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Abstract: Lipid production using microalgae is challenging for producing low-value-added products.
Harnessing microalgae for their fast and efficient CO, fixation capabilities may be more reasonable
since algal biomass can be utilized as a precursor for various products in a biorefinery approach. This
study aimed to optimize the productivity and efficiency of Microchloropsis salina biomass production
in open thin-layer cascade (TLC) photobioreactors under physical simulation of suitable outdoor
climate conditions, using an artificial seawater medium. Continuous operation proved to be the most
suitable operating mode, allowing an average daily areal productivity of up to 27 g m2d-1and
CO, fixation efficiency of up to 100%. Process transfer from 8 m? to 50 m? TLC photobioreactors was
demonstrated, but with reduced daily areal productivity of 21 g m~2 d~! and a reduced CO, fixation
efficiency, most probably due to increased temperatures at midday above 35 °C. An automated
overnight switch-off of the circulation pumps was implemented successfully, reducing energy and
freshwater requirements by ~40%. The ideal conditions for continuous production were determined
to be a dilution rate of 0.150-0.225 d~!, pH of 8.5, and total alkalinity of 200-400 ppm, facilitating
efficient pilot-scale production of microalgal biomass in TLC photobioreactors.

Keywords: microalgae; open photobioreactor; continuous production; CO; fixation; dewatering

1. Introduction

Intensive research over the past few decades has focused on the production of micro-
bial oils from CO, using microalgae due to its potential for carbon-neutral and sustainable
production of fuels and other valuable chemicals derived from algal lipids. Still, microalgae
processes remain uncompetitive for the production of low-value-added products due to
the high production costs associated with their low lipid space-time yield [1]. Hence, the
current application areas of microalgae remain limited to mainly wastewater treatment [2,3];
aquaculture supplying foodstuffs [4,5]; and the production of specific polyunsaturated
fatty acids (PUFAs), such as docosahexaenoic acid, eicosapentaenoic acid, or arachidonic
acid, for use as nutraceuticals [6].

Marine microalgae can convert CO, into biomass with up to 90% efficiency using
sunlight as the energy source [7]. Moreover, it has been previously shown that microalgae,
when grown without nutrient limitation, can achieve significantly higher productivity
compared to lipid production under growth-limiting conditions [7]. Therefore, a more
feasible strategy might be to harness microalgae primarily for their fast and efficient CO,
fixation capabilities, rather than for lipid production. Microalgae biomass generated in
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this way can then be hydrolyzed and utilized as a cultivation medium for other microor-
ganisms to produce microbial oils or other bioproducts such as hydrogen, ethanol, and
biogas through oleaginous or anaerobic processes with higher productivity [1]. Previous
studies have already demonstrated it to be possible to utilize lipid-extracted and enzymati-
cally hydrolyzed microalgae biomass with an oleaginous yeast on a laboratory scale [8,9].
This study aimed to identify the best-suited operating mode for producing microalgae
biomass with high productivity on an industrially relevant scale. Furthermore, the optimal
conditions for energy-efficient microalgae biomass production with a high CO, fixation
yield are examined since these aspects of the current state of the technology need further
improvement to increase the cost-competitiveness of microalgae cultivation processes.

Microalgae cultivation systems are divided into open and closed photobioreactors
(PBRs). In open PBRs, the microalgae suspension is directly exposed to the atmosphere,
while in closed reactors, the culture is entirely separated from its surroundings. Closed
cultivation systems offer improved control over the growth conditions, some degree of
protection against external contamination, and decreased water loss through evaporation.
Still, the installation and operation of closed PBRs are considered too expensive for the
industrial production of low-value-added products due to their high complexity and poor
scalability [10]. Therefore, the general assumption is that only simple open cultivation
systems can economically produce microalgae biomass as a raw material for industrial use.
Accordingly, an open PBR was preferred for microalgal biomass production in this study.

Microalgal biomass production requires large areas due to its reliance on energy influx
per culture volume through sunlight. Hence, high areal productivity is essential for the
economic success of any open microalgae cultivation system. In this sense, a promising
culturing concept is the thin-layer cascade (TLC) with microalgae suspension flowing down
a sloped channel in a layer with less than 1 cm thickness and being circulated between
channels, which is reported to achieve high cell densities of 30-50 g L~! in a relatively short
amount of time, i.e., around 2-3 weeks [11-13]. Apel et al. (2017) utilized a novel scalable
open TLC photobioreactor to investigate microalgal growth under the physical simulation
of suitable climate zones [14]. The first objective of this research was to determine the
conditions necessary to achieve high biomass productivity and more than 90% CO, fixation
efficiency in microalgal biomass production using a TLC reactor under realistic climate
conditions. Additionally, a suitable mode of operation with high energy efficiency was
determined for continuous biomass production.

One of the main challenges of microalgae cultivation in open PBRs is, alongside pro-
ductivity issues, the heightened risk of contamination [6]. Thus, to reduce this risk, it
is essential to cultivate microalgae strains that thrive in extreme conditions, which are
unfavorable for potential contaminants. The marine microalgae Microchloropsis salina is
known to achieve relatively high growth rates of 0.03 h~!, with an optimum salinity at
35 g L' at pH 7.5-pH 8.0 [15]. These conditions naturally limit the presence of contam-
inants in an open culture. Additionally, the high salinity requirement of the microalgae
culture enables the use of seawater as the cultivation medium, reducing freshwater con-
sumption and thereby lowering the costs and environmental impact associated with mi-
croalgae production. For these reasons, an artificial seawater (ASW) medium [15] was
chosen for the cultivation of marine microalgae in this study. M. salina is a single-cell
species that is not prone to aggregate or biofilm formation [16], presenting an advantage for
cultivation in TLC reactors. Furthermore, multiple studies have already demonstrated the
suitability of M. salina for biomass production in open TLC PBRs [7,14,17,18]. Consequently,
M. salina was selected for microalgal biomass production in this work.

Generally, microalgae biomass grown under nutrient-replete conditions has around
25% (w/w) carbohydrates and 50% (w/w) proteins [7], both of which could be converted
into valuable carbon sources that other microorganisms can utilize. This would correspond
to a sugar concentration of about 50 g L~! in a microalgal biomass hydrolysate produced
from wet biomass with 250 g dry cell weight per liter [9]. While such a low sugar con-
centration is common in the waste streams or biomass hydrolysates used for microbial
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cultivation [19-22], the carbon source is still very diluted compared to the synthetic media
generally used in industrial processes. Therefore, it is crucial to use an effective method
for biomass harvest and dewatering to obtain a concentrated whole-cell microalgae paste,
aiming to maximize the sugar concentration in the resulting biomass hydrolysate.

In this study, microalgae biomass is harvested using a continuous centrifuge with spiral
plate technology, which involves rotating curved plates hinged onto a vertical shaft inside
a sliding cylindrical drum, reducing the settling distance of particles. This, together with
the fully automated continuous design of the centrifuge, provides a major improvement in
the dewatering efficiency and a reduction in the overall operational costs [23]. By allowing
for high dry biomass concentrations of up to 22% (w/w) in the harvested microalgae paste,
as well as a biomass recovery efficiency above 95% [24], this technology perfectly meets the
biomass dewatering requirements of this study.

2. Materials and Methods
2.1. Climate Simulation

This research was conducted at the TUM-AlgaeTec Center (Technical University of
Munich, Taufkirchen, Germany), a pilot-scale microalgae research facility that operates
under realistically simulated climate conditions. Local irradiance from sunlight entering
the glass halls was complemented with light-emitting diode (LED)-based artificial sunlight
(FutureLED, Berlin, Germany) within the 400-750 nm wavelength range to achieve a preset
target irradiance. Air temperature and humidity were automatically controlled by either
an air-conditioning system or natural ventilation, depending on the prevailing external
weather conditions. The conditions recreated inside the facility, including air temperature
and irradiance levels, were based on the climate data recorded on 15 June 2012 in Almeria,
Spain, characterized by a 14:10 light-dark cycle, a temperature range of 17-30 °C, and a
photosynthetically active radiation (PAR) (400-700 nm) peak of 1823 pmol m~2s~ 1. This
summer day was selected to represent the seasonal average in summer in Southern Spain
since it is important to keep the climate data constant at an ideal from day to day when
the focus is to investigate the effects of other parameters on biomass productivity. The
TUM-AlgaeTec Center, the climate simulation, and the custom-built LED arrays used were
previously described in detail by Apel et al. [14].

2.2. Microalgae Strain and Cultivation Medium

The microalgae strain Microchloropsis salina (SAG 40.85), formerly referred to as Nan-
nochloropsis salina, was acquired from the Culture Collection of Algae at the University
of Gottingen (Gottingen, Germany). A modified artificial seawater (ASW) medium was
used for all cultivations, including seed culture production [15]. ASW medium contained,
per one liter of water, 27 g NaCl; 6.6 g MgSOy - 7 HyO; 1.5 g CaCl, - 2 HyO; 0.3 g urea;
0.07 g KH,POy4; 0.021 g Na,EDTA - 2 H,O; 0.014 g FeCls - 6 HyO; and 1 mL of a trace
element solution with ZnCl, (0.04 g L=1), H3BO3 (0.6 g L~1), CuCl, - 2 H,O (0.04 g L7 1),
MnCl, (04 g L~1), and (NHy)¢Mo;Oyy4 - 4 H,O (0.37 g L. Among these ingredients,
NaCl, MgSOy - 7 HyO, and CaCl, are referred to as medium salts, whereas the remaining
components are denoted as medium nutrients. In all processes, the concentrations of the
medium salts were kept constant in the reaction medium by adding the required amount of
salt through the feed stream or manually to compensate for the salt present in the harvested
algae suspension. The nutrients were supplied additionally as a concentrated solution
throughout the entire process to avoid nutrient depletion. The average nutrient feed rate
is specified for all experiments individually and was adjusted to keep the measured urea
concentration between 0.5 and 1.5 g L™}, unless stated otherwise.

2.3. Open Thin-Layer Cascade Photobioreactor Operation

The design and construction of the TLC photobioreactors at the TUM-AlgaeTec Center
were described in detail previously by Apel et al. [14,25]. These reactors consisted of
two white polyethylene channels that were inclined at a 1° angle in opposite directions
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and placed next to each other. The channels are linked with a flow reversal module,
allowing the microalgae suspension introduced at the top of the first channel to flow
through both channels, eventually arriving at the retention tank located at the bottom of
the second channel. The microalgae suspension is circulated back into the inlet module
by a centrifugal pump (MKPG, Ventaix, Monschau, Germany). This setup is different
only for the pilot-scale TLC reactor, which has a retention tank and a circulation pump at
the end of each channel, enabling the sequential connection of any number of channels.
In addition, the channels of the pilot-scale reactor were made of white woven coated
polyethylene pond liner (areal weight 320 g m~2, Daedler, Trittau, Germany) instead of
polyethylene panels. The pH of the microalgae suspension was controlled at pH 8.5 during
the day (from 6 a.m. to 8 p.m.) by adding pure CO, through a gassing unit with perforated
hoses (Solvocarb® and Solvox® B, Linde, Pullach, Germany) installed in the retention
tanks. The pH and temperature of the microalgae suspension were measured using a
combination electrode (tecLine 201020/51-18-04-18-120, Jumo, Fulda, Germany) located in
the retention tank and connected to a transmitter (ecoTrans pH 03, Jumo, Fulda, Germany).
The temperature of the suspension was monitored but not regulated. The volumetric
flow rate of the microalgae suspension was measured using a magnetic-inductive sensor
(MIK, Kobold, Hofheim, Germany) placed after the circulation pump. Additionally, a level
sensor (LFFS, Baumer, Friedberg, Germany) was installed in the retention tank to monitor
the liquid level inside the tank. If the level fell below the set point due to evaporation,
tap water was automatically supplied via a solenoid valve (Type 52, Gemd{i, Ingelfingen,
Germany) to maintain a constant liquid volume in the reactor. The design and operational
specifications of the TLC PBRs at different scales are presented in Table 1. The salinity and
total alkalinity (TA) of the microalgae suspension were measured at-line, and the TA was
manually adjusted by adding sulfuric acid to the suspension.

Table 1. Specifications of the TLC reactors on different scales. The 4 m? TLC reactor was used only for
seed culture generation. The 8 m? and 50 m? reactors were used for experimentation and scale-up.

Reactor Surface Area

Specification 4 m? 8 m? 50 m?
Working volume 40L 55L 330L
A/V ratio 100 m ™! 145m™! 152m™!
Flow rate 20Ls™! 24Ls™! 48Ls!
Channel length 1.7m 3.7m 12m
Channel width 1m 1m 2m
Channel slope 1° 1° 1°
Layer thickness 0.6 cm 0.6 cm 0.6 cm

The TUM-AlgaeTec Center has three separate halls with TLC PBRs of various sizes.
The first hall, containing two TLC reactors with a 4 m? surface area, was designated for seed
culture generation. The second hall with six TLC reactors, each with an 8 m? surface area,
was used to examine the cultivation conditions. The third hall, containing the pilot-scale
TLC reactor with a 50 m? surface area, was focused on scale-up studies.

2.4. Modes of Operation

In all processes, concentrations of the medium salts were kept constant in the reaction
medium. On the other hand, the nutrients in the medium were supplied as a concentrated
solution additionally throughout the entire process to avoid nutrient depletion in the
medium and to maintain the urea concentration between 0.5 and 1.5 g L~!. Each process
was started with a nutrient concentration of two times that in the ASW medium. In order to
prevent a photoinhibition of the microalgal growth, TLC photobioreactors were inoculated
with a cell dry weight (CDW) concentration of 0.25-0.40 g L~! on the 8 m? scale and with
0.80-1.10 g L~! CDW concentration on the 50 m? scale. These values were determined
empirically based on previous experiments. The small difference in the required culture
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density between the two reactor scales might be due to the longer channels and the slightly
higher surface-to-volume ratio of the pilot-scale reactor.

2.4.1. Batch Operation

Batch processes were started with a fresh inoculum cultivated with ASW medium
in TLC photobioreactors on a 4 m? scale and ended after reaching the maximum integral
biomass productivity. For an easier description, the average nutrient feed rate (r¢ye)
in batch and semi-continuous experiments is expressed using a factor (F) related to the
nutrient concentration in the ASW medium as follows:

Ifave = mn,in‘(VR’t)_1 = F'Cn,ASW"f71 =F x ASW per daY’ (1)

where my, i, is the mass of nutrients fed, VR is the reaction volume (i.e., the volume of
algae suspension in the reactor), t is the process time in days, and c, ssw is the nutrient
concentration in the ASW medium.

2.4.2. Semi-Continuous Operation

Semi-continuous processes were started analogously to batch processes. The transition
to semi-continuous operation was performed after the microalgae suspension reached
the desired CDW concentration, corresponding to the preselected biomass density at the
start of each day. Thereafter, every day at 10 a.m., except on weekends, a fraction of
the suspension was harvested from the reactor to bring the biomass concentration to the
desired value based on the measured CDW concentration. The harvested suspension
volume was then replaced with an equal amount of fresh ASW medium. Furthermore,
additional concentrated feed medium was manually supplied as required to ensure the
urea concentration remains within the stipulated range throughout the process.

2.4.3. Continuous Operation

Figure 1 illustrates the process flow for the continuous operation of TLC photobioreac-
tors. Continuous processes were also initiated similarly to batch processes. The switch to
continuous mode was started after the microalgae suspension reached the desired CDW
concentration. This CDW concentration was estimated based on the corresponding ex-
pected growth rate, which is equal to the dilution rate (D) in a steady-state continuous
operation. Thereafter, a concentrated feed medium in an external feed tank was fed to the
reactor continuously by a peristaltic pump. The microalgae suspension was pumped into
an external collection tank at a constant rate for only 12 h every day from 7 a.m. to 7 p.m.
to avoid a wash-out of the cells at night when cell growth is minimal due to the lack of
light supply. During these 12 h, the volumetric flow rate of the outlet stream was set to
twice that of the inlet stream so that the volume of microalgae suspension harvested each
day equaled the feed medium volume supplied daily into the reactor. Consequently, the
dilution rate specified for each experiment represents a daily average. Figure 2 shows the
actual configuration of the pilot-scale TLC photobioreactor and the centrifuge employed
for biomass harvest in continuous operation.

In continuous processes, the concentration of the feed medium was adjusted to a factor
(CF) of the nutrient concentration in the ASW medium without changing the concentration
of medium salts. This factor was determined depending on the dilution rate (D) to achieve
a desired feed rate. The total amount of feed medium added to the reactor (V¢) can be
calculated as follows:

Vi = VRr:-D-t 2)

where Vy, is the reaction volume, D is the dilution rate, and t is the process time in days.
Similarly to batch and semi-continuous processes, the nutrient feed rate (r¢) in each contin-
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uous experiment is described using a factor (F) related to the nutrient concentration in the
ASW medium as follows:

Iy = mn,in-(VR-t)_l = Cn’f-Vf-(VR-t)_l = CF-D-ch asw = F x ASW per day, 3)

where my, i, is the mass of nutrients fed, Vr is the reaction volume, t is the process time in
days, c, ¢ is the nutrient concentration in the feed medium, V¢ is the volume of the feed
medium supplied, CF is the factor of nutrient concentration in the feed ASW medium,
D is the dilution rate, and c, asw is the nutrient concentration in the ASW medium. For
instance, with a 20-times concentrated ASW medium as feed (CF = 20) and a dilution rate
(D) of 0.175 d~ !, the feed rate (ry) is described as 3.5 x ASW per day, meaning that F = 3.5.

Collection Spiral plate centrifuge
Feed tank tank (weekly harvest)

Wastewater
-
TLC reactor
CO,
Water Wet biomass

Figure 1. Process flow for continuous microalgal biomass production in TLC photobioreactors.
Concentrated feed medium in an external feed tank is supplied into the reactor continuously by a
peristaltic pump, and microalgae suspension is pumped into an external collection tank with the
same volumetric flow rate as the feed stream. Once enough suspension has been accumulated in the
collection tank, the microalgal biomass is harvested by centrifugation.

(@) ‘ (b)

Figure 2. Pilot-scale TLC photobioreactor in continuous operation. (a) The concentrated feed
medium in an external feed tank shown on the left (Type TR 5/L made of black polyethylene, Aricon
Kunststoffwerk GmbH, Solingen, Germany) is continuously supplied into the reactor by a peristaltic
pump. Microalgae suspension is pumped into an external collection tank shown on the right (Type
TR 5/L made of standard polyethylene, Aricon Kunststoffwerk GmbH, Solingen, Germany) at a
constant rate for 12 h every day, from 7 a.m. to 7 p.m. (b) After the accumulation of 400-500 L
microalgae suspension in the collection tank, the microalgal biomass is harvested by centrifugation
using a dynamic settler with spiral plate technology (Evodos 50A, Evodos B.V., Raamsdonksveer,
The Netherlands).
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2.5. Biomass Harvest and Dewatering

Microalgal biomass was harvested and dewatered in a single step using dynamic
settlers with spiral plate technology (Evodos B.V., Raamsdonksveer, The Netherlands). The
lab-scale centrifuge model, Evodos 10, has a maximum capacity of ~4 kg biomass (dry
weight) per batch and requires manual harvesting between batches. On the other hand,
the Evodos 50A model (b), designed for industrial applications, features an automated
continuous harvesting system and a processing capacity of up to 500 L per hour. Dewatering
of the microalgal biomass followed the parameters outlined in Table 2. Biomass in the form
of microalgae paste was discharged at 30-min intervals and collected from a tray beneath
the centrifuge drum at the end of centrifugation. The water content of the harvested
biomass was determined by gravimetric measurement to be approximately 70% (w/w)
consistently across all batches. Subsequently, the microalgal biomass was frozen and stored
at —20 °C until further processing.

Table 2. Operational settings of Evodos™ 50A centrifuge with spiral plate technology.

Separation Parameter Value
Rotor speed 4000 min~!
Step 1 Feed rate 500 Lh~1
Duration 1 min
Rotor speed 4200 min !
Step 2 Feed rate 500 Lh~1
Duration 2h
Start of centrifuge by rotor 4000 min-1
speed
G 1 Drum prefill settling time 240's
enera Solids compressing time 120s
Pump pulsing time 0's (Pulsing off)
Pump pulsing off time 10s

2.6. Optical Density and Cell Dry Weight

The cell density of the culture was measured by determining the optical density at
750 nm (ODpys) against a salt solution (2.7% (w/w) NaCl) in triplicate, using a UV-Vis
spectrophotometer (Genesys 10S UV-VIS, Thermo Fisher Scientific Inc., Waltham, MA,
USA). The same salt solution, matching the salinity of the ASW medium, was also utilized
to dilute the samples into the linear correlation range of the photometer.

Cell dry weight (CDW) was measured in triplicate at least once daily. The measure-
ment was performed gravimetrically by transferring at least 2 mg of the sample onto a
pre-dried and pre-weighed glass microfiber filter (Whatman® glass microfiber filters Grade
GF/C, Cytiva Europe GmbH, Munich, Germany) using a Biichner funnel. The sample was
then rinsed with 1 mL of distilled water, and the filter was dried for a minimum of 48 h at
70 °C before being weighed a second time. CDW concentration was calculated by dividing
net dry weight by the volume of the sample applied to the filter. A linear correlation was
observed between CDW and ODys5, allowing for the estimation of a correlation factor for
processes on different scales (Supplementary Figure S1). These factors were used to derive
CDW from ODy57 measurements.

2.7. Determination of Urea Concentration, Salinity, and Total Alkalinity

Each sample was centrifuged at 14,600 rcf for 4 min, and the supernatant was used
for analyses. Urea concentration was determined photometrically, using an enzymatic
assay (Roche Urea/Ammonia Assay Kit, R-Biopharm AG, Darmstadt, Germany). Salinity
was measured at least once daily with a refractometer (Hanna Instruments, Voehringen,
Germany), whereas TA was determined with a colorimetric test according to the manufac-
turer’s instructions (HI755 Checker HC, Hanna Instruments, Woonsocket, RI, USA).
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2.8. Total Lipid Analysis

Total lipid content was determined using the sulfo-phospho-vanillin (SPV) assay
outlined by Mishra et al. [26]. For the preparation of the phospho-vanillin reagent,
0.3 g of vanillin was dissolved in 50 mL of a 10% (v/v) ethanol solution and mixed with
200 mL of phosphoric acid. Then, 50 puL of each sample was incubated in 1 mL sulfuric
acid (98% (v/v)) for 10 min at 90 °C in a glass vial and cooled at 4 °C for 5 min. After
that, 2.5 mL of the phospho-vanillin reagent was added to each vial, which was then incu-
bated in a thermomixer at 37 °C and 900 rpm for 15 min (Thermomixer basic, CellMedia,
Elsteraue, Germany). After incubation, the absorption at a 530 nm wavelength against air
was measured with a UV-Vis spectrophotometer (Genesys 10S UV-VIS, Thermo Fisher
Scientific Inc., Waltham, MA, USA). Blank values were measured separately and subtracted
from the measured absorption values manually. Each sample was measured in triplicate,
and an external standard of rapeseed oil was used to correlate the absorption to lipid
concentration.

2.9. Elemental and Macromolecular Composition

Carbon, hydrogen, nitrogen, and sulfur (CHNS) contents were analyzed using a CHNS
elemental analyzer (Euro EA CHNS Elemental Analyzer, HEKAtech GmbH, Wegberg,
Germany). In the analyzer, each sample was combusted using pure oxygen at 1800 °C,
and the resulting gas mixture containing CO,, HyO, N, and SO, was fed into a gas
chromatography column for separation, using helium as the carrier gas. Subsequently,
the separated gases were measured by a thermal conductivity detector. The C, H, N, and
S contents were then calculated as the mass of the element measured per mass of the
initially weighed sample. Cell samples were freeze-dried for the analysis, and each sample
was measured in triplicate.

Phosphorus content was determined using a colorimetric method. Samples were
mineralized in round bottom flasks at 400 °C using concentrated sulfuric acid and fum-
ing nitric acid. Then, the nitrous gases were boiled away. An aliquot part of ammo-
nium vanadate and ammonium molybdate was added to the mixture, and the resulting
phosphomolybdic acid was measured against standards photometrically at 650 nm (Cary
100 UV-Vis Spectrophotometer, Agilent, Waldbronn, Germany). Each sample was mea-
sured in duplicate.

The macromolecular composition was determined using a combination of measure-
ments from the analysis of the samples and the literature values. Lipid content was
calculated based on measurements of CDW and lipid concentrations. Total protein con-
tent was calculated from nitrogen content using a correlation factor of 4.4 for microalgal
biomass [27]. The ash content of M. salina biomass cultivated in a nutrient-replete ASW
medium under the same conditions as in this work was determined to be 10% (w/w) by
Schédler et al. [7]. The remaining portion of the biomass is assumed to be carbohydrates.

2.10. Carbon Dioxide Fixation Efficiency

In microalgal biomass production, CO, and urea are the only carbon sources. CO,
fixation efficiency (ncp,) was defined as the mass of carbon fixated in biomass divided
by the total carbon mass supplied to the system. Using the carbon content of M. salina
measured by elemental analysis (xc ms = 0.53), the CO; fixation efficiency can be expressed
as follows:

; 1
Ncoz = 0.53-(mcpw ¢ — Mcpw,o)- <Xc,coz' /o mcozdt + XC,Urea'murea,t> , (4)

where xc cop and Xc Urea are the mass fractions of carbon in CO; and urea, respectively;
mcoy is the CO, mass flow rate; and myrea ¢ is the total supplied mass of urea at time, t.



Processes 2024, 12, 1303

9 of 30

2.11. Biomass Productivity

Volumetric productivity (Py) is calculated from the dry cell mass produced between
process time, t, and the starting time of the process per reaction volume:

Py = 0.53-(mcpw, — mcpw,o)-(Vr-(t — to)) 7, (5)

Areal productivity (P) is calculated from the volumetric productivity using the
specific volume-to-area ratio of the TLC reactor used in the process:

Pp = Py- (VR'A_1>, (6)

Integral areal productivity is calculated cumulatively over the process time, whereas
daily areal productivity (Pa qaily) is determined for the last 24 h, starting at 10 a.m.

3. Results and Discussion
3.1. Different Modes of Operation in TLC Photobioreactors on an 8 m? Scale

The first objective of this study was to determine the mode of operation that allows
for the maximum areal productivity and CO, fixation efficiency in microalgal biomass
production. For this, the first batch processes on an 8 m? scale were carried out to establish
the biomass concentration range that yields the highest areal productivity. Subsequently,
semi-continuous and continuous processes at various biomass concentrations were per-
formed, and the effect of nutrient feed rate on the process performance in these operating
modes was investigated.

3.1.1. Batch Operation

Batch production of microalgal biomass in a TLC photobioreactor on an 8 m? scale was
carried out in triplicate, and the average values of these, as well as the standard deviations,
are presented in Figure 3a—c. In these experiments, medium nutrients were supplied as a
concentrated solution additionally over the whole process to avoid nutrient depletion in
the medium and to keep the urea concentration at 0.5-1.5 g L™, resulting in an average
nutrient feed rate (rf4y) of 1.4-1.6 X ASW per day.

As seen in Figure 3a, an average CDW concentration of 44.6 ¢ L1 (4-2.0) was reached
after 17 days. Using the same setup under nutrient-replete conditions, Apel et al. [14]
reported achieving a CDW concentration of 38-42 g L ™! in the same time frame, after which
the microalga growth stagnated, reaching a maximum of 50 g L~! CDW concentration
after 24 days. Similarly, under the same conditions, Schadler et al. [7] documented a CDW
concentration of 30 g L ™! after 14 days of batch operation. Both of these reports are very
consistent with the biomass concentration achieved in batch mode in this study.

The maximum integral areal productivity of 17.8 g m~2 d ! (£1.8) was reached on day
11 and was maintained until day 17, after which the productivity started to drop (Figure 3b).
This value is very similar to 15-18 g m~2 d~! documented by Apel et al. [14], who stated
that the maximum integral areal productivity in a batch process was achieved after 9 days,
maintained until day 16, and declined after that until the end of the process, which was
also observed in this study. Furthermore, the maximum areal integral productivity was
recorded in a CDW concentration range of 29.2-44.6 g L 1.

Schédler et al. [7] suggested that keeping the TA in the microalgae suspension be-
low 500 ppm would prevent a decrease in CO, fixation efficiency over time. They re-
ported a 20-30% increase in CO, fixation efficiency in a TLC photobioreactor with an
8 m? surface area, achieving a stable 84% for one week when the TA was maintained below
500 ppm. Therefore, the TA was controlled by an intermittent addition of sulfuric acid in
all experiments in this study. Despite the manual TA control at an average of 455 ppm
(£19 ppm), the TA in the reaction medium kept increasing until the end, reaching 628 ppm
(£60 ppm) towards the end of the batch process. Figure 3c shows the average CO, fixation
efficiency achieved in microalgal biomass production on batch mode, reaching a maximum
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of 80% (£6%) on day 11, simultaneously with the maximum biomass productivity. A
correlation between the time of the decline in CO; fixation efficiency and an increase in TA
was observed in all processes, verifying the statement by Schédler et al. [7].
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Figure 3. Biomass production with M. salina in open TLC PBRs in batch (left) and semi-continuous
(right) modes. Presented on the left side are the results of a batch process on an 8 m? scale
carried out in triplicate, with an average nutrient feed rate (rf,ye) of 1.4-1.6 x ASW d~1. Data
points show the average values from all three experiments together with the standard deviation.
(a) CDW concentration (cx), (b) integral areal productivity (P), and (c) CO; fixation efficiency (Mcoy)-
Presented on the right side are the results of four experiments in semi-continuous mode with various
daily starting CDW concentrations of 8 g L ™! (), 12g L1 (e), 13 gL~ (s),and 20 g L~! (¢) on an
8 m?2 scale: (d) CDW concentration (cx), (e) integral areal productivity (P,), and (f) CO; fixation
efficiency (ncop). The average nutrient feed rate (r¢ 5ye) was maintained at 1.5-2.2 x ASW d~1 for all
semi-continuous experiments.

3.1.2. Semi-Continuous Operation

Semi-continuous microalgal biomass production was investigated with various daily
starting CDW concentrations ranging from 8.0 to 20.0 g L. The goal was to determine if a
higher maximum of integral areal productivity can be achieved and sustained over a more
extended time period compared to the batch operation. Figure 3d—f shows the results of
this experimental series with four separate experiments in a semi-continuous mode. After
an initial batch phase to achieve the target biomass concentration, the daily starting CDW
concentration during semi-continuous operation was maintained at different set-points
of 8gL~1,12gL"!,13 gL}, and 20 g L~!. The amount of medium nutrients supplied
was adjusted to keep the urea concentration at 0.5-1.5 ¢ L ™!, which resulted in an average
nutrient feed rate (r¢,ye) of 1.5-2.2 x ASW per day in all experiments. The duration of
the batch phase varied, lasting 10 days for the experiment, with a daily starting CDW
concentration of 8 g L~! and 13-14 days for the others, as shown in Figure 3d. Throughout
the semi-continuous operation, the integral areal productivity continuously increased in
all cases, as depicted in Figure 3e. In experiments with a similar daily starting biomass
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concentration of 8-13 g L~! CDW), the areal productivity reached 11.3-13.8 g m~2 d !,
displaying no significant difference. The maximum areal productivity of 21.1 gm=2d !
was achieved with the highest CDW concentration, 20 g L~ !.

As expected, the areal productivity of microalgal biomass production in TLC photo-
bioreactors depends very much on the CDW concentration. In semi-continuous processes
operated at a CDW concentration range of 8-25 g L ™!, areal productivity was generally
higher for higher CDW concentrations in the investigated range. Compared to batch mode,
areal productivity improved from a range of 17-19 gm~2d ! toarange of 20-21 gm~2d !,
using semi-continuous operation without any sign of productivity decline until the end of
the process after 24 days. It has already been suggested in the literature that higher integral
areal productivity can be achieved with a semi-continuous operational mode compared to
batch mode. He et al. [28] reported that switching to a semi-continuous operation increased
areal productivity by 35-88% compared to the batch process in a 200 m? open raceway pond
with Chlorella and Monoraphidium species. Similarly, Yadav et al. [29] stated that switching
from batch to semi-continuous operation increased areal productivity from 3.3 gm =2 d !
to 11.5 g m~2 d~! in outdoor raceway ponds with Chlorella vulgaris. Thus, a productivity
increase of up to 4 g m~2 d~! achieved in this study with M. salina, corresponding to a 24%
increase compared to the batch operation, conforms with the literature.

Figure 3f shows the change in CO; fixation efficiency over the process time in the semi-
continuous experiment series. With a CDW concentration of 8 g L~! and 13 g L™, the initial
CO, fixation efficiency was slightly higher than the rest due to a difference in inoculation
conditions. In these experiments, the TA was at 546-557 ppm on average; however, it stayed
around 700 ppm for one week during the batch phase. The maximum CO, fixation efficiency
reached in these processes was 62% for a CDW concentration of 8 g L= and 71% for 13 g L ™!
CDW. Although the CO, fixation efficiency kept increasing throughout these experiments
and did not reach a final value, it should be mentioned that the TA has also declined over the
process time, presumably having a positive effect on the CO, fixation efficiency. On the other
hand, in the experiments with daily starting CDW concentrations of 12 g L' and 20 g L ™!
maintained at an average TA of 402403 ppm, maximum CO; fixation efficiencies of 84% and
89% were achieved, respectively. These values indicate that the biomass concentration has a
slight positive effect on the CO; fixation efficiency. Nonetheless, the influence of TA is much
more significant than that of biomass concentration since decreasing the TA from 557 ppm to
417 ppm in a semi-continuous process with 12-13 g L~! CDW concentration caused an
increase in CO, fixation efficiency by 13%, whereas an increase in the CDW concentration to
20 g L ! at a constant average TA of 402-403 ppm increased the efficiency only by 5%.

3.1.3. Continuous Operation

In order to determine whether the areal productivity and CO, fixation efficiency of
biomass production with M. salina can be further improved using a continuous operating
mode compared to the semi-continuous operation, two experiment series were carried out
in continuous mode in TLC photobioreactors on an 8 m? scale. The first one investigated
the variation in the dilution rate at a constant nutrient feed rate, while the other examined
the variation in the nutrient feed rate at a constant dilution rate among the experiments.

Continuous processes began the same way as batch processes, and the switch to
continuous operation was started after the microalgae suspension reached the desired
biomass concentration, which was estimated based on the selected dilution rate since the
dilution rate is equal to the biomass growth rate in a continuous process at steady state.
After that, a concentrated feed medium in an external feed tank was continuously supplied
to the reactor. A microalgae suspension was pumped into an external collection tank only
for 12 h every day, from 7 a.m. to 7 p.m., to avoid washing out of the cells at night when
the cell growth was minimal due to the lack of light supply. The volumetric flow rate of
the outlet stream in these 12 h was set to twice that of the inlet stream so that the daily
harvested suspension volume equaled the daily feed medium volume supplied to the
reactor. Hence, the dilution rate specified for each experiment is a daily average.
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In the first series of experiments for continuous biomass production with M. salina,
the dilution rate varied between 0.075 and 0.200 d !, while the nutrient feed rate was set to
2.5 x ASW per day for all experiments. In the process with a dilution rate of 0.200d !, a
steady state was observed after two times the mean hydraulic residence time. In all the
remaining experiments, no significant change in the biomass concentration was observed
after one mean hydraulic residence time in continuous operation, so a steady state was
presumed after that point.

Figure 4a shows the course of the CDW concentration with various dilution rates at a
constant nutrient feed rate of 2.5 x ASW per day in continuous operation. With dilution
rates of 0.075d 1, 0.100d 1, 0.150 d 1, and 0.200 d !, the average CDW concentrations
recorded at steady state were 35.9 g L™1,31.5¢ L}, 244 g L~!,and 14.9 g L™}, respectively.
As anticipated, the biomass concentration achieved in continuous operation at a steady
state was inversely proportional to the dilution rate.

The lowest average integral areal productivity of 14.8 ¢ m~2 d~! was measured in the
continuous process with a dilution rate of 0.200 d !, resulting in the lowest steady-state
CDW concentration of 18.1 g L~!. Decreasing the dilution rate to 0.100-0.150 d~!, and
thus increasing the steady-state CDW concentration to 24.4-31.5 g L™, the integral areal
productivity was improved to 22.6-22.9 g m~2 d~! on average at steady state (Figure 4b).
On the other hand, decreasing the dilution rate further to 0.075 d~?, resulting in an average
steady-state CDW concentration of 35.9 ¢ L1, led to a slight drop in biomass productivity to
21.3 gm~2 d~!, which can be considered insignificant. Nevertheless, the areal productivity
was improved slightly to 23 g m~2 d ! using a continuous operating mode compared to
17-19 g m~2d~! and 20-21 g m 2 d ! achieved on batch and semi-continuous modes of
operation. However, it must be noted that the nutrient feed rate applied in these continuous
processes (rf = 2.5 X ASW per day) was a bit higher than in the semi-continuous processes
(rf ave = 1.5-2.2 x ASW per day), which is anticipated to affect the process productivity.

Figure 4c shows the change in CO, fixation efficiency over the course of these con-
tinuous processes operated at different dilution rates. In all cases, the TA was kept below
585 ppm via the manual addition of sulfuric acid, with an average between 309 and
420 ppm for all experiments. Interestingly, apparent CO, fixation efficiencies slightly
over 100% were measured temporarily in some cases, probably due to a combination of
the noise in the CO, flow rate measurement and the slight imprecision of the biomass
concentration measurements. However, the values stabilized towards the end of each
process. In continuous processes with dilution rates of 0.075 d-1,0.100d71,0.150d71, and
0.200d1, the average CO, fixation efficiency recorded at steady state was 91%, 98%, 75%,
and 89%, respectively. The results suggest that the CO, fixation efficiency correlates with
areal productivity. Only in the continuous process with a dilution rate of 0.150 d !, the
manual TA control was not as successful as in the other cases, leading to an increased TA
level above 450 ppm for the last two weeks and thus the lowest CO, fixation efficiency
measured in this series. Nonetheless, it was demonstrated that a higher CO, fixation
efficiency of 98% can be achieved in a continuous operating mode compared to 80% and
89% reached in batch and semi-continuous modes of operation, respectively.

In a further experiment for continuous biomass production with M. salina, the dilution
rate was kept at 0.150 d~!, while the nutrient feed rate was increased from 2.5 x ASW
per day to 3.0 x ASW per day by increasing the nutrient concentration factor of the feed
stream (CF) from 16.7 to 20.0. Similarly to the previous experiments, a steady state was
observed after one mean hydraulic residence time. In the continuous process with a higher
nutrient feeding rate, at steady state, a CDW concentration of 24.0 g L~! and an integral
areal productivity of 22.2 g m~2 d ! were recorded, which are very similar to the results of
the reference process, as shown in Figure 4d,e. However, increasing the nutrient feed rate
from 2.5 to 3.0 x ASW per day led to an increase in the CO; fixation efficiency (Figure 4f).
Despite the average TA being very similar between the two processes (403-420 ppm), with
a higher nutrient feed rate, the average CO, fixation efficiency reached 99%, showing an
increase by 24% compared to the experiment with the lower nutrient feed rate.
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Figure 4. Biomass production with M. salina in open TLC PBRs in continuous mode with variation in
the dilution rate (left) and variation in the nutrient feed rate (right) on an 8 m? scale. Continuous
operation was performed as described in Section 2.4.3. Presented on the left side are the results of
four experiments with a dilution rate of 0.075 d=1 (), 0.100d (), 0.150 A~ (e), and 0.200 A~ (e):
(a) CDW concentration (cx), (b) integral areal productivity (P), and (c) CO; fixation efficiency (Mcoy)-
The nutrient feed rate (r¢) was adjusted to 2.5 x ASW d~! for all of these experiments. Presented on
the right side are the results of two experiments with a dilution rate of 0.150 d ! and a nutrient feed
rate (r¢) of 2.5 x ASW d~1 (e) and 3.0 x ASW d~! (#): (d) CDW concentration (cx), (e) integral areal
productivity (P,), and (f) CO, fixation efficiency (ncop)-

In Section 3.1.2, it was demonstrated in a semi-continuous process that increasing
the average nutrient feed rate from 1.8 to 2.8 x ASW per day results in a higher areal
productivity but makes almost no difference in the CO; fixation efficiency. This might
suggest that an increase in the nutrient feed rate positively affects biomass productivity at
low nutrient concentrations due to the nutrient-limited growth of the microalgae. However,
when the nutrient concentration is so high that the microalgae grow without nutrient
limitation, a further increase in the nutrient feed rate might contribute to a higher CO,
fixation efficiency. Since the urea-containing feed medium is acidic, a higher feed supply to
the microalgae suspension under nutrient-replete conditions might contribute to a reduced
TA of the reaction medium and thus positively affect the CO, fixation efficiency.

3.2. Scale-Up of Microalgal Biomass Production to 50 m?> Scale

The TLC reactor scale-up was carried out previously by Apel et al. [25], who described
the methodology in detail, which was also employed by Schadler et al. [18] to investigate
microalgal oil production on a pilot scale. This study focused on the scale-up of the
microalgal biomass production using different modes of operation and also evaluated the
CO;, fixation efficiency on the pilot-scale TLC reactor with a 50 m? channel surface area.

The scale-up of the batch process to the TLC photobioreactor with a 50 m? surface
area was carried out successfully, as shown in Figure 5, with reference to the batch process
on the 8 m? scale. The manual supply of the concentrated nutrient solution to keep the
urea concentration at 0.5-1.5 g L~! resulted in an average nutrient feed rate of 1.6 x ASW



Processes 2024, 12, 1303

14 of 30

per day. Although the average nutrient feed rate was the same on both scales, microalgal
growth was slower on the pilot scale, reaching a final CDW concentration of 29.3 g L~ after
15 days, while this took only 11 days on the 8 m? scale. The experiment was terminated
after 13 days, which is shorter than the reference experiment duration. Nonetheless, it was
possible to observe that the maximum integral areal productivity of 13.6 gm~2d~! was
reached after 11 days, similarly to the batch processes on the 8 m? scale, but at a lower
CDW concentration of 23.7 g L~!. As anticipated, the productivity started to decline after
this point. Even though the timing for peak areal productivity was consistent across both
scales, the maximum areal productivity achieved dropped by 4.2 g m~2 d~! on the pilot
scale. In the pilot-scale batch process, the TA was maintained below 515 ppm via a periodic
addition of sulfuric acid, with an average of 359 ppm throughout the experiment. Similarly
to the batch process on the 8 m? scale, the maximum CO, fixation efficiency achieved
was 82%.

Two experiments were carried out to scale up the semi-continuous biomass production
with M. salina to the pilot scale in the TLC PBR with 50 m? surface area, as illustrated in
Figure 6a—c. In both cases, the daily starting CDW concentration in the semi-continuous
phase was kept at 18.5 ¢ L~!, while the average nutrient feed rates were adjusted differently,
namely to 1.8 x ASW per day (green) and 2.8 x ASW per day (red) on average. As can
be seen in Figure 6a, with a lower nutrient feed rate, the batch phase took longer, namely
13 days, compared to the 7 days with the higher feed rate. However, this is also partly
due to a technical issue with the LED lights, which caused the light supply to be cut off
completely for a whole day on day 5 of the experiment with the lower feed rate.
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Figure 5. Scale-up of the biomass production with M. salina in batch operating mode to the pilot scale,
using the TLC PBR with a 50 m? surface area. Green marks () show the results of the pilot-scale
batch process, whereas the grey marks (o) represent the batch process on the 8 m? scale as a reference.
The average nutrient feed rate (r¢,ye) was adjusted to 1.6 x ASW d—1. (a) CDW concentration (cx).
(b) Integral areal productivity (P,). (c) CO;, fixation efficiency (mcoy)-

Microalgal biomass production in semi-continuous operational mode on the pilot scale
was first performed with a daily starting CDW concentration of 18.5 g L~! and an average
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nutrient feed rate of 1.8 x ASW per day. During semi-continuous operation, an average
integral areal productivity of 14.3 g m~2 d~! and an average CO, fixation efficiency of
52% were recorded. Both of these values are below the process performance of a semi-
continuous process on the 8 m? scale performed under similar conditions, with a CDW
concentration of 20.4 g L™, that achieved a productivity of 19.5 g m 2 d ! and 87% CO;
fixation efficiency.

Since the nutrient feed rate proved to influence the process productivity, another
scale-up experiment was carried out with the same daily starting CDW concentration of
18.5 g L~! but a higher average nutrient feed rate of 2.7 x ASW per day. With this nutrient
feed rate, the estimated urea concentration in the microalgae suspension was sustained
between 0.3 and 3.1 g L~! at all times, with an average of 1.0 g L' over the whole process.
In this experiment, an average integral areal productivity of 22.6 gm~2 d ! and an average
CO, fixation efficiency of 63% were achieved, both of which are significantly improved
compared to the previous process with a lower nutrient feed rate. The influence of the
feed rate on integral areal productivity is evident in Figure 6b. Hence, it is concluded that
higher productivity can be reached by increasing the nutrient feeding rate, most likely
to a sufficient level to prevent nutrient limitation. High ammonia concentrations in the
cultivation medium can be toxic for microalgae, meaning that the urea concentration should
be kept in a particular range that allows the fast growth of microalgae without nutrient
limitation, as well as without causing ammonia intoxication. Nonetheless, the CO, fixation
efficiency stayed much lower in processes on the 50 m? scale, namely around 25-30% less
than on the 8 m? scale (Figure 6¢), even with a higher nutrient feed rate.
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Figure 6. Scale-up of the biomass production with M. salina in different operational modes to the pilot
scale, using the TLC bioreactor with a 50 m? surface area. Presented on the left side are the results of
two semi-continuous processes with a daily starting CDW concentration of 18.5 g L1 and an average
nutrient feed rate (r¢,ye) Of either 1.8 x ASW d=1(e)or2.7 x ASW d~! (e): (a) CDW concentration
(cx), (b) integral areal productivity (P,), and (c) CO, fixation efficiency (ncoy). Presented on the right
side are the results of two continuous processes: one with a dilution rate of 0.150 d~! and a nutrient
feed rate (r¢) of 2.5 x ASW d~! () and the other with a dilution rate of 0.175 d~! and a nutrient feed
rate (rf) of 3.5 x ASW d ! (e). Twenty-times-concentrated ASW medium (CF = 20) was used as feed
medium in all cases. (d) CDW concentration (cx). (e) Integral areal productivity (P,). (f) CO, fixation
efficiency (Ncop)-
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The lower CO; fixation efficiency on the pilot scale should not result from a lower
TA than the semi-continuous processes on the 8 m? scale since the TA was kept below
450 ppm in both scale-up experiments. There is, however, a technical difference on the
pilot scale TLC photobioreactor with a 50 m? surface area: the volumetric ratio of the
microalgae suspension falling freely from the reactor channels into the retention tanks to
the total liquid volume inside the reactor is smaller than on the 8 m? scale. This results
in a lower evaporation rate in the pilot-scale reactor, which is considered an advantage
since it reduces the freshwater consumption required for the reactor operation. However, it
also leads to slightly higher temperatures of the microalgae suspension in the pilot-scale
TLC photobioreactor operated under the same climate conditions as an 8 m? TLC reactor.
This is illustrated in Figure 7, which compares two semi-continuous processes in TLC
photobioreactors on different scales. In this example, the process on the 8 m? scale had a
mean volume-specific evaporation rate of 1.2 LL~! d~!, whereas it was 0.6 LL~! d~! on
the 50 m? scale (Figure 7a).

Consequently, the mean temperature of the microalgae suspension was higher on the
pilot scale (24.4 °C) than on the 8 m? scale (22.3 °C), with the most significant temperature
differences up to 5 °C observed during the highest irradiation periods at midday and the
cool-down periods overnight (Figure 7b). The maximum temperature achieved at midday
during microalgae cultivation was 34 °C in the 8 m? TLC reactor, whereas it reached
37 °C on the pilot scale. This seemingly small temperature difference is significant for the
cultivation of M. salina, since the optimal temperature for the growth of this strain lies
around 26-28 °C, with a sharp decrease in growth rate at temperatures above 30 °C and no
growth above 35 °C [15,30]. Higher temperatures of the microalgae suspension would also
mean a lower gas solubility and a shift in the distribution of the dissolved organic carbon
(DIC) species in water by affecting the carbonic acid dissociation constants [31]. Hence,
higher temperatures of the reaction medium might be the reason for lower CO; fixation
efficiency on the pilot scale.
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Figure 7. Comparison of the water evaporation rate and the reaction medium temperature in TLC
photobioreactors in semi-continuous mode on different scales. Presented are two semi-continuous
processes: one operated at a CDW concentration of 20 g L' on an 8 m? scale marked in red (—), and
the other operated at a CDW concentration of 18.5 g L~ on a 50 m? scale marked in black (—).
(a) Volume-specific water evaporation rate. (b) Temperature of the reaction medium
(i.e., microalgae suspension).
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For continuous microalgal biomass production on the 8 m? scale, a dilution rate
between 0.100 and 0.150 d ! yielded the highest productivity. Hence, for the scale-up of
continuous biomass production to pilot scale, the process with a dilution rate of 0.150 d~*
and a nutrient feed rate of 2.5 x ASW per day was selected as the reference. Figure 6d—f
show the results of this scale-up experiment (orange marks). After a batch phase of almost
7 days, continuous operation started, and after one mean residence time, a steady state
was observed. An average CDW concentration of 22.5 g L~! was reached at steady state,
which is only marginally lower than the 24.4 g L ! recorded on the 8 m? under the same
operating conditions. The average integral areal productivity recorded at steady state was
21.5 g m~2 d~!, which is very similar to the 22.6 g m~2 d~! reached in the reference
experiment on the 8 m? scale. An average CO, fixation efficiency of 48% was achieved
in continuous operation on the pilot scale, which was 27% lower than on the 8 m? scale,
which was also the case for the semi-continuous process scale-up.

Since previous experiments on both scales showed that increasing the nutrient feed
rate has a positive influence on CO; fixation efficiency, another pilot-scale process was
performed with a dilution rate of 0.175 d ! and a nutrient feed rate of 3.5 x ASW per day,
which is depicted in Figure 6d—f (blue marks). After a batch phase of 8 days, continuous
operation was started, and a steady state was observed after one mean residence time. At
steady state, the CDW concentration was 19.1 g L ™! on average, and an average integral
areal productivity of 19.6 g m~2 d~! was achieved, both slightly lower than with a dilution
rate of 0.150 d !, as anticipated. Nevertheless, the average CO, fixation efficiency was
improved by 17% to 65% compared to the first scale-up experiment (Figure 6f). Since the
dilution rate was shown to not have a significant effect on the CO, fixation efficiency and
the TA was maintained at 380-400 ppm on average in these processes, the increase in the
CO; fixation efficiency was attributed to the increase in the nutrient feed rate, from 2.5 to
3.5 x ASW per day. However, a CO; efficiency of 65% is still much lower than the 98%
accomplished in continuous processes on the 8 m? scale.

In the scale-up experiment with a dilution rate of 0.150 d ! and a nutrient feed rate
of 2.5 x ASW per day, an average urea concentration of 0.52 g L~! was measured in the
microalgae suspension at steady state continuous operation. On the other hand, with
a dilution rate of 0.175 d~! and a higher nutrient feed rate of 3.5 x ASW per day, the
urea concentration measured was 0.90 g L~! on average at steady state and 1.44 g L1 at
maximum throughout the experiment. The urea concentration stayed above 0.35 g L1 in
both processes at all times.

3.3. Effect of pH

pH is one of the most important parameters in microalgae cultivation due to its effect
on the distribution of DIC species. For water under standard conditions at pH 8.5, the
fraction of CO; in the total DIC content is below 1%, while bicarbonate fraction equals
95% [32]. This is favorable for open microalgae culturing systems, since many algae possess
an active transport system for both CO, and bicarbonate [33], but the latter cannot escape
to the atmosphere. While the pH determines their distribution, the absolute concentrations
of individual DIC species depend on TA, which is the acid neutralization capacity of water
based on its negatively charged ion content consisting mostly of carbonates. Hence, the
combined effects of pH and TA greatly influence the CO, availability for microalgae in a
suspension and the CO, uptake capacity of the reaction medium.

The influence of pH on microalgal biomass production in TLC reactors was investi-
gated in a series of experiments in semi-continuous mode at various pHs, ranging from
pH 7.5 to pH 8.5. Figure 8a shows the results of six experiments carried out in TLC pho-
tobioreactors with a similar daily starting CDW concentration between 18 and 20 g L~!
but at different pHs on both scales. On the 8 m? scale, increasing the pH from pH 7.5
to pH 8.0 led to a significant increase in the CO, fixation efficiency by 30%, from 38% to
68%. A further increase to pH 8.5 had a less significant impact, increasing the CO, fixation
efficiency to 81%. As noted in previous experiments, the CO, fixation efficiency was lower
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on the pilot scale than on the 8 m? scale at the same pH. Still, a positive correlation between
pH and CO, fixation efficiency was observed also on the 50 m? scale. On the pilot scale,
a pH increase from pH 8.0 to pH 8.5 increased the CO, fixation efficiency by 30%, from
29% to 59%. Thus, it was demonstrated that the CO, fixation efficiency increases with the
increasing pH in TLC photobioreactors on both scales in the examined pH range.

Figure 8b shows the mean integral areal productivity in these semi-continuous pro-
cesses operated at the same daily initial biomass concentration but at different pHs on both
scales. The data labels on the diagram indicate the average nutrient feed rate as a factor (F)
of the nutrient concentration in the ASW medium per day. The TA measured throughout
these experiments ranged between 225 and 655 ppm, with an average TA below 487 ppm
(9.7 mM) in each process. The results indicate that the areal productivity is only marginally
affected by the pH. With the pH increasing from pH 7.5 to pH 8.0 at the same nutrient feed
rate, the integral areal productivity exhibited only a slight gain by 1.4 g m~2 d~! on the
8 m?. Likewise, a pH increase from pH 8.3 to pH 8.5 increased the mean productivity by
only 0.4 g m~2 d~!, which is insignificant. On the other hand, increasing the nutrient feed
rate at a similar pH (pH 8.0-8.3) led to a more remarkable increase in the areal productivity,
namely by 8.0 g m~2 d~! on the 8 m? scale.

100%
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Figure 8. Influence of pH on biomass production with M. salina in open TLC photobioreactors in
semi-continuous mode. Presented are experiments with a similar daily initial CDW concentration of
around 20 g L~ at pHs ranging from pH 7.5 to pH 8.5 on both 8 m? and 50 m? scales. (a) CO; fixation
efficiency (Ncpp). (b) Mean integral areal productivity (P ). Data labels indicate the average nutrient
feed rate in the corresponding experiment by a factor (F) of the ASW medium nutrient concentration
per day.

Similarly, on the pilot scale, a pH increase from pH 8.0 to pH 8.5 increased the integral
areal productivity only by 3.4 g m~2 d~!. As already observed in previous experiments,
productivity and CO, fixation efficiency were lower on the 50 m? scale than on the 8 m?
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scale under the same conditions. Still, process performance was the highest in operation at
pH 8.5 within the investigated pH range in both cases.

The literature indicates that the optimal pH range for M. salina is between pH 7.5
and pH 8.0 [15,34]. Surprisingly, the highest biomass productivity was achieved at pH 8.5,
surpassing the reported optimal range. Since biomass productivity depends on biomass
concentration, as well as growth rate, the data suggest that, at a constant biomass con-
centration, M. salina has a higher pH optimum when cultivated in TLC photobioreactors.
Due to the effect of pH on the distribution of DIC species, it was already anticipated that
the highest CO, fixation efficiency would be reached at pH 8.5. Also, the effect of a pH
increase from pH 8.0 to pH 8.5 was much more remarkable on the pilot scale than on the
8 m? scale. This raises the question of whether a further increase in the pH on the pilot scale
would further improve the CO; fixation efficiency. As shown in Figure 7b, the average
temperature of the microalgae suspension under the same climate conditions is higher in
TLC bioreactors on the pilot scale than on the 8 m? scale. It is known that temperature
affects the DIC balance in water, with the dissociation constants of carbonic acid increasing
with the rising temperature [31]. Thus, it is possible that increasing the pH further above
pH 8.5 would further enhance the CO, fixation efficiency. However, it should be noted that
pH 8.5 is already above the optimal range for M. salina growth, and a further increase in
pH could drastically reduce the areal productivity.

3.4. Effect of Automated Switch-Off of the Circulation Pumps Overnight

Energy consumption for the circulation of microalgae suspension makes up the largest
portion of the process costs for microalgae cultivation in open TLC reactors. To reduce
the energy consumption of microalgal biomass production, a switch-off of the circulation
pumps overnight from 8 p.m. to 6 a.m. was implemented. During this period, the mixing
of the algae suspension in the reactor’s retention tanks was achieved solely through the
agitation created by aerating the suspension with pressurized air.

First, two batch processes were carried out on the 8 m? scale with and without the
automated pump switch-off mechanism to examine the effect of the intermittent pump
operation on microalgal biomass production. The results are presented in Figure 9a—d. The
automated mechanism functioned successfully throughout the process, as seen in Figure 9d,
showing the flow rate through the circulation pumps. In both cases, the average nutrient
feed rate was between 2.0 and 3.0 x ASW per day. The CDW concentration achieved
very similar values of 34.2 g L1 and 33.5 g L~! in both processes after 12 days, as seen in
Figure 9a. Likewise, a final integral areal productivity of 19.0 g m~2 d ! was recorded in
the process with overnight switch-off of the circulation pumps, which is very close to the
19.5 g m~2 d~! achieved with continuous pump operation (Figure 9b). Thus, it is concluded
that the automated switch-off of the circulation pumps overnight does not affect microalgal
growth or biomass productivity.

The CO; fixation efficiency was initially higher with the pump switch-off mechanism;
however, it kept increasing in the reference process with a continuous circulation of the
suspension, achieving the same 67% in both processes after 7 days (Figure 9c). Thereafter,
CO; fixation efficiency started to decline in the process with the pump switch-off mech-
anism, reaching an average of 55% on the last day. On the other hand, with continuous
circulation pump operation, the CO; fixation efficiency was stable until the end of the
process, reaching a final daily average of 68%. The relatively lower CO, fixation efficiency
in both processes should be considered normal since the TA was not controlled in these
experiments. However, the difference in CO, fixation efficiency was observed first after day
9 above a CDW concentration of 20 g L~!. Hence, it cannot be deduced from these results
whether the drop in CO, fixation efficiency occurs only at high biomass concentrations or
is an ultimate effect of the pump switch-off overnight.
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Figure 9. Effect of switching off the circulation pumps overnight on biomass production with M. salina
in TLC PBRs on an 8 m? (left) and on a 50 m? scale (right). Presented on the left side are two batch
processes on an 8 m? scale with continuous circulation of the microalgae suspension (e) and with the
automated overnight pump switch-off mechanism (e): (a) CDW concentration (cx), (b) integral areal
productivity (Pa), (c) CO; fixation efficiency (Mcoy), and (d) volumetric flow rate through the circulation
pumps. Presented on the right side are two continuous processes on a 50 m? scale with a dilution rate
of 0.175 d~1 and a nutrient feed rate (r5) of 3.5 x ASW d~!. The reference process with continuous
circulation of the microalgae suspension () is compared to the process with the automated overnight
pump switch-off mechanism (e): (¢) CDW concentration (cx), (f) integral areal productivity (Py), (g)
CO;, fixation efficiency (coy), and (h) volume-specific water evaporation rate.

To investigate how the intermittent pump operation affects the process performance of
microalgal biomass production on the 50 m? scale, an experiment in continuous operation
mode was performed with the automated switch-off of the circulation pumps overnight.
For this, the final optimized continuous process on the 50 m? scale with a dilution rate
of 0.175 d~! and a nutrient feed rate of 3.5 x ASW per day was used as a reference.
Figure 9e—h shows the results of this experiment with the automated pump switch-off on
the pilot scale, together with the reference process.

The batch phase took around 8 days in both experiments. After reaching the de-
sired biomass concentration, the continuous operation was started with a dilution rate of
0.175 d~! and 20-times-concentrated ASW medium (CF = 20) as the feed medium, corre-
sponding to a nutrient feed rate of 3.5 x ASW per day. A steady state was observed after
one mean hydraulic residence time. An average CDW concentration of 19.3 g L™! and an
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average integral areal productivity of 20.7 ¢ m~2 d~! were recorded at the steady state, both
very similar to the reference experiment, with 19.1 g L=! and 19.6 g m~2 d~! (Figure 9e,f).
This means that the microalgal growth and areal productivity are not noticeably affected
by the switch-off of the circulation pumps overnight, as already demonstrated in batch
processes on the 8 m? scale.

On the other hand, as shown in Figure 9g, CO, fixation efficiency went down by 21%
with the intermittent pump operation on the pilot scale, from 65% to 44%, even though the
TA was kept successfully below 520 ppm throughout the experiment, with an average of
374 ppm. The drop in the CO; fixation efficiency could result from an insufficient mixing
of the algae suspension overnight, which was accomplished by gassing with pressurized
air at only one location at the bottom of each retention tank. Thus, the drop in CO; fixation
efficiency could probably be diminished by better mixing of the microalgae suspension
overnight in the retention tanks. This could be realized, for instance, via a pressurized
air supply through a perforated floor mat system covering the whole bottom area of
the retention tanks, or minimal agitation by a mechanical mixer part with low energy
consumption. None of these options could, however, be investigated in this study due to
the difficulty of making the necessary technical changes to the TLC photobioreactor.

An advantage of switching off the circulation pumps overnight, besides the reduction
of the energy consumption, is decreasing the water evaporation rate in the TLC photo-
bioreactor. Figure 9h shows the volume-specific water evaporation over time in both
processes. By limiting the operation of the circulation pumps to only 14 h during day-
time, the water evaporation rate in the pilot-scale TLC reactor decreased by 44%, from
0.68LL~1d"!to0.38L L' d . Implementing an automatic pump switch-off mechanism
in TLC photobioreactors for industrial-scale application would bring considerable financial
benefits, decreasing the usage of freshwater by 44% and reducing the energy consumption
by the circulation pumps by 40%, as demonstrated in this study.

The electrical power input (Pg)) required for the circulation of the microalgae suspen-
sion per unit TLC reactor surface area (A) can be calculated from the hydraulic power input
(Phya) as follows:

Pe (A) ™" = Phya(Ay) ' = Vp-gH (Ay) 7", @)

where 7 is the pump efficiency, V is the volumetric flow rate, p is the density of the
suspension, g is the gravitational acceleration, and H is the pump height. Assuming a
suspension density of 1.025 kg L™, similar to seawater, with the earth’s gravitational
acceleration at 9.832 m s~2 and an 80% circulation pump efficiency [35], the electrical
power input is estimated to be 1.57 W m~2 for the 50 m? pilot-scale TLC reactor with two
circulation pumps with a pump height of 65 cm each. A 40% reduction in the hydraulic
power input required for reactor operation would decrease the required electrical power
input to 0.63 W m~2. Moreover, the energy requirement would be much lower for an
industrial-scale TLC reactor, since the ratio of volumetric flow rate to reactor surface area
(V/A) would be minimized by adjusting the channel length and width accordingly.

3.5. Comparison between Modes of Operation and Optimal Conditions

Several experimental series were carried out to identify the best operational mode
and the ideal conditions for microalgal biomass production with M. salina in open TLC
photobioreactors. The main objective was to maximize biomass productivity and CO,
fixation efficiency. These series involved one batch, four semi-continuous, and eight
continuous processes on an 8 m? scale. Eventually, one batch, two semi-continuous,
and two continuous processes were scaled up to a pilot scale in the TLC reactor with a
50 m? surface area. This section provides a summary of these studies and compares their
performances to identify the ideal operating conditions.

In the batch process on an 8 m? scale, the maximum integral areal productivity
and CO, fixation efficiency recorded were 17.8 g m~2 d~! and 80%, respectively, at a
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CDW concentration of 29.2 g L~! after 11 days. The daily areal productivity varied from
21.0gm 2d ! t025.2 gm 2 d ! on this day among the triplicate experiments. Both areal
productivity and CO, fixation efficiency declined 6 days after reaching their maximum.
Table 3 summarizes the key figures of the batch processes in this study, together with the
batch phases of two continuous experiments with higher nutrient feed rates and litera-
ture reports for comparison. The data suggest that increasing the nutrient feed rate from
1.6 x to 2.8-3.5 x ASW per day significantly increases the areal productivity. The main
issue with the batch operation mode, apart from the low areal productivity, is that the
maximum productivity and efficiency achieved are limited to only a couple of days, cor-
responding to only 30% of the total operation time, which makes it unsuitable for an
industrial-scale production facility. For this reason, only semi-continuous and continuous
modes of operation are considered for microalgal biomass production on an industrially
relevant scale.

Table 3. Summary of biomass production with M. salina on batch operating mode in TLC photobiore-
actors on different scales and comparison of the results with the literature reports using the same
reactor type but different microalgae species.

CO,
Operating Reactor Feed Process CDW Daily Py, Integral Fixation
. 1 TA, mM et Pa, . . Source
Mode Scale Factor (F) Time, d conc., g L gm—2d gm-2d-1 Efficiency,
Mean Max. Max
Batch 8 m? 1.5 111 29.2 9.1 - 17.8 80.0% This study
50 m? 1.6 11.0 23.6 6.8 17.7 13.7 81.9% This study
50 m? 2.8 6.7 223 9.4 30.7 225 64.5% This study
50 m? 3.5 79 23.1 7.6 29.7 18.2 68.8% This study
Batch 8 m?2 - 6.0 20 10 - - 87% [7]
Fed-batch  100-224 m? - 12-18 <45 - - 10-30 69-77% [11]2
~2500 L - - - - 12-23 - - [36]P

2 Study carried out with a Chlorella species. ® Studies carried out with Scenedesmus species.

Figure 10 outlines the key figures of semi-continuous processes for biomass production
in TLC photobioreactors on an 8 m? scale. In semi-continuous mode, the daily starting
CDW concentration varied in a range from 8 g L~! to 21 g L~! between the experiments.
For the productivity comparison, the daily areal productivity was averaged over the whole
semi-continuous operation time. The results demonstrate that the daily areal productivity
increases with the growing CDW concentration within the investigated range. CO, fixation
efficiency, on the other hand, is not noticeably affected by biomass concentration but is very
strongly influenced by the TA. An average TA of over 10 mM in a semi-continuous process
directly correlates with a sharp drop of CO; fixation efficiency by 15-20% compared to other
processes with a TA below 10 mM. Among all the semi-continuous processes presented
in Figure 10, the maximum average daily areal productivity of 24.9 g m~2 d~! and the
maximum CO; fixation efficiency of 87% were achieved in the same process, with a daily
starting CDW concentration of 20.4 g L~!, which is noted as the best-performing semi-
continuous process in this experiment series.

Figure 11 summarizes all continuous processes carried out in this study for biomass
production in TLC photobioreactors on an 8 m? scale. For a productivity comparison, the
daily areal productivity was averaged over the steady-state continuous operation time.
Figure 11a illustrates the results of the experiment series, in which the dilution rate was
varied between experiments using the same nutrient feeding rate of 2.5 x ASW per day. As
anticipated, the biomass concentration achieved at steady state was inversely proportional
to the dilution rate. The highest average daily areal productivity of 24.8 gm~—2d ! was
reached with a dilution rate of 0.150 d ! at an average CDW concentration of 24.6 g L.
However, these conditions also resulted in a CO; fixation efficiency of 77%, which is the
lowest recorded in this experiment series. Repeating this process with a higher nutrient
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feed rate of 3.0 x ASW per day not only successfully improved the CO, fixation effi-
ciency to 98% but also slightly increased the daily areal productivity. Therefore, another
experiment series for continuous biomass production with higher nutrient feed rates was
conducted subsequently.

*
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Figure 10. Summary of experiments for semi-continuous microalgal biomass production in TLC PBRs
on an 8 m? scale. Presented are average daily areal productivity (P4 gajly) in blue (H), total alkalinity
(TA) in green (M), and CO, fixation efficiency (ncpy) in red (e). Variation in the daily starting biomass
concentration in semi-continuous mode, with data labels indicating the average nutrient feed rate in
the corresponding experiment by a factor (F) of the ASW medium nutrient concentration per day.
The best-performing process is marked with a star ().

Figure 11b shows the results of the experiment series in continuous mode, in which the
dilution rate was varied using 20-times-concentrated ASW medium as the feed medium,
meaning that the nutrient feed rate increased with the increasing dilution rate. This
corresponds to a nutrient feed rate of 3.0 x, 3.5 x, 4.5 X, and 5.0 x ASW per day for the
dilution rates of 0.150 d=!, 0.175 d !, 0.225 d !, and 0.250 d !, respectively. The detailed
results of this experiment series are given in Supplementary Figure S2. With a dilution rate
between 0.150 and 0.225 d~! and a nutrient feed rate of 3.0-4.5 x ASW per day, the average
daily areal productivity ranged between 25.9 and 27.1 g m~2 d~ !, and a CO; fixation
efficiency of 98-100% was achieved. With a further increase in the dilution rate to 0.250 d !
and a nutrient feed rate of 5.0 x ASW per day, the average daily areal productivity and
CO, fixation efficiency declined to 19.8 g m~2 d ! and 80%, respectively. Nevertheless,
the best results were achieved in the continuous process, with a dilution rate of 0.175 d-1
and a CDW concentration of 22.2 g L}, achieving an average daily areal productivity of
27.1 gm~2d~! and a CO; fixation efficiency of 100%.

Comparing the results of semi-continuous processes to the continuous processes indi-
cates that, in both production modes, the highest areal productivity is reached at a similar
CDW concentration of 20-24 g L~!. The highest mean daily areal productivity recorded
was the same in continuous and semi-continuous processes on the 8 m2 scale, namely
27 g m~2 d~!. There was, however, a remarkable difference in the highest mean CO,
fixation efficiency achieved, which was 88% and 100% in semi-continuous and continuous
processes, respectively. Thus, in TLC photobioreactors with an 8 m? surface area, the con-
tinuous operating mode exhibited a better performance for microalgal biomass production
with M. salina.

Finally, the best-performing process on each operating mode was transferred to the
pilot scale in a TLC reactor with a 50 m? surface area. The key performance indicators of
these pilot-scale processes are depicted in Figure 12. The batch process on the pilot scale
achieved a maximum daily areal productivity of 17.7 g m 2 d~! and CO, fixation efficiency
of 82%, respectively, at a CDW concentration of 23.3 g L~ after 11 days. Also, the integral
areal productivity reached its peak at 13.7 g m~2 d~! on this day and declined after that.
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Figure 11. Summary of experiments for continuous microalgal biomass production in TLC PBRs on
an 8 m? scale. Presented are CDW concentration (cx) in grey (M), average daily areal productivity
(PA,daily) in blue (M), and CO;, fixation efficiency (Ncoy) in red (e). (a) Variation in the dilution rate in
a range of 0.075-0.200 d~! with a constant nutrient feed rate of 2.5 x ASW d~!. (b) Variation in the
dilution rate using 20 x concentrated ASW medium as feed medium (CF = 20), corresponding to
a nutrient feed rate of 3.0, 3.5, 4.5, and 5.0 x ASW d~! for a dilution rate of 0.150, 0.175, 0.225, and
0.250 d !, respectively. The best-performing process is marked with a star ().

T 25 100%

o

]E 20 80%
= b0
a3 15 60% !
0 A o)
Z & 10 40% =
o g
g 5 20%

©

= 0 0%

< . . .

o) batch semi-continuous continuous

(D=0.175d)

Figure 12. Summary of experiments for microalgal biomass production in a TLC PBR on a 50 m?
scale in different operational modes. Presented are CDW concentration (cx) in grey (M), average daily
areal productivity (Pa gaily) in blue (M), and CO; fixation efficiency (ncop) in red (). For the batch
mode, data from the day of maximum areal productivity are shown. For the semi-continuous mode,
CDW concentration is the set point of the daily initial biomass concentration. Data labels indicate the
nutrient feed rate in terms of a factor (F) of the ASW medium nutrient concentration per day. The
best-performing process is marked with a star ().

As shown in Figure 12, the mean daily areal productivity achieved in both semi-
continuous and continuous processes under similar conditions on the pilot scale was
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21 gm~2d~!, around 6 g m~2 d~! lower than on the 8 m? scale. Similarly, the mean CO,
fixation efficiency was very similar between the two operating modes, with the efficiency
on the continuous mode being slightly higher, i.e., 62%. These results suggest that the most
suitable mode of operation for microalgal biomass production on a pilot scale is continuous.
Nonetheless, it should be noted that both CO; fixation efficiency and areal productivity are
lower for biomass production on the 50 m? scale in comparison to the 8 m? scale. Especially
the maximum CO, fixation efficiency achieved presents the most significant difference,
being 34% lower on the pilot scale compared to the 100% reached on the 8 m? scale. Table 4
summarizes the best results of the semi-continuous and continuous processes in this study,
together with the literature values for comparison.

Table 4. Summary of biomass production with M. salina on semi-continuous and continuous modes
in TLC photobioreactors on different scales and comparison of the results with the literature reports.

. . CO;
O]la\;e[ratmg Reactor Feed CDW B TA, mM Dalgl Péi Inte%rzal lj 11;, Fixation Source
ode Scale Factor (F) conc., gL gm—2d gm-2d ..
Efficiency, -
Mean Mean Mean Mean
Semi- 8 m2 22 2042 8.6 24.9 184 87.0% This study
continuous
50 m2 2.7 1852 8.9 21.1 22.6 59.4% This study
Continuous 8 m? 35 2220 9.3 27.1 24.1 99.9% This study
(D=0.175d71) 50 m?2 35 18.8P 7.6 20.6 19.7 62.0% This study
Continuous 2 b
(D=04d1) 8 m - 6.5 - - 17.9 - [7,18]
Continuous 8 m? - 7b - 10.0 - - [71
(turbidostat)

2 Daily initial CDW concentration after biomass harvest in semi-continuous mode. ® Average CDW concentration
at a steady state of the continuous operation.

Table 5 summarizes the optimal conditions determined to achieve a mean daily areal
productivity above 26 g m~2 d~! and an average CO; fixation efficiency above 90% con-
sistently in TLC photobioreactors with an 8 m? surface area. On the pilot scale, these
same conditions guarantee an aerial productivity above 21 g m~2 d~! and a CO; fixation
efficiency of at least 60%. Under these conditions, around 30 mL of concentrated sulfu-
ric acid per day was required on the pilot scale to keep the TA in the range of 4-8 mM
(200400 ppm), which is crucial to obtaining a high CO, fixation efficiency.

Table 5. Optimal process conditions to achieve maximum areal productivity and CO, fixation
efficiency in microalgal biomass production with M. salina in open TLC photobioreactors. Nutrient
concentration in the feed medium is given as a factor (CF) of the nutrient concentration in the ASW
medium with unchanged salt concentration. The nutrient feed rate is expressed by a factor (F) of the
nutrient concentration in the ASW medium per day.

Mode of Operation

Parameter Semi-Continuous Continuous
CDW concentration 19-25g L1 19-25g L1
Dilution rate - 0.150-0.225d !
Nutrient concentration in feed medium - 20 x ASW
Nutrient supply to the reactor 2.5-3.5 x ASWd~! 3.0-4.5 x ASWd~!
pH 8.5
Total alkalinity (TA) 4-8 mM (200400 ppm)

Ketchum and Redfield [37] demonstrated for the first time that microalgae cultiva-
tion in continuous operating mode allows biomass productivity to be kept at its high-
est over a more extended period than batch cultivation. This study showed that semi-
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continuous and continuous modes are suitable for achieving high areal productivity over
27 g m~2 d~1. However, continuous operation enabled a higher CO; fixation efficiency of
up to 100%, performing better than the semi-continuous operation in this regard. One of
the most critical factors affecting CO, fixation efficiency was shown to be the TA. Keeping
the TA below 10 mM consistently yielded a CO, fixation efficiency of over 80%, as Schadler
etal. [7] suggested. Additionally, a pH of 8.5 was shown to be optimal for the cultivation
of M. salina in TLC photobioreactors, although this value is above the optimal pH range
of M. salina according to the literature [15,34]. Both productivity and CO, fixation effi-
ciency achieved under the determined optimal conditions were higher than 17.9 g m~2 d~!
productivity and 84% CO, fixation efficiency reported in the most recent studies using
the same cultivation setup in continuous mode with a dilution rate of 0.4 d~1[7,18]. For
outdoor TLC photobioreactors on larger scales, i.e., up to 2,500 L, daily areal productivities
of about 10-30 g m~2 d~! are found in the literature for Chlorella and Scenedesmus species,
conforming with the values achieved in this study [36] (Table 3).

In the process scale-up to the TLC PBR with 50 m? surface area, both areal productivity
and CO; fixation efficiency recorded under the optimal conditions remained below that on
the 8 m? scale. In particular, the maximum CO, fixation efficiency reached on the pilot scale
was 66%, 34% lower than on the 8 m? scale. On the other hand, the maximum CO, fixation
efficiency achieved in this study on the pilot scale still competes with the literature values
for comparable continuous processes in large-scale outdoor systems, such as 63% achieved
in a 50 L tubular airlift PBR [38] or 70-77% reported for 100224 m? scale TLC reactors [11].
Moreover, to the best of our knowledge, 100% CO, fixation efficiency achieved on the 8 m?
scale is the highest reported so far.

The water evaporation rate in the 50 m? scale TLC photobioreactor was measured
tobe 0.68 L L~! d~!, which is in accordance with the previously reported 0.65 LL~! d !
for the same reactor setup [14]. In order to reduce the water and energy demand of
the TLC PBR operation, an automatic switch-off of the circulation pumps overnight for
10 h was implemented, diminishing the evaporation rate by 44% to 0.38 LL~! d 1. It was
demonstrated that the pump switch-off mechanism does not affect either microalgae growth
or biomass productivity but causes a reduction of CO; fixation efficiency. In addition, it
was shown that this method provides around 40% savings in energy and freshwater supply
costs due to the reduction of the evaporation rate in the reactor.

3.6. Microalgal Biomass Harvest

The recovery of microalgae biomass from the reaction medium and biomass dewa-
tering are essential in microalgae processes. These steps account for a large portion of
the energy consumption in microalgal biomass production and are, therefore, important
in this study. Biomass harvest and dewatering took place in a single step by centrifu-
gation, employing a dynamic settler with a spiral plate technology. Microalgal biomass
harvested this way had a CDW mass fraction of 31.2% (£0.7%), corresponding to a water
content of 68.8% (w/w). The separation efficiency achieved using this dynamic settler
on two different scales is documented in Table 6. The settler model Evodos 10 (Evodos
B.V., Raamsdonksveer, The Netherlands) has a maximum capacity of 4 kg biomass per
batch with manual discontinuous harvesting between batches. Evodos 50A (Evodos B.V.,
Raamsdonksveer, The Netherlands) is the settler model designed for commercial use with
an automated continuous harvesting system and thus without a capacity limit for the
harvested biomass. In both cases, the biomass recovery efficiency was around 85%, and the
biomass concentration factor was around 15, when processing a microalgae suspension
with a CDW concentration of 20 g L1,

Using a dynamic settler with spiral plate technology, it was possible to concen-
trate the microalgae biomass to a 31% solid content. In comparison, a solid fraction of
0.4-22.0% in the discharge is reported for other centrifugal methods, such as disc-stacked
centrifuge or decanter, while solid concentrations reaching 18% with continuous and
22-27% with discontinuous methods of filtration-based dewatering operations are found
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in the literature [23]. Therefore, a dynamic settler with spiral plate technology proves to
be the best option if the aim is the highest possible solid concentration. Nonetheless, the
biomass recovery efficiency of around 85% recorded in this study is lower than the range
of 95-99% stated for the spiral plate technology in the literature [24]. This was probably
due to the loss of microalgae suspension at the end of each solids discharge step since the
microalgae suspension inside the centrifuge drum was drained completely before each
discharge. Redirecting the discharged algae suspension back into the feed tank could
mitigate this loss, thereby improving the recovery efficiency.

Table 6. Performance evaluation of microalgae biomass harvest and dewatering using dynamic
settlers with the spiral plate technology (Evodos B.V., Raamsdonksveer, The Netherlands). Evodos 10
has a maximum capacity of 4 kg biomass per batch with manual discontinuous harvesting between
batches, whereas Evodos 50A is a model designed for commercial use with an automated continuous
harvesting system and a processing capacity of 500 L h~1.

Centrifuge Model
Parameter Evodos 10 Evodos 50A

Microalgae suspension volume 50.0L 710.0L

CDW concentration 196¢g L-! 207 g L1
Total dry weight 0.98 kg 14.7 kg
Harvested wet biomass 2.7kg 40.1kg
Harvested dry mass 0.85 kg 124 kg
Recovery efficiency 86.5% 84.6%

Concentration factor 15.8 15.0

Spiral plate technology has a high performance for microalgal biomass harvest and
dewatering in general and is considered an efficient, scalable, and continuous method
suited for industrial application. However, its relatively high energy requirement of
0.95-2.0 kWh m~3 should also be considered when selecting equipment depending on pro-
cess requirements [24]. Continuous microalgal lipid production in TLC PBRs was reported
to operate at a CDW concentration of 5-15 g L~! [7,18]. In this study, microalgae cultivation
under nutrient-replete conditions was determined to yield the highest productivity at a
CDW concentration of 19-25 g L. Increasing the biomass concentration to be harvested
from 10 g L' to 25 g L ! would reduce the energy required for biomass dewatering by
2.5-fold. Considering an average energy consumption of 1.48 kWh m~? for a centrifuge with
spiral plate technology, this would correspond to a reduction of the energy requirement of
biomass dewatering from 0.20 kWh per kg CDW to 0.06 kWh kg~ !.

4. Conclusions

Microalgae cultivation in open TLC photobioreactors under nutrient-replete conditions
allowed for a substantial improvement in biomass productivity and CO; fixation efficiency.
It was shown for the first time that continuous processes allow 100% CO, fixation efficiency
even at high areal productivities in 8 m? TLC reactors. However, these results could
not be replicated on a pilot scale, most probably due to the maximal temperatures at
midday reaching 37 °C, about 3 °C higher than in the 8 m? reactors. This issue could
be circumvented by employing strategies to decrease the temperature of the microalgae
suspension, for example, by selecting a climate with lower midday temperatures or by
taking technical measures to allow for better cooling of the reaction medium inside the
reactor. Alternatively, choosing a strain of microalgae that can withstand these elevated
temperatures might be another solution.

Among the investigated modes of operation, continuous mode yielded the highest
mean daily areal productivity of 27 g m~2 d ! on the 8 m? scale and 21 gm~2 d~! on the
50 m? scale. In addition to the parameter study of various operating modes, the influence
of the pH on the process performance was investigated in a range of pH 7.5-8.5 of the
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microalgae suspension. A pH of 8.5 resulted in the highest biomass productivity and CO,
fixation efficiency, even though this pH is above the optimal range for M. salina growth.

An automated overnight switch-off of the circulation pumps was implemented suc-
cessfully on both reactor scales to reduce the energy requirement of microalgae cultivation
without any negative impact on biomass productivity. The intermittent pump operation
resulted in, in addition to a 40% reduction in energy consumption, a reduced water evap-
oration rate in the open PBR, and, thus, a 44% cut down on freshwater usage. Hence,
intermittent circulation pump operation was demonstrated to be a useful method to maxi-
mize the energy efficiency of microalgae cultivation processes in open pond systems.

The microalgal biomass harvest using a centrifuge with spiral plate technology allowed
for an efficient concentration of the microalgal biomass by a factor of 15, yielding a thick
microalgae paste with a CDW concentration of 31% (w/w). The efficiency of biomass recovery
was 85%, which is lower than the 95-99% stated for this technology in the literature [24].
Nonetheless, this difference was caused primarily by the loss of microalgal suspension with
each step of solids discharge due to the complete draining of the suspension left in the
centrifuge drum prior to discharge. Redirecting the discharged algae suspension back into the
feed tank would mitigate this loss, thereby improving recovery efficiency.

Highly concentrated microalgae biomass generated in this way could be hydrolyzed
and utilized as a cultivation medium for other microorganisms to produce various bioprod-
ucts, such as microbial oils, hydrogen, ethanol, or biogas, through oleaginous or anaerobic
processes with high productivity [1]. Such a process integration would make CO, the main
carbon source for the biotechnological production of these materials. M. salina biomass
grown under nutrient-replete conditions has around 25% (w/w) carbohydrates and 50%
(w/w) proteins [7], both of which could be converted into valuable carbon sources. This
suggests that the hydrolysate produced from the concentrated biomass harvested in this
work with a CDW concentration of 30% (w/w) could theoretically have an up to 60 g L~}
sugar concentration. It has already been demonstrated that microbial oil production with
oleaginous yeasts using a dilute substrate with 50 g L~! sugar concentration is feasible with
high lipid productivity if a membrane bioreactor with total cell retention is employed [9,39].

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/pr12071303/s1, Figure S1: Correlation between ODy5q
and CDW concentration for Microchloropsis salina cultures grown in a nutrient-replete ASW medium
in open TLC photobioreactors; Figure S2: Biomass production with M. salina in open TLC PBRs in
continuous mode with the variation in dilution rate at a constant feed medium concentration on an
8 m? scale.
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