

with Ny, the nitrogen used, N, the nitrogen content at the
start, N, the nitrogen content at the end, P, the phosphorus
used, P, the P content at the start and P, the P content at
the end of the growth experiment. To calculate the used N
and P per gram biomass per experiment, the used P and N
was divided by the biomass (g) produced during the specific
experiment. The N/P ratio was calculated by dividing the
consumed N (mg L) by the consumed P (mg L™"). For the
other growth periods, the N and P content were measured at
regular intervals and extra N and P was added to the culture
when needed.

To investigate the estimated consumption of CO, by
P. purpureum the total CO, injected was measured online
and continuously by a mass flow meter (In-Flow mass
flow meter/controller Bronkhorst, the Netherlands) for 5
batches in the 350 L photobioreactors. The theoretical total
CO, fixation (CO,y,, g) by the algae for each batch was
calculated as in Eq. 8:

=04 v, [ 2co
COZth =0. 3(Ce - Cs) r m ()

with C; and C, the start and end biomass concentration (g
L™, Meo,, Mc being the molar mass of respectively CO,
and C, V, the volume of the reactor and 0.43 a percentage
based on the carbon content (Moraes et al. 2016). Often
the factor 0.5 is used for the carbon content in microalgae
(Goldman et al. 1971; Sanchez Mirén et al. 2003; Tang et al.
2011). However, using this assumption might lead to under-
or overestimation as several authors already showed that the
carbon content can deviate substantially from the 0.5 fac-
tor (Goldman et al. 1971; Ahlgren et al. 1992; Reitan et al.
2021). Since we did not measure the specific carbon content,
we used a factor of 0.43 which was previously described for
P. purpureum (UTEX 161) (Lee and Bazin 1991).
The CO, fixation rate CO,;, was calculated using Eq. 9:

1.58P,, )

with 1.58 derived from multiplying the average carbon
content (43%) per unit biomass with the CO, carbon ratio
(44/12) (Ho et al. 2017).

Equation 10 was used to have an idea about the estimated
CO, uptake efficiency. The calculated CO,,,, was divided by
the total CO, (CO,,, g) injected (influent CO,) and multiplied
by 100 to know the utilization efficiency percentage (Ug):

U(%) = (COy,/C0O,)100 (10)

The above formula is a simplified version of the formula:

Influent of CO,—effluent CO, . . .
nfluent CO, 100 (Klinthong et al. 2015) in which

the numerator is replaced by the theoretical total CO, fixation
since the photobioreactor had no measurement of CO, in the
outgoing gases. The total loss of CO, (CO,,; ) was calculated
by subtracting CO,,;, from CO,, giving Eq. 11:

CO,, = CO, — COyy, (11

Statistical analysis

To compare the differences in temperatures, received PAR and
daily biomass production between the 28 batches a one-way
analysis of variance (ANOVA) with post hoc Tukey HSD with
a significance level of 0.05 was performed. Normality was
tested with a Shapiro—Wilk test. Data are given as mean + SD.

Results

Growth of P. purpureum and N, P usage at pilot-scale
To move beyond well-controlled laboratory-studies we cul-
tivated P. purpureum at pilot-scale volumes up to a total of

1500 L. In total 28 batches were cultivated and harvested
over a period of two years (Fig. 3).

@ Springer
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Fig. 3 Productivity of P. purpureum over a two-year period. During cultivation attempts in the summer period the culture crashed rapidly due to
temperatures up to 35-40 °C; shown with red arrows. The third failed attempt in October 2020 is not shown on the graph

Next to the 28 successful batches, three failed experi-
ments were observed. The first two were cultivations
attempted during the summer periods in 2018 and 2019 (23
August-2 September 2018 and 24-31 August 2019) that
failed due to too hot temperatures. A third failed attempt
was in October 2020. The growth of the culture halted after
approximately 10 days. The reason for this third failed cul-
tivation is unclear.

The two longest non-stop growth periods had a span of 3
to 4 months, from September 2018 to February 2019 (using
multiple reactors) and from October 2019 to January 2020
(using 1 reactor), in which respectively 10 and 7 batches
were harvested. Longer cultivation periods however came

Fig.4 A. biofilm formation in the photobioreactor tubes (tube has
been rotated for a better view on the biofilm formation, the upper
part seen here is the bottom part in real life after 4 months of non-
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with an increased risk of biofilm formation and contamina-
tion in the culture (Fig. 4). Data used in this study was from
non-contaminated cultures as cultivation was halted once
contamination was clearly prevalent. For observational use,
some batches were kept longer to observe biofilm formation.

Figure 5 shows the growth pattern of P. purpureum. In
general, the NTU and dry weight increased steadily until
a (partial) harvest took place to dilute the culture and start
a new batch. On a daily basis, the NTU started to increase
from sunrise until sunset. During the dark period the NTU
decreased (Fig. 5).

A maximum dry weight of 1.94 g L~! was reached dur-
ing our experiments for several batches. Table 1 shows
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Fig.5 General growth pattern of P. purpureum. A steady increase of NTU (and dry weight) was observed over time.

occurred after sunrise and a decrease occurred after sunset

for each batch the growth rate, volumetric productivity,
yield on light and doubling time, all calculated based on
the initial and final dry weights of each batch. The average
daily amount of light (PAR) and average daily tempera-
tures during each batch was also monitored. The extra light
(504 mmol m~? day ~') provided during shorter days is
incorporated in the PAR values given in Table 1.

The highest growth rate, productivity and lowest dou-
bling time obtained were respectively 0.233 day ™', 0.195 g
L~! day~! and 2.97 days. Over the 2-year span an aver-
age growth rate, volumetric productivity and doubling
time of respectively 0.117 +0.047 day~'; 0.084 +0.044 g
L~! day~! and 7.01 +3.17 day was obtained. The aver-
age PAR light received and average temperature were
45.77 +20.6 pmol photons m~2 s~ and 18.5+2.7 °C
respectively.

To compare the 28 batches statistically a one-way analy-
sis of variance was performed to compare the daily growth
rates, daily average temperatures and daily average PAR
values during each batch (Supplemental Tables 2 and 3).
While the daily temperature and daily PAR measured during
the 28 batches differed significantly between many batches
(Table S3), the daily growth rates however were less often
statistically significant different between batches (Table S2).
No clear correlation between temperature and growth rate or
doubling time could be observed, nor for the average PAR
received and the growth rate or doubling time (Fig. S2).
When looking at the biomass yield on light, several batches
cultivated during the fall and winter, with lower average
PAR, achieved high yields on light while the yield on light
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An increase of NTU

during periods with higher average PAR intensities was
often lower (Table 1).

To estimate the N and P used by P. purpureum at pilot-
scale, samples were taken frequently during 4 time periods
(2 periods for the 350 L reactor and 2 periods for the 1500 L
reactor) to calculate the total N and P used (Table 2).

Table 2 shows the P used stayed between 3.2 and 6.19 mg
per g biomass cultivated while the algae used between 14.5
and 36.6 mg N per g biomass. The reason for the differences,
especially for N usage, is unclear. The observed N/P ratios
shows that the algae use the N and P nutrients effectively as
we used a 5/1 ratio for our medium composition.

CO, utilization efficiency at pilot-scale

The total CO, injected into the photobioreactors (350 L reac-
tors) was monitored during 6 periods in 2018 to calculate the
CO, utilization efficiency (Table 3).

During the period 9-15 October the utilization efficiency
was the highest with 30.9% in R4 at pH 8. Yet, during the
same period an efficiency of only 5.1% was reached in the
second photobioreactor used (R3) at pH 8.5. The second
highest efficiency, 12.2%, was reached in R3 during the
period 15-24 October, pH setpoint 8.3. In the same period
(R4, pH setpoint 7.5) an efficiency was reached of 10.4%.
Two more tests at pH 7.5 were conducted (31 Oct-6 Nov
and 16 Nov.-6 Dec) and they only had efficiencies of 5.8
and 7.6% respectively. The highest CO, efficiencies were
achieved at a pH of 8 or 8.3, while a lower (7.5) or higher
(8.5) pH setpoint resulted in lower efficiencies.
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Table 1 In total 28 batches were grown in the photobioreactors of
350 L and 1500 L. The growth rate (u), volumetric productivity (P,),
yield on light (P;), doubling time (Ty), average daily PAR (including
extra artificial light) and average daily ambient temperature measured
in the greenhouse are shown for each batch. The highest number per
parameter is in bold while the lowest is shown in italic and under-
lined. The specific growth rate, the volumetric productivity, yield on
light and doubling time are calculated over each batch period based
on the initial and final dry weight. The pH setpoint of each batch is

also shown. For readability the standard deviations are not mentioned
here. See supplemental Table 1 for a more complete table including
standard deviations and maximum average PAR and temperatures in
each period. *Are batches with extra artificial lighting on to lengthen
the day(light). ~during these periods high temperatures up to 35.2 °C
were reached). SAre batches that started with lab inoculum, other
batches started after harvesting the previous batch or transfer from a
350 L reactor to a 1500 L reactor

Period R+ Vol pH u(Eq.4) P,(Eq. 1) P, (Eq. 3) T,(Eq.5) Average PAR  average
Temp
day™ g L™ day™ gmol™! day (h) umol photons  °C
photons m2s!

11-25 January 2018%% R4 350 L 8 0.11 0.0256 0.419 6.10 (147.6) 26.5 17.5
27 Jan.-10 Feb. 2018*  R3350L 9 0.11 0.107 1.185 6.20 (148.9) 39.4 17.5
17-26 February 2018* R3350L 9 0.108 0.110 0.702 6.40 (153.7) 67.0 18.9
3-13 March 2018* R3350L 8 0.14 0.120 0.887 5.12 (123) 63.6 19.0
3-13 March 2018* R4350L 85 0.12 0.110 0.800 5.57 (133.8) 63.6 19.0
3-13 March 2018* R1500L 10 0.109 0.044 0.153 6.10 (151.6) 63.6 19.0
23-30 March 2018* R11000L 85 0.132 0.158 0.332 5.23 (125.6) 82.5 18.4
24 Sep.-4 Oct. 2018*°  R3350L 85 0.189 0.087 1.037 3.60 (88) 36.5 20.8
5-15 October 2018 R3350L 85 0.075 0.046 0.637 9.25 (221) 31.6 22.5
5-15 October 2018 R4350L 8 0.106 0.077 1.104 6.54 (156.9) 31.6 22.5
15-24 October 2018 R3350L 83 0.074 0.046 0.739 9.34 (224.2) 27 20.9
15-24 October 2018 R4350L 7.5 0.095 0.071 1.138 7.23 (175.1) 27 20.9
26 Oct.-13 Nov. 2018* R3350L 7.5 0.073 0.058 1.019 9.51(228.2) 24.7 17.5
26 Oct.-13 Nov. 2018* R4 350L 8.5 0.094 0.085 1.490 7.38 (177) 24.7 17.5
16 Nov.-6 Dec. 2018* R4350L 75  0.042 0.035 0.720 16.53 (396.7) 20.5 16.2
16 Nov.-6 Dec. 2018* R3350L 7.5 0.045 0.035 0.813 15.38 (369.2) 20.5 16.2
4 Jan.-4 Feb. 2019* R11500L 8 0.067 0.052 1.09 10.38 (240.1) 36.2 14.3
9-29 April 20197 R11500L 8 0.173 0.054 0.181 4.0 (96.2) 65.2 20.4
30 Apr.-9 May 2019 R11500L 8 0.149 0.126 0.479 4.66 (111.8) 57.3 18.6
10-16 May 2019 R11500L 8 0.233 0.195 0.532 2.97(71.4) 79.7 20.6
17-28 May 20197 R11500L 8 0.175 0.138 0.462 3.96 (95.1) 64.6 21.8
23-31 October 2019° R11500L 85 0.207 0.083 0.221 3.43 (80.5) 81.56 20.7
1-10 November 2019% R1 1500L 8.5  0.162 0.177 0.390 4.26 (102.1) 65.4 19.4
13-25 November 2019* R1 1500L 85  0.101 0.068 0.264 6.88 (165.1) 55.8 18.7
27 Nov.-10 Dec. 2019*  RI1 1500L 8.5  0.089 0.054 0.281 7.79 (186.9) 41.4 18.4
11-20 December 2019¥ R1 1500L 8.5  0.109 0.076 0.427 6.34 (152.2) 38.67 16.6
22 Dec.’19-3 Jan. 20¥ RI11500L 8.5 0.104 0.058 0.614 6.68 (160.4) 20.65 13.7
7-26 January 2020%* R11500L 8.5 0.085 0.051 0.446 8.15 (195.7) 24.9 10.7
Mean / / 0.117+0.047 0.084+0.044 0.653+0.333 7.01+3.17 45.77+20.7 18.5+2.7

(168.5+76.1)
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Table2 N and P usage of P. purpureum at pilot-scale cultivation. Total usage of N and P per mg algal biomass is shown for the 350 L and 1500

L reactors
Period Reactor mg N per g biomass mg P per g biomass N/P ratio Average Temp Average PAR
\% mg gt mg gt °C pmol photons m=2 57!
Oct.-Dec 2018 350 36.6 6.19 5.8 19.3 26.0
Oct.-Dec 2018 350 20.7 4.16 5.0 19.3 26.0
April-May 2019 1500 14.5 32 4.5 20.4 66.7
Oct. 2019-Jan. 2020 1500 304 6.1 5.0 16.9 46.9
Mean / 253+9.5 490+1.5 51+0.5 19.0+1.5 41.4+19.5

Table 3 Overview of the total CO, injected (CO,,) during each batch
(period) growth test in 350 L photobioreactors. The pH was set at
a specific setpoint and CO, was injected on demand to maintain a
steady pH. Furthermore, the difference in concentration at the end

(C,) versus the start (C,), the theoretical total CO, fixed (CO,,), the
total loss of CO, (CO2, ), the utilization efficiency (U%) and the CO,
fixation rates (CO,;) are shown. The two numbers in bold show the
highest CO, utilization efficiency

Period Setpoint pH ~ Average temp (C,—C;) CO,  CO,y; (Eq.8) COyy (Eq. 11) U% (Eq.10) CO,4 (Eq.9)
gL™! g g g % gL~ day™
9-15 October 2018 (R3) 8.5 23+1.2 0.13 1411 72 1339 5.1 0.03
9-15 October 2018 (R4) 8 23422 0.37 661 204 457 30.9 0.10
15-24 October 2018 (R3) 8.3 209+1.5 0.46 2074 254 1820 12.2 0.07
15-24 October 2018 (R4) 7.5 209+1.5 0.71 3768 392 3376 10.4 0.11
31 Oct.-6 Nov. 2018 (R3) 7.5 183+1 0.48 4542 264 4278 5.8 0.16
16 Nov.-6 Dec. 2018 (R3) 7.5 16.2+0.6 0.73 5292 402 4890 7.6 0.05

Table4 Overview and comparison to the literature of the different
results obtained in this study. The results from the Arad group, using
sleeves, are included as a standard reference. To compare the studies,
the maximum volume, maximum cultivation time, average growth

rate (1), max growth rate, average volumetric productivity (P,) and
maximum dry weight (DW) reached are given in the table. Studies
shown here used tubular photobioreactors (T), pond systems (P) or
sleeves (S)

Study Max. Volume Max. cultiva- Average u Max u (Average) P, Max DW
tion time
L day day™ day™ g L™ day™ gL’
This study 1500 (T) 95%* 0.117+£0.047 0.233 0.084 +0.044 1.94
Chaumont (1993) & Gudin and 7000 (T) 60 / / 0.29 to 0.36 6
Chaumont (1991)
Rebolloso Fuentes et al. (1999) 220 (T) 3 0.0049, 0.0075, / 1.76 3.5
0.0107 (inh™)
Fuentes-Griinewald et al. (2015) 600 (T) 50 0.26 to 0.27 / 0.027 to 0.047 1.04
Castro-Varela et al. (2021) 350 (T) and 700 (P) 14 / 0.85 (PBR); 0.0257 (PBR) 0.36
0.67 (pond) (PBR);
0.3
(pond)
Yin et al. (2022) 700 (T) 11 / / / 0.85
Arad laboratory
Cohen et al. (1989) 25 (S) 20 0.115¢ / / 29
Cohen et al. (1991) 100 (S) 40 / / 0.102 (batch)to 2.9

0.177 (cont.)

*32 days was the longest batch period, however in total days (multiple batches) a total of 95 days was achieved in the 1500 L reactor between 23
October 2019 and 26 January 2020. After 76 days a part of the reactor was cleaned with water, after which the cultivation continued for 19 more
days (76 +19 days; 95 in total). The longest non-stop cultivation was 136 days between September 2018 and February 2019, however, this was

in multiple reactors. “Calculated based on the cell numbers given
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Discussion
Growth of P. purpureum and N, P usage at pilot-scale

As with most microalgae, the majority of the published
work on P. purpureum is done at laboratory-scale (Gaig-
nard et al. 2019; Li et al. 2019a). However, extrapolating
of laboratory-scale data to pilot-scale or industrial-scale is
arduous (Fernandez et al. 1998; Pérez-Lopez et al. 2017)
and more large-scale experiments are needed (Borowitzka
and Vonshak 2017). One study on P. purpureum that tested
both laboratory and larger scale conditions reported bio-
mass productions at larger scale that were 3.8 to 4.6 times
lower compared to the laboratory-scale test (Castro-Varela
et al. 2021). In general, it is difficult to compare results
between studies due to a lack of pilot-scale studies and due
to differences in cultivation methods, culture system used
and environmental conditions (Borowitzka and Vonshak
2017). Specifically for P. purpureum the scarcity of litera-
ture on large-scale P. purpureum cultivation makes it very
challenging to compare our data with what others reported
for Porphyridium spp. Currently only a few studies
describe the cultivation of P. purpureum in larger volumes
(>200 L working volume) in tubular reactors (Gudin and
Chaumont 1991; Chaumont 1993; Rebolloso Fuentes et al.
1999; Fuentes-Griinewald et al. 2015; Castro-Varela et al.
2021; Yin et al. 2022). Of these studies, one was limited
to a 3-day trial in a 220 L reactor (Rebolloso Fuentes et al.
1999), while a second one was limited to a 11-day experi-
ment in a 700 L reactor (Yin et al. 2022) and a third one
was limited to 14 days and no CO, was provided during
the cultivation (Castro-Varela et al. 2021) making it hard
to compare batches or estimate longer term cultivation
or environmental influences. The fourth study describes
the cultivation during a 30-50-day period in two 600 L
reactors (Fuentes-Griinewald et al. 2015), while the fifth
study was performed in a 7000 L reactor and mentioned a
steady state cultivation period for up to 2 months (Gudin
and Chaumont 1991; Chaumont 1993). To investigate the
further upscaling of P. purpureum we performed several
batch cultures up to a total volume of 1500 L (Table 1)
during a two-year period from 2018 to 2020 (Fig. 3).

During our two-year cultivation averages of volumetric
productivity, growth rate and a maximum dry weight of
respectively 0.084 +0.044 ¢ L™ day™'; 0.117 +0.047 day™!
and 1.94 g L~! were obtained. Table 4 shows the results
obtained in this study compared to the five other pilot-scale
studies we found in the literature and the results of the Arad
group who used the standard sleeves.

Rebolloso Fuentes et al. (1999) reached a maxi-
mum dry weight of 3.5 g L™!. They reported an aver-
age productivity of 1.76 g L™! day~! with growth rates
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of day 1, 2 and 3 of respectively 0.0049, 0.0075 and
0.0107 h™!. Their study was however limited to a 3-day
growth experiment (Rebolloso Fuentes et al. 1999) and
potentially not indicative for longer cultivation periods.
Fuentes-Griinewald et al. (2015) reached a maximum dry
weight of 1.04 ¢ L™! and reported average productivities
of 0.027 g L' day~! (batch mode) and 0.047 g L™! day™~!
(semi-continuous) with growth rates of 0.26 day™' and
0.27 day~', respectively (Fuentes-Griinewald et al. 2015).
Yin et al. (2022) did not specify average productivities
nor growth rates but reached a maximum dry weight of
0.85 g L' at day 9 (Yin et al. 2022). Castro-Varela et al.
(2021) performed two larger scale experiments, one in a
350 L PBR and one on a 700 L open pond system reaching
dry weights and growth rates of respectively 0.36, 0.30 g
L~! and 0.85, 0.67 day~! for the PBR and open pond
(Castro-Varela et al. 2021). Chaumont (1993) mentioned
a productivity of 0.29 to 0.36 g L™! day~! attained for up
to 2 months at steady state obtained at a cell concentra-
tion of 6 g L! (Gudin and Chaumont 1991; Chaumont
1993). One potential explanation for their high productiv-
ity and DW obtained could be the tight temperature con-
trol by floating or immersing the reactor in a waterbath.
A second potential reason is the serpentine configuration
of their reactor, avoiding shading of tubes that occurs in
horizontal tubular reactors with multiple tubes stacked
above each other. However, this type of system would
be too costly for most applications (Tredici 2003). Com-
pared with the above-mentioned values from the litera-
ture, excluding the short term Rebolloso Fuentes et al.
(1999) study and the Gudin and Chaumon (1991, 1993)
studies, we observed similar growth rates and productivi-
ties. However, compared to several other commercially
cultivated algae we obtained lower growth rates and pro-
ductivities (de Vree et al. 2015; Borowitzka and Vonshak
2017; Benedetti et al. 2018).

If we compare our data to the standard production method
for Porphyridium sp., sleeves, utilized by the Arad group,
a similar growth rate (0.117 vs 0.115 day_l) was obtained.
However, our maximum DW reached was lower (1.94 vs
28¢g L'l) (Cohen et al. 1989; Arad and Cohen 1991; Cohen
et al. 1991). Furthermore, the doubling time, between 1
and 5 days, reported by the Arad group (Arad et al. 1985)
was generally lower than the ones reported in this study
(Table 1).

In terms of productivity, they obtained respectively for
batch and continuous culture in 100 L 0.102 and 0.177 g
L~! day~!, which is a similar result compared to our batch
cultivation (0.084 +0.044 g L! day_l), however, their con-
tinuous cultivation was twice the productivity we obtained
in our batch cultivation. An effect they also noticed with
their higher productivity in continuous versus batch culti-
vation (Cohen et al. 1989; Arad and Cohen 1991; Cohen
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et al. 1991). Fuentes-Griinewald et al. (2015) also observed
higher growth rates in semi-continuous cultivation (0.047 g
L~! day™") compared to batch cultivation (0.027 g L~! day™)
(Fuentes-Griinewald et al. 2015).

Future large-scale cultivation experiments of P. pur-
pureum in tubular photobioreactors will be needed to fully
understand its potential and to increase the growth rates.
Especially (semi-) continuous cultivation of P. purpureum
should be investigated as the (semi-) continuous cultivation
has been shown to more productive.

Two important parameters for algal growth are the PAR
received and the temperature during cultivation. During
our experiments we were however unable to show a clear
correlation between the average PAR received, the tem-
perature and growth rate or doubling time (Fig. S2). To
compare the growth periods and considering the differ-
ent total PAR received between the growth periods, we
normalized the growth for PAR received by the yield per
light (P;). Periods with low average PAR values attained
often yields comparable or higher than periods with
higher average PAR values (Table 1). During some peri-
ods artificial light was provided but a cautionary note is
that the artificial light used here was of subpar quality and
placed central underneath the reactors (less light reached
the higher located tubes of the reactor compared to the
lower tubes). With modern LED lighting a more opti-
mized model can be determined regarding extra lighting.
However, using artificial light will also increase the cost
of production and one of the limiting factors of the micro-
algae commercialization is the production cost (Moomaw
et al. 2017; Latsos et al. 2022).

During our cultivation experiments the average tem-
peratures in the greenhouse stayed relatively stable
between 15 and 22 °C during large parts of our cultiva-
tion period (Fig. 3, Tables 1 and S2) which is in line
with the growth temperatures of mesophilic algae such
as Porphyridium species (Gaignard et al. 2019). Multiple
laboratory studies have already shown that P. purpureum
thrives best at temperatures between 20 and 25 °C (Gaig-
nard et al. 2019; Li et al. 2019a), but can still grow at
lower temperatures (Durmaz et al. 2007; Guihéneuf and
Stengel 2015). During our pilot-scale test even at 10 °C
growth was still noticeable, potentially offering opportu-
nities to cultivate P. purpureum at colder periods. While
lower temperatures were well tolerated by the algae,
higher temperatures, especially above 35 °C, were how-
ever detrimental for its growth (Fig. 3, Tables 1 and S2).
Throughout our 2-year cultivation period two cultivations
attempted during the summer periods in 2018 and 2019
(23 August-2 September 2018 and 24-31 August 2019)
failed due to rapid culture crashes (Fig. 2, red arrows).
This was due to max temperatures up to 35-40 °C
and with multiple days reaching average temperatures

between 32 and 38 °C in the greenhouse. Furthermore,
a halt in growth was observed during the 9-29 April
batch period after temperatures between 30 and 35.2 °C
were reached in the greenhouse. Previously, temperatures
from and above 30 °C have been shown to have a nega-
tive influence on P. purpureum (Golueke and Oswald
1962). However, some authors reported growth up to
35 °C without problems (Dermoun et al. 1992; Chang
et al. 2017). As we measured the ambient temperature
in the greenhouse rather than the culture temperature
itself, future studies addressing the culture temperature
itself are advised since the temperature inside the culture,
especially for larger culture volumes, can deviate from
the ambient temperature (Tredici and Materassi 1992;
Gonzalez-Camejo et al. 2019).

Under well-controlled laboratory conditions one can
keep several parameters constant and change one spe-
cific parameter to study its influence on the growth of the
algae. However, even at laboratory-scale sparse informa-
tion is available. Often studies are restricted to one or two
factors and almost none describe the interactive effects
of multiple parameters for the growth of Porphyridium
spp. (Guihéneuf and Stengel 2015). When cultivating
in pilot-scale, especially outdoors (in a greenhouse), it
is however impossible to tightly regulate the conditions
influencing the growth. Since several parameters (e.g.,
PAR, pH, temperature, day/night cycle, CO, exchange,
flow and mixing) can influence each other and the algal
growth, it is more difficult to find a correlation between
them. Furthermore, since the composition of the algae
depends on the environmental conditions more larger
scale tests are needed (Moomaw et al. 2017).

During our pilot-scale tests we used a N/P ratio of 5/1
in our medium, although other ratios might be more inter-
esting to steer the growth or production of specific com-
ponents (Razaghi et al. 2014). Between 14.5 and 36.6 mg
N was consumed per g biomass produced during our
pilot-scale tests. If one uses the maximum productivity of
0.195 g L=! day~! a total of 2.8-7.1 mg day~' L™! N would
be needed to sustain the cultivation. For P, 3.2-6.19 mg P
consumed per g biomass, a total of 0.6-1.2 mg day ! L~!
P would be needed. Four large scale-studies only men-
tioned the medium used but gave no specifics of the N
and P consumption (Chaumont 1993; Rebolloso Fuentes
et al. 1999; Fuentes-Griinewald et al. 2015; Yin et al.
2022) and the fifth study only looked at the nitrogen con-
sumption at laboratory scale (Castro-Varela et al. 2021)
making it impossible to compare our results. In our study
we used regular agriculture fertilizers, nitric acid (4 mM)
and phosphoric acid (2.5 mM) as a N and P source. To
make algae cultivation more sustainable and economical
viable one could use wastewaters or liquid sidestreams
rich in N and P (Guldhe et al. 2017; Thoré et al. 2021a)
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or use urea (14.8 mM) as a nitrogen source (Castro-Varela
et al. 2021). At the moment however, only limited studies
are available on the use of wastewater to cultivate Pop-
rhyridium species (Sandefur et al. 2016; Arashiro et al.
2020; Erol et al. 2020; Zhang et al. 2022) and success
was not always guaranteed (Wang et al. 2016). A dif-
ferent approach could be the use of seawater (Borovkov
et al. 2022), however nutrients still need to be added and
often artificial seawater is used (Gaignard et al. 2019).
Nonetheless, these nutrients can partly be substituted by
using wastewater (Golueke and Oswald 1962).

Biofilm formation

One major issue with cultivating microalgae is the for-
mation of biofilm. Especially during longer cultivation
periods, it is impossible to fully prevent biofouling. Fur-
thermore, the production of extracellular polysaccharides
(EPS) can increase the risk of biofilm formation (Zeri-
ouh et al. 2017). The formation of biofilm can become
problematic for long-term cultivation of P. purpureum
in large-scale photobioreactors. Currently, commer-
cial production often takes place in plastic bags with
a 60-to-80-L volume (Fuentes-Griinewald et al. 2015).
These bags have higher yields, provide better control of
the culture conditions and reduce contamination com-
pared to open pond systems (Cohen et al. 1991; Gaignard
et al. 2019; Bayu et al. 2022). The bags or sleeves are
most often single use and have a short life span, although
they can be used for several months (Cohen et al. 1989;
Arad and Cohen 1991), and once the biofilm formation
is too severely, they are trashed. However, for large-scale
production of biomass the use of photobioreactors with
larger working volumes can be of interest. Yet, of the five
large-scale studies found in the literature, three studies
describe short cultivation periods between 3 and 14 days
while the two studies describing longer cultivation peri-
ods mentioned nothing specific regarding biofilm for-
mation in the photobioreactors (Gudin and Chaumont
1991; Chaumont 1993; Rebolloso Fuentes et al. 1999;
Fuentes-Griinewald et al. 2015; Castro-Varela et al. 2021;
Yin et al. 2022). In our study we successfully cultivated
P. purpureum up to a total of 136 days without contami-
nation issues. In a second long-term cultivation attempt
a successful cultivation period of 76 consecutive days
in one reactor (1500 L) was attained. However, when
aiming for longer cultivation periods the formation of
biofilm was becoming more prevalent and cleaning of the
reactors was required to prevent culture crashes or con-
taminated cultures as the biofilm formation also stimu-
lated the growth of contaminating organisms (Fig. 4). We
observed that a successful approach to reduce or prevent
the formation of biofilm was to cultivate and harvest P.
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purpureum at lower cell densities (between 0.7 and 1.0 g
L~1). Preventing the cells to reach a stationary phase
prior to harvesting can be vital to prevent biofouling as
the polysaccharide capsule surrounding the cells is the
thickest at stationary phase (Arad and Richmond 2003).

CO, utilization efficiency at pilot-scale

To evaluate the CO, utilization efficiency, the total CO,
injected in the reactors during 6 batches was monitored.
Efficiencies between 5.1 and 30.9% were found, using the
assumption of 43% carbon content in the cells, which is
in line with previously reported studies (Tang et al. 2011;
Gabriel Acien Fernandez et al. 2012; Schoeters et al. 2022).
Two limitations in our study are that we used an assumption
of the carbon content and that we did not measure the outgo-
ing CO, and only measured the ingoing CO, and calculated
our efficiencies based on the produced biomass. For a more
correct interpretation the outgoing CO, should have been
measured as well.

Key factors in improving the CO, efficiency are the
reactor design, parameters such as pH, temperature and
how the CO, is distributed into the reactor (e.g., tur-
bulence) (Posten 2009; Acien Fernandez et al. 2012;
Morales et al. 2018; Daneshvar et al. 2022). In our first
test (9—15 October 2018) CO, utilizations efficiencies of
5.1 and 30.9% at respectively a pH setpoint of 8.5 and 8.0
were obtained in R3 and R4. While the solubility of CO,
increases with an increasing pH, the utilization efficien-
cies observed here were the opposite, potentially due to
a difference in the physiological state and photosynthetic
activity of the algae (Davison 1991; Hancke et al. 2008;
Masojidek et al. 2023). Both reactors were constructed
the same and aside from the pH, operated similar. Two
tests in the same reactor, R3, with the same pH setpoint,
7.5, did result in very similar CO, utilization efficiencies
of 5.8 and 7.6%. While a test in R4 with the same pH set-
point (7.5) lead to a 10.4% efficiency. As both light and
temperature can have an influence on the physiological
state and photosynthetic activity (Davison 1991; Hancke
et al. 2008; Masojidek et al. 2023), small differences in
total PAR received and temperature could have influenced
the CO, utilization between the two reactors as these tests
were performed at different times. Furthermore, including
photosynthesis measuring techniques such as O, produc-
tion and in situ Chl fluorescence in future experiments
might prove useful in tracking the growth in our system
(Masojidek et al. 2023).

Since CO, utilization depends on so many factors such
as growth rate, growth phase, algal species cultivated, tem-
perature, pH, turbulence and culture medium used (Posten
2009; Gabriel Acien Fernandez et al. 2012; Klinthong et al.
2015; Morales et al. 2018), an interesting approach could
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potentially be to re-capture the CO, leaving the photobio-
reactor for re-use. As such a more closed approach can be
utilized providing a better usage of the CO,.

Conclusion

In this study we report the successful batch cultivation over
a 2 -year period of the red alga P. purpureum in a tubular
photobioreactor located in a greenhouse. Cultivation was
performed up to a total volume of 1500 L. A maximum dry
weight of 1.94 g L™! was obtained while a maximum growth
rate and a maximum productivity of 0.233 day~' and 0.195 g
L~! day!, respectively, were achieved. During our cultiva-
tion temperatures above 34-35 °C were found to be critical,
leading to inhibition of the growth or even causing a rapid
crash of P. purpureum cultivation as observed during the
failed cultivation attempts in the summers of 2018 and 2019.
Temperatures as low as 10—15 °C however still supported
growth. Since most commercially cultivated microalgae
have optimal growth temperatures between 20 and 35 °C,
hampering cultivation in regions with lower average tem-
peratures, the cultivation of P. purpureum could thus pro-
vide an alternative, albeit at lower productivities. During
our experiments we only looked at the batch growth of P.
purpureum as such and did not investigate a more continuous
cultivation in a horizontal tubular reactor. As previous stud-
ies have shown that a (semi-) continuous approach can lead
to higher productivities, future studies should investigate the
(semi-) continuous versus the batch method approach for
P. purpureum cultivation in tubular photobioreactors. Fur-
thermore, nitric acid was used as a nitrogen source while for
commercial large-scale cultivation more economical feasible
alternatives, such as urea, should be investigated. More stud-
ies should address the above to further elucidate the poten-
tial of large-scale and long-term cultivation of P. purpureum
in horizontal tubular reactors in outdoor conditions.
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