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ARTICLE INFO ABSTRACT

Keywords: Cost efficiency restricts the potential of large-scale microalgae industries and can be tackled by adopting
Photobioreactor monitoring and control systems to optimize resource use and to improve biomass productivity. Gas-phase
Mic%—oalgae o composition monitoring is an efficient monitoring strategy in lab-scale photobioreactors, but its application in
S:alll:_igmmtormg large-scale systems, especially tubular photobioreactors, remains limited. In this study, we developed a gas-

phase-based online monitoring strategy to study real-time microalgal growth and productivity in a pilot-scale
tubular photobioreactor. A gas analyzer was employed to evaluate oxygen and carbon dioxide transfer rates
with 1 min resolution. These measurements allowed us to monitor daily fluctuations of photosynthetic quotient,
dry weight concentration, and biomass productivity at a high resolution. The dry weight estimated from gas
measurements matched the offline data, and the comparison was used to assess the accuracy of the method. In
contrast, the turbidity sensor underestimated dry weight concentration. All online and offline estimations pro-
vided similar biomass productivity with a maximum around 0.65 g-L"'d ™!, although biofilm growth on the tubes
caused deviation at the end of cultivation. The oxygen volume fraction measurement of an insertable in-line
optical oxygen sensor and of the paramagnetic oxygen analyzer were comparable, resulting in an average ab-
solute error of 0.03%v/v. With this work, we showed that online process monitoring is useful to study microalgal
growth and productivity in large-scale tubular photobioreactors. Nitrogen limitation was detected, and the
photosynthetic quotient was quantified and employed to monitor the metabolic state of the culture.

Photosynthetic quotient

1. Introduction as an alternative to time-consuming manual sampling and off-line

measurement of culture cell density [7]. One online gas-phase-based

Microalgae have the potential to contribute to a sustainable society
and could be a valuable resource to foster the bioeconomy. However, the
industrialization of microalgae bioprocessing and large-scale cultivation
is currently under development and still hindered by cost efficiency [1].
Improving cost efficiency involves addressing some bottlenecks of the
bioprocess, such as improving biomass productivity and lowering ma-
terial costs related to culture media. Cost savings could be achieved by
including industrial side products or wastes as the main component of
the media [2], and developing methods to monitor and control the use of
resources efficiently [3]. Bioreactor monitoring is currently an impor-
tant research area, with research efforts on advancing various tech-
niques and models to estimate biological and process parameters [4]
[5,6].

Monitoring tools have been developed for lab-scale applications in
microalgal photobioreactors. Online growth monitoring was proposed

growth monitoring method is gas-phase composition analysis coupled
with elemental balance, which has been used several times to describe
cellular growth [8-10]. In microalgal biotechnology, this method was
useful to study growth and photosynthesis [11-13], carbon dioxide
uptake efficiency [14], mass transfer [15], growth inhibition [16] and
accumulation of certain compounds [13,17].

Despite the promising results achieved in lab-scale experiments, gas-
phase composition monitoring was rarely utilized in large-scale photo-
bioreactors. This tool could be beneficial to facilitate the scale-up of
laboratory results, but also to track online and in real time microalgal
growth parameters in industrial-scale photobioreactors. However, there
is limited research on adapting this tool for these purposes. Even though
this monitoring tool was successfully scaled up for some microbial
fermentation applications [18], there are only scarce applications for
large-scale photobioreactors [19,20]. In the study by Sobczuk et al. [20],
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the authors implemented online gas-phase measurements of oxygen and
carbon dioxide in a 50 L tubular photobioreactor to investigate oxygen
and carbon dioxide production-consumption rates, photosynthetic
quotient, and carbon dioxide uptake efficiency, aiming to optimize the
carbon dioxide injection. The authors showed that gas-phase-based
monitoring could be successfully applied in their specific photo-
bioreactor design to study microalgal growth and optimize the process.
Despite this study showing the potential of gas-based monitoring in
tubular photobioreactors, this monitoring strategy is not commonly
implemented in the microalgal industry. Furthermore, the accuracy of
the parameters obtained with such a monitoring system is still ques-
tionable. Accuracy could be affected by certain features of tubular
photobioreactors, such as concentration gradients in the tubes [21], and
the long residence time between the inlet and outlet. Fluctuating oper-
ational and environmental parameters (culture temperature, pH, gas
phase humidity, ambient temperature, pressure) also have a role in the
accuracy of the monitoring strategy. It is still worth further investigating
the use of gas-phase-based monitoring in tubular photobioreactors,
being one of the most scalable and standard designs in the industry.

In this study, we designed and tested a monitoring strategy to track
microalgal growth and photosynthetic activity of Tetradesmus obliquus
cultivated on soilless horticulture drain water (hereafter “drain water™),
in a pilot-scale tubular photobioreactor. Drain water is a substrate that is
generally rich in nutrients for microalgal growth [22]. Microalgal
cultivation on drain water comprises a higher risk of nutrient fluctua-
tions than standard chemical-based media since the composition of the
industrial side streams depends on the upstream greenhouse processes.
To tackle this challenge, we defined a suitable sensor layout to ensure
proper and accurate monitoring. From the measurements of the sensors,
we estimated the oxygen and carbon dioxide production-consumption
rates, photosynthetic quotient, and biomass productivity in real-time,
both in batch and continuous regimes. We evaluated the monitoring
accuracy by comparing the batch growth and continuous turbidostat
productivity estimated with this method to offline measurements and
the estimation of a turbidity sensor. Lastly, we compared estimates ob-
tained with different oxygen sensors provided valuable insights for
further developments of industrial-scale monitoring of microalgal
cultures.

2. Materials and methods
2.1. Study design

This study consisted of developing a monitoring strategy to estimate
microalgal growth parameters on drain water in a pilot-scale tubular

photobioreactor (Fig. 1). The photobioreactor employed in this study
was the PILOT-275 (Lgem, the Netherlands), a 275 L tubular
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photobioreactor located in a greenhouse in our pilot research facility
AlgaePARC (Bennekom, the Netherlands). The photobioreactor was
equipped with several sensors for online monitoring and with control
systems to ensure suitable conditions to estimate microalgal growth
parameters. This estimation was based on a gas-phase composition
analysis coupled with an elemental balance [8], adapted according to
the characteristics of the experimental setup. The monitoring strategy
was tested for tracking the growth and metabolic activity of a culture of
T. obliquus cultivated on soilless horticulture drain water from the
nearby greenhouse (tomato plant cultivation).

2.2. Strain, medium, and growth conditions

The inoculum for the photobioreactor was a non-axenic wild-type
strain of T. obliquus (Scenedesmus obliquus UTEX 393, Culture Collection
of Algae, University of Texas, US). The inoculum was cultivated in an
incubator in 250 mL flasks in a chemical media with a composition
resembling drain water (Appendix A, Table A.1). The incubator condi-
tions were 20 °C, 175 RPM orbital shaking, without CO, enrichment,
and at 100 pmol-m 25! light intensity with 16:8 light:dark cycle.

The pilot-scale photobioreactor was sterilized, and the culture was
inoculated in drain water for the photobioreactor operation in batch and
continuous regimes. For sterilization, hypochlorite was added at a
concentration of 500 ppm, and it was removed after 24 h of treatment
time. Afterward, the photobioreactor was flushed twice with tap water
filtered at 0.2 pm; it was then filled with drain water filtered at 1 pm and
0.2 pm (filters in series) contained in a dark tank equipped with a UV
lamp (PURION IBC, UV concept, Germany). Finally, pH and temperature
control were activated, and the inoculum was added. The photo-
bioreactor was operated in batch mode for around 6 days. When the
biomass concentration reached the setpoint of around 1 g-L ™}, contin-
uous turbidostat operation started with diluted drain water inflow. Fresh
drain water contained in the dark tank was filtered before addition to the
photobioreactor as previously described. Turbidostat operation con-
sisted of adjusting liquid fresh feed to the photobioreactor in time so that
the sensor measurement of turbidity of the liquid phase was constant.
Turbidostat operation implicates a constant biomass concentration, and
dilution rate matching the specific growth rate throughout the day.
Further information on photobioreactor operation is provided in Section
2.4.

2.3. Analytical methods

During the experiment, samples were taken for measurement of
biomass concentration. During batch growth, biomass concentration
was estimated with a duplicate measurement of dry weight concentra-
tion (DW g~L’1). A volume of 4-10 mL of fresh culture was diluted to 30
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Fig. 1. Drawing of the PILOT-275 tubular photobioreactor, courtesy of Lgem (A). Photo of the photobioreactor showing the multiphase wavy flow and the LED
panels, AlgaePARC (B). The red circles show the PAR light sensor and its positioning. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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mL using demineralized water and filtered using Whatman GF/F glass
microfiber filters (diameter 55 mm, pore size 0.7 pm), previously dried
and weighed. After washing the filters with 30 mL more of water, these
were dried at 100 °C for at least 3 h and weighed again. During turbi-
dostat cultivation, biomass concentration was estimated in duplicate
from a biovolume measurement of an automatic cell counter (Multisizer
3, Beckman Coulter, USA). Biomass concentration was estimated with a
pre-existing calibration curve (the biovolume correlates to dry weight
concentration linearly: Appendix A, Fig. A.1). Additionally, the culture
was analyzed with microscopy daily for contamination control.

2.4. Photobioreactor, sensors layout, and process control

The PILOT-275 (Lgem, the Netherlands) photobioreactor (Fig. 1) was
chosen for this study due to its scalability to an industrial scale (possi-
bility of operating with sunlight and/or artificial light, fluid dynamics
characteristics, and gas recycle). The photobioreactor was exposed to
sunlight and artificial light; 4 panels on each side of the tubular length
provide artificial light with red and white dimmable LEDs (Fig. 1). The
maximum light supply rate of artificial light at the tube on a plane facing
the LEDs was between 500 and 700 pmolphm’z-s’l, and it was provided
for 17 h per day. The light supply rate was estimated with a PAR sensor
(SQ-500, Catec, The Netherlands) positioned in between the tubes on the
side of the photobioreactor (Fig. 1, red area). This photobioreactor is
characterized by its two-phase flow that defines the tubular section as
the main mass transfer zone of the system; the circulation tank is not
actively sparged with gas. Furthermore, the gas phase is recycled to
increase carbon dioxide absorption efficiency. Further details about the
photobioreactor parameters defined for this study are provided in
Table 1.

Several sensors and analyzers were installed in the photobioreactor
and calibrated to obtain high-quality data for monitoring purposes
(Fig. 2). Sensors for dissolved oxygen (DO), pH, turbidity, and

Table 1
Photobioreactor, cultivation, and biological parameters. The Units column does
not refer to the units used in the calculations.

Name Symbol  Value Units Reference

Photobioreactor design parameters

Tube length L 70.3 m Lgem PILOT-275
design
Inner tube D 6.03 cm Lgem PILOT-275
diameter design
Total volume Vr 270 L Own measurement

Total liquid Own measurement

volume

Vi 200-215 L

Cultivation conditions

Temperature T 27 °C X
Section 2.4
H H 7 -
P p Section 2.4
Gas flowrate Fg 30-35 normalL-min ' Online
measurement
Fresh air flowrate AAir.in 3-7 normalL-min ! .
Section 2.4
Fresh CO, Hcoz.in 0-0.2 normalL-min~! .
flowrate Section 2.4
O, fraction in air X02,ai 21.1 %
2 02.air bV Section 2.5
CO, fractioninair  Xco2.air 0.064 % v/v .
Section 2.5
Biological parameters
Biomass molar MW, 24 g-C-moly ! [23]
weight
Yield biomass on Yy/coz 1 C-mol,-molgd, [16]
CO2
Yield biomass on Yy/02 0.72 C-mol,-molg} [16]
0Oz
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temperature allowed for measurements of liquid phase parameters.
These sensors were installed in sensor ports right before the gas injec-
tion. The DO sensor was an optical sensor VisiFerm DO Arc 120 (Ham-
ilton, USA), calibrated at two points with nitrogen (0.5 L-minfl) and
humid air (ambient air in equilibrium with water at ambient pressure) to
obtain 0 % and 100 % air saturation. The pH sensor (Polilyte Plus Arc,
Hamilton, USA) was calibrated at two points at pH 4 and 7. The turbidity
sensor installed for this study was Dencytee Arc (Hamilton, USA). This
sensor measures transmission in Near-Infrared at a wavelength of 860
nm and has a built-in algorithm that converts this measurement to
turbidity in NTU units (Nephelometric Turbidity unit).

The gas recycle line was modified to include several additional
sensors and a small bleed, allowing for the continuous extraction of gas
samples for gas-phase composition analysis. Humidity, pressure, and
temperature sensors were installed before the compressor. Additionally,
another optical oxygen sensor (VisiFerm DO Arc 120, Hamilton, USA)
was inserted in the same position and was calibrated similarly to the
sensor for liquid DO measurement. This sensor allowed for oxygen
partial pressure measurement in the recycle line, which was converted
to volume fraction (the manufacturer specifies the accuracy at 25 °C: 1
+ 0.05 % v/v; 21 + 0.2 % v/v; 50 + 0.5 % v/v, drift at room temper-
ature < 1 % per week). From the main recycle line, a small bleed of 200
mL-min ! was extracted towards the gas analyzer (SERVOPRO Multi-
Exact 4100, Servomex, UK), positioned in a temperature-controlled
environment at 30 °C. This device includes a paramagnetic transducer
for oxygen purity volume fraction measurement (accuracy of +0.01 %
v/v, drift of £0.01 % v/v per week) and a Nondispersive IR Single Beam
Dual Wavelength (MB1520 CO5) transducer for carbon dioxide volume
fraction measurement (intrinsic error < 0.05 % v/v, drift <0.1 % v/v per
week), connected in series. To ensure accurate dry concentration mea-
surements, the sample gas was first cooled to 4 °C to remove water
vapor. In the next step, the remaining water vapor was removed with a
Nafion monotube gas dryer (MD-110-24P, Perma Pure, USA), and was
pumped to the gas analyzer through a membrane gas compressor with a
constant flowrate (rotameter with manual control valve, with accuracy
of +3 % at reference conditions, Brooks Instrument, USA). The gas
analyzer was calibrated twice during the cultivation period: the oxygen
purity module with pure nitrogen to obtain 0 % v/v and with pure ox-
ygen to obtain 100 % v/v, and the carbon dioxide module was calibrated
with pure nitrogen and a certified gas mixture of carbon dioxide in ni-
trogen (with maximal relative error of 2 %) to obtain 0 % v/v and 2.4 %
v/V.

Several control systems were installed for this experiment, including
mass flow controllers for the fresh gas streams, pH control, temperature
control, and turbidostat control. The gas flow at the inlet of the tube
comprised the recirculation flow plus aliquots of fresh air (compressed
ambient air, with intake within the building) and carbon dioxide (from a
gas cylinder), which could be set with two independent mass flow
controllers (EL-FLOW Select, Bronkhorst, the Netherlands) with accu-
racy 0.01 £ 0.5 % of reading value for air (normalein*l), and 0.002
+ 0.5 % of reading value for carbon dioxide (normalL-min 1) in the
respective calibration conditions. Constant gas flowrates allowed to
obtain accurate insight into the oxygen and carbon dioxide production-
consumption rates. Since we decided to keep a constant carbon dioxide
flowrate, pH was controlled to 7 by addition of 1 M HCl solution into the
circulation tank. Temperature at the inlet of the tube was set to 27 °C, by
means of a heat exchanger upstream the measurement point. For these
control systems, PID controllers were experimentally designed and
validated based on the stability of the response at setpoint. Lastly, the
photobioreactor was also equipped for continuous cultivation in turbi-
dostat operation. In this operation mode, the culture turbidity was
controlled to a setpoint by adding fresh media with an ON/OFF control
algorithm. Liquid volume in the photobioreactor was kept constant by
continuously extracting liquid when it reached a certain height in the
circulation tank. Moreover, consistent liquid holdup and fluid-dynamics
characteristics were assured by keeping the recycle gas flowrate around
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MF — Mass flow
meter/controller

Carbon dioxide P — Pressure sensor

J CC — COyinfrared analyzer

Air CO - O, purity analyzer

RH — Relative humidity sensor

T — Temperature

DO - Dissolved oxygen

pH — pH sensor

CX — Turbidity sensor

PAR — Photoactive radiation
SO — O, optical sensor

Fig. 2. Schematic drawing of the monitoring system. The boundaries of the system defined for calculating the transfer rates are shown with the blue dashed polygon.
Liquid inflow and outflow during turbidostat cultivation are not represented. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

30-35 L-min~}, and by continuous antifoam addition (0.6 L-day’l, 0.1
% v/v antifoam silicone, 30 % active compound).

Instruments were connected to a programmable logic controller
(PLC) unit (Simatic HMI Panel — KTP700 Basic, Siemens, Germany),
which was employed for data acquisition from sensors, control algo-
rithms, and data communication. LabView software (version 2024Q1,
National Instruments, USA) was used for data visualization and logging.
Only data acquisition from the gas analyzer was arranged directly in the
same LabView environment. All data was acquired every 5 s, filtered
with a moving average of 12 measurement points, and further cleaned
prior to calculation. Data cleaning consisted of removing outliers, cali-
bration of instruments, and periods where data communication was not
functioning properly.

2.5. Monitoring of microalgal cultivation with gas composition analysis
and elemental balance

Data acquired from the sensors was used to perform online moni-
toring of carbon dioxide and oxygen transfer rates [8,9]. The supply of
carbon dioxide and the removal of oxygen in the liquid phase is crucial
to ensure microalgal growth and maximal productivity. These compo-
nents are exchanged between the two phases with a transfer rate
(defined as positive from liquid to gas) that depends on the character-
istics of the photobioreactor and biological consumption and production
rates. The molar-basis transfer rate (ripz ¢, Ncoz s mol~day’1) was eval-
uated by performing material balances for each component in the system
at the boundaries (Egs. (1)-(2), Fig. 2), assuming steady-state condi-
tions. Steady-state assumption holds as long as the gas phase inlet
composition and flowrate are constant and other dynamic effects overall
small.

n - xOZ,G.outr-l xOZ.G,inr-l o)
02,r = NG out — NG

100 O 100 T

. _ Xco2,G.out Xco02,G,in_, 9
Ncoz2r = 100 NG our — 100 NG in (3]

In these equations, X2 6 o a0d Xog in are the oxygen volume fractions
in the gas phase at the outlet and inlet boundaries of the system (% v/v),
and Xco2.6.0ue @a0d Xco26.in are the carbon dioxide volume fractions in the

same locations (% Vv/V). figoy, and gy, are the outlet and inlet gas
flowrates (mol~day’1). The values for most of these variables can be
retrieved from the sensor data. The inlet gas flowrate 7 ;, is the sum of
the fresh air flowrate rigj-in (mol~day’1) and fresh carbon dioxide flow-
rate Heog.in (mol-day‘l), measured and set at the mass flow controllers.

The inlet volume fraction term was estimated considering the mixing
of the air and carbon dioxide streams. The inlet air composition was
calibrated at the beginning of the experiment, to compensate for cali-
bration inaccuracy and to set realistic values of oxygen and carbon di-
oxide composition (Section 3.4 contains more information about the
discrepancy with respect to standard air conditions). This calibration
resulted in the following composition of the air stream: 21.1 % oxygen
(X02.qirs % V/V), 0.064 % carbon dioxide (x¢o2 gir, % V/V), and inerts. We
could compute the carbon dioxide fraction x¢o2 ¢ in at the inlet boundary
as follows:

Xc02.air / 100 Tiairin + Mico,.in
3

Xeoz.6in = Nirin + 1c0 in

A similar equation holds for the oxygen concentration at the inlet
boundary.

Regarding the outlet volume fraction term, the dry volume fraction
of oxygen and carbon dioxide was measured through the gas analyzer.
However, most of the gas leaving the reactor was humid. The humidity
content of this stream Xy, o (% v/V) can be estimated from the tem-
perature of the gas Ty, (°C), relative humidity RH (%), and pressure P,
(kPa) in the recycle line as reported in Eq. (4). The humidity fraction is
used to correct the volume fraction measurements (Eq. (5), for the car-
bon dioxide volume fraction). The saturation vapor tension is expressed
according to Tetens equation (Eq. (4)).

RH Tout
=—0.6187 1727 —— 4
xWAUUt Pout exp ( Tout + 237 3) ( )
Xc02.G.ou = Xc02,G.oudry (100 — Xipoue) 5)

The outlet gas flowrate from the photobioreactor was not measured.
This term was evaluated with an inert gas balance, again assuming
steady state:
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(1 - xOZ,air/]-OO - xCOZ.a'U/]-OO) 1G,in
100 - Xc02,6out — X02,G.0ut — xw,out)/loo

(6)

ﬁG.out = (

An additional assumption in this last balance equation is phase
equilibrium, since inert components are not consumed or produced in
the liquid phase.

The transfer rates approximate the oxygen and carbon dioxide
production-consumption rates with a few additional assumptions
[11,20] hereby explained. In continuous operation, this approximation
is possible when neglecting dissolved oxygen and inorganic carbon
inflow and outflow from the system boundaries; this hypothesis is
addressed in Section 3.4. Additionally, the dynamic changes in liquid
concentrations should not be relevant, and several parameters should be
constant (temperature, pH); this hypothesis is discussed in detail in
Section 3.1.

From the oxygen and carbon dioxide production-consumption rates,
other parameters such as the photosynthetic quotient (PQ, Eq. 7) and
biomass productivity can be estimated. PQ is sometimes used to char-
acterize microalgae metabolism and changes based on nutrient avail-
ability, metabolic pathways, and microalgal elemental composition.

PQ = — 102t @
Ncoz2,r

In microalgal research, the reciprocal of PQ at night is sometimes
called respiratory quotient (RQ) since it relates to nighttime respiratory
metabolism. In this article, we decided to use the term photosynthetic
quotient and its formulation in Eq. (7) during daytime and nighttime.
Biomass productivity can be estimated from the stoichiometric equation
of biomass production. Assuming a biomass elemental composition of
CH;j 6200.41Ng.14Pg.01 [24], it is possible to evaluate the autotrophic
stoichiometry for producing 1C-mol of biomass (Eq. (8)). In this case, the
stoichiometry was solved for growth on nitrate and phosphate, accord-
ing to experimental growth conditions on drain water.

COz +0.14 NO; +0.01 HzPO; +0.87 H20—>CH1_6200_41N0_14P0_01

- ®
+1.39 0, +0.15 OH

From the stoichiometric equation, biomass yields on carbon dioxide
(Yy/co2, 1C-moly-molgdy), and on oxygen (Yx/o2, 0.72C-moly-molg}) are
estimated. The transfer rates are converted to volumetric biomass pro-
ductivities ry cop and ry 02 (g‘L’l-day’l) with the following equations:

Tecor = — Yy /co2 M‘;/Vx Tico2,r ©)
L
Y, MWy n
Teos = x/02 > x No2,tr (10
L

where MWy is the biomass molar weight (24 g-C-molyx 1 [23]), and V; is
the liquid volume in the photobioreactor (L).

2.6. Sensors accuracy analysis

An error analysis was conducted based on the accuracy parameters
outlined in Table 2. We limited our analysis to the impact of the intrinsic
errors of the gas analyzer and mass flow controllers on the transfer rates
and photosynthetic quotient. We also included an error related to the air
composition estimation. This error could be associated with a drift in the
measurement of the transducers over time, and its magnitude is sup-
ported by the specifications of the high-end transducers implemented in
this study, and from experimental characterization (Appendix B,
Fig. B.1). Additionally, we recalibrated the transducers during the
experiment to mitigate the drift. Several other error sources associated
with the correct operation of the system were neglected due to the
frequent inspections. In the following sections, errors obtained from this
analysis are expressed with the maximum deviation from the estimation.

Algal Research 90 (2025) 104172

Table 2
Measurement accuracy used in the sensitivity analysis. RD is the reading of the
sensor.

Error Variable Value Comments
(units)
X +0.01
Mass flow controller A"
. (normalL/ +
air stream X
min) 0.005 Intrinsic error, as stated in
RD manufacturer specifications.
+ Temperature and pressure
Mass flow controller fco2.in 0.002 sensitivity are not included.
carbon dioxide (normalL/ n
stream min) 0.005
RD
Paramagnetic X02.G out,dry Intrinsic error, as stated in
oxygen analyzer (% v/v) +0.01 manufacturer specifications.
Infrared carbon XC02.G.0ut.dry Temperature':,.pressurc.:,. ﬂ'ow,
dioxide analyzer % v/%) +0.05 and Vcomposmon sensitivity are
not included.
Ambient air XC02,air Ambient air composition was
composition (CO3) (% v/v) +0.01 only calibrated at the beginning
of the experiment. This
parameter can simulate sensor
. . drift over time. The chosen
Ambient air X02.qir .
composition (O3) % v/v) +0.01 values are reasonable estimates

from the manufacturer
specification and experimental
calibrations.

3. Results and discussion
3.1. Oxygen and carbon dioxide transfer rates

Gas phase composition analysis was an effective tool to determine
microalgal growth and metabolic parameters online and with high res-
olution. With this method, oxygen and carbon dioxide transfer and
metabolic rates were evaluated with 1 min resolution. Determination of
these parameters provided important insight into the metabolic state of
the culture and allowed the evaluation of derived parameters such as
biomass concentration, biomass productivity, and photosynthetic quo-
tient (PQ).

Estimated daily transfer rates (Fig. 3) offer insights into photosyn-
thetic growth during the day (oxygen transfer rate from liquid to gas
phase, carbon dioxide transfer rate from gas to liquid phase) and
respiration during the night (with transfer directions opposite to those of
daytime). Day-night transition is evident in the rapid inversion of
transfer directions, which is related to a sudden change in metabolism
due to the instantaneous switch of the artificial lights (PAR data pro-
vided in Appendix C in Fig. C.1). While transfer rates at night appear to
reach stable values, the daily trend is influenced by fluctuating light
conditions. Uncertainty ranges in the transfer rates are computed in
Fig. 3 as filled areas and are small compared to the magnitude of the
transfer rates. In the case of the oxygen transfer rate, the line width used
in the Figure overlaps with the uncertainty band. Further discussions on
the accuracy of the transfer rate estimation are presented in Section 3.4.

The magnitude of the oxygen and carbon dioxide transfer rates
decreased throughout the cultivation period due to increasing nitrogen
limitation (Fig. 3). At the end of cultivation on July 29, the maximum
transfer rates were nearly half their value on July 18 in similar light
conditions. This decrease could not be explained by a sudden change in
mass transfer coefficient since multiphase flow features and temperature
remained constant. Instead, this drop could be related to reduced bio-
logical activity. The dissolved oxygen signal showed a similar trend in
time (DO data is provided in Appendix C in Fig. C.1), typically caused by
lower photosynthetic activity. Online measurements agreed, hinting at a
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Fig. 3. Oxygen transfer rate (in blue) and carbon dioxide transfer rate (in red) throughout the microalgal cultivation period. Blank spaces indicate the absence of
online cultivation data due to technical problems. Error bands are presented as filled areas according to the accuracy analysis and are overall small. For the oxygen

transfer rate, the line width in the graph overlaps with the uncertainty range. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 4. Inlet flowrates of fresh air and carbon dioxide (A), pH before gas injection (B), and biomass concentration measured by the turbidity sensor (C). Carbon

dioxide was added from July 13 onwards, and its flowrate was increased on July 17 to prevent limitation and test the steady-state hypothesis. pH was controlled with
acid and was maintained at setpoint during daytime.
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decreased growth rate. Off-line measurements confirmed a nutrient
deficiency: nitrate concentration in the liquid media decreased
throughout the cultivation, being depleted at the end of the process
(data not shown). Nitrate depletion occurred during turbidostat opera-
tion because the feed drain water was excessively diluted, so the nitrate
provided was insufficient to sustain growth.

Even though this method was suitable for studying the change in
transfer rates throughout the cultivation, some more inaccuracies were
linked to the estimation. The simple steady-state estimation resulted in
neglecting the dynamic behavior of the system, which is relevant when
the fresh inlet flowrate of carbon dioxide is changed (Fig. 4A). When CO
was fed to the photobioreactor (July 13), we registered a dramatic in-
crease in transfer rate since the alkalinity of the drain water is commonly
low [25], and the media was air saturated. However, the carbon dioxide
that was injected was transferred to the liquid and was not simulta-
neously used for growth. Even though the transfer rate values are
appropriate, using these values to estimate biomass growth without
considering dynamics and chemical equilibria in the liquid results in
growth overestimation. Similar reasoning holds for pH changes that
were not compensated by the control system at night and between day
and night (Fig. 4B). Future work should be done to include this effect in
the estimation or to improve cultivation conditions by keeping the pH
constant throughout the entire process.

When the carbon dioxide flowrate was further increased, on July 17,
its transfer rate increased as well. This could have been a reasonable
consequence of increased driving force. However, the growth rate esti-
mated from turbidity data almost doubled immediately after this in-
crease (Fig. 4C), in agreement with the monitored transfer rate. To
conclude, online monitoring data suggested carbon dioxide limitation of
microalgal growth before increasing carbon dioxide flowrate. This was
also evident from the simultaneous slight increase in carbon dioxide
absorption efficiency above 80 % (Appendix D, Fig. D.1).

Another interesting parameter obtained from the monitoring data is
the photosynthetic quotient (PQ, Fig. 5), which shows some variation
throughout the day. PQ (defined in Eq. 7) is the ratio between the ox-
ygen and the carbon dioxide production-consumption rates. During the
day, it represents the moles of oxygen released per mole of carbon di-
oxide consumed. During the night, it represents the moles of oxygen
consumed per mole of carbon dioxide released (the reciprocal of PQ at
night is sometimes referred to as respiratory quotient, RQ). Several
metabolic pathways that involve oxygen and carbon dioxide as reagents
or products affect the values of PQ. We calculated PQ assuming that the
transfer rates were equal to production-consumption rates. We esti-
mated a time-averaged value that fluctuated around 1.47 + 0.15 to-
wards the end of the experiment (the error on the time-average PQ is not
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shown in Fig. 5). Since the value of this parameter could not be validated
with offline measurements, we could not directly quantify its accuracy.
However, we evaluated the error in the estimation with our sensors
accuracy analysis. This analysis led to the uncertainty range around the
estimated value of PQ (Fig. 5, area filled in light blue). This result aligns
with other lab-scale experimental studies [16,17,20]. However, the
average value of PQ is higher than the PQ of 1.39 expected considering
the stoichiometry (Eq. 8). This comparison may suggest a divergence
from the stoichiometry and reference biomass composition we consid-
ered for this study. Biomass composition is a strain-specific parameter,
which is also influenced by growth conditions and could change
throughout the experiment. T. obliquus accumulates starch and lipids
during nitrogen starvation [26,27], resulting in a change in the degree of
reduction in the biomass and nitrogen content. In this experiment,
biomass composition was probably affected by nitrogen deficiency
conditions reached towards the end of the experiment.

PQ demonstrates a decreasing trend throughout the day. This pattern
cannot be fully explained by instrumental uncertainty or dynamic effects
associated with pH, CO,, or dissolved oxygen dynamics. These dynamic
effects play a role in the day-night transitions but can be neglected
otherwise since conditions in the photobioreactor remain stable.
Therefore, this decreasing trend in PQ might be due to a metabolic ef-
fect, a daily periodic shift in metabolic pathways that affects carbon
dioxide and oxygen production-consumption rates. This hypothesis is
supported by previous studies reporting that T. obliquus synchronizes its
metabolism to day-night cycles to improve its energy efficiency by
starch accumulation for energy storage [28]. T. obliquus accumulates
starch reserves at the end of the day (Eq. (11)), gradually shifting PQ
towards 1.

Therefore, it is likely that protein and lipid production pathways
were prominent during the early hours of the day, becoming less sig-
nificant in the late afternoon when starch accumulation took place.

At night, PQ stabilized around 0.84, a value lower than the unity
expected for starch consumption due solely to catabolic reactions. The
nighttime value of PQ could be explained by considering the con-
sumption of starch reserves for functional biomass production and
catabolism. The measured PQ value can be obtained with a biomass
yield on starch reserves of around 0.25C-molx-molaﬂl20 (Eq. (12)),
assuming valid the reference stoichiometry [24]. This calculated yield is
lower than the typical biomass yield on starch solely for microbial
growth [29].
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Fig. 5. Photosynthetic quotient (PQ) evaluated every minute in 4 cultivation days, with uncertainty areas in light blue. The dashed line represents the integral-
average value of PQ throughout the whole cultivation (1.47 + 0.15). The uncertainty areas for the integral-average value are not represented. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4 CH,0 +0.14 NO; +0.01 HoPO, +2.61 O2—CH;.6200.41No.14P0.01
+3CO; +3.13H,0+0.151 OH™
(12)

Lastly, starch metabolism can also explain the high values of PQ in
the morning. In the first hours of the day, starch consumption and
photoautotrophic growth were reported to take place simultaneously
[28]. In this case, the overall growth stoichiometry could be explained
by the linear combination of Egs. (8) and (12). This analysis reveals that
PQ values exceeding 1.39 (value obtained when the extent of Eq. (8) is
100 %) are attributed to predominant photoautotrophic growth (extent
of Eq. (8) ranging from 100 % to 75 %) with a contribution of growth
due to starch metabolization (extent of Eq. (12) is complementary to
100 %).

3.2. Biomass growth during the batch phase and productivity

Biomass concentration (dry weight) and biomass productivity were
estimated from the oxygen and carbon dioxide production-consumption
rates. These rates were converted to biomass production rates according
to the stoichiometric equation. Biomass dry weight was estimated by
numerically integrating the biomass production rate ryco2 and ry o2 in
time with a trapezoidal integration. Biomass productivity was calculated
similarly and aggregated daily. We did not account for instrument error
in these integral quantities. This error would accumulate over time as
the integration is performed; instead, we preferred to directly compare
the online and offline measurements to validate our estimation and then
describe the effect of sensor accuracy.

Algal Research 90 (2025) 104172

Gas-phase measurements are valuable tools to predict biomass
growth, but this modeling-based estimation sometimes deviates from
biomass concentration, and a detailed comparison with off-line mea-
surements is needed. The dry weight estimated from the gas-phase
measurements shows a reasonable agreement with the off-line data
(Fig. 6A, 5 batch cultivation days validated with 3 dry weight samples).
Before comparison, the online estimation of biomass concentration was
corrected for events not included in the estimation method. For instance,
approximately 30 L of liquid was harvested from the photobioreactor on
July 17, and an equal volume of filtered drain water was added. After
performing this correction, comparison with off-line data showed a
maximum relative error in the oxygen-based biomass concentration
estimation to 12 % (1st sample, estimated 0.19 g-L™! and DW 0.21
g~L_l) and 19 % for carbon-dioxide-based estimation (2nd sample,
estimated 0.61 g-L ™! and DW 0.75 g-L™1). Although this error cannot be
neglected, we propose biomass concentration estimation with gas-phase
composition analysis as an alternative to off-line sampling of large
volumes for dry weight measurements at a low biomass concentration.
This method is sensitive enough to detect low transfer rates when
biomass concentration is inferior to 0.1 g-L™! at the beginning of culti-
vation. The overall lower accuracy of the carbon-dioxide-based esti-
mation was expected, considering the higher uncertainty in the transfer
rate estimation. Anyway, we obtained reasonable estimations of biomass
concentration during the first 5 days of cultivation. The estimation ac-
curacy might decrease over time during more extended batch experi-
ments due to the continuous integration of instrument uncertainty. In
that case, the online estimation method can be easily recalibrated with a
new concentration baseline obtained by performing an off-line
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Fig. 6. Biomass batch growth (A) and productivity (B). Results from the oxygen balance are reported in blue, from the carbon dioxide balance in red, from the
turbidity sensor (turbidostat approach) in yellow, and off-line data (turbidostat approach) in purple. In Fig. A, the blue and red lines represent the dry weight
concentration estimated from the oxygen and carbon dioxide balance corrected for the harvest event. On the days of 22 July and 23 July, biomass productivity data is
not available due to technical problems. Dashed lines in Fig. B are only visuals and do not represent biomass productivity values. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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measurement.

Since biomass dry weight is more commonly estimated with
turbidity sensors [30] than the gas-based estimation we developed in
this study, we compared the different methods. Turbidity sensors pro-
vide direct turbidity measurements in the liquid phase, although cali-
bration to offline dry weight sample measurements is required. In our
experiment, the turbidity calibration was performed using all dry weight
data from both batch and turbidostat operation, but the optical char-
acteristics of the T. obliquus culture changed in time due to nutrient and
light limitations (Appendix E, Fig. E.1). The turbidity sensor estimated a
biomass concentration with a maximum relative error of 25 %, at the
lowest biomass concentration. Hence, turbidity sensors could provide an
easier way to estimate dry weight compared to online gas balancing,
with similar measurement accuracy. However, turbidity sensors for
microalgae applications require frequent recalibration based on dry
weight measurements to establish a reliable correlation. For this reason,
frequent sampling from the photobioreactor is necessary. Additionally,
gas-phase monitoring does not only provide a way for online monitoring
of biomass concentrations and productivity; it also allows for assessing
carbon dioxide absorption efficiency (Appendix D, Fig. D.1), and eval-
uating photosynthetic and metabolic parameters related to oxygen and
carbon dioxide production-consumption rates (PQ, Fig. 5).

The biomass productivity estimated from the oxygen, carbon diox-
ide, and turbidity measurements showed good agreement with off-line-
based productivity estimation (Fig. 6B). During the batch phase, off-line
biomass productivity was exclusively obtained from dry-weight con-
centration measurements. During the turbidostat phase, we first esti-
mated biomass productivity ry s (gL 1day™!) in the hypothesis of
constant biomass concentration in the photobioreactor (Eq. (13), tur-
bidostat hypothesis), and then we integrated this quantity daily to
obtain daily productivity.

Feop = Cx 22 a3)
Vi

In this equation, Cx (8vL_1) is derived from the off-line measurements
assuming a constant average concentration between sampling times,
and Frgpp (L-day’l) is the liquid media inflow. A similar procedure
relying on the turbidostat hypothesis was implemented for the signal of
the turbidity sensor. Gas-phase balance hypotheses during turbidostat
cultivation are addressed in the General discussion (Section 3.4). To-
wards the end of turbidostat cultivation, both gas-phase-based estima-
tions overestimate productivity with respect to the liquid-phase-based
estimations of turbidity sensor and off-line measurements. This effect is
related to biofilm growth, and it was expected since the biofilm on the
tubes could not be suspended in the liquid phase. With substantial
biofilm formation, this monitoring strategy cannot properly estimate
liquid-phase biomass productivity. In some cases, productivity estima-
tion is important for quantifying nutrient removal rates. Therefore,
biomass growth in the biofilm should be accounted for, as microalgae
located in the biofilm utilize nutrients in the drain water to support their
growth. This productivity term is included in the gas-phase estimations
since microalgae in the biofilm also exchange oxygen and carbon di-
oxide for growth. Offline measurements of biofilm in large-scale tubular
photobioreactors are not simple to perform while the reactor is in
operation. Instead, this monitoring strategy offers the possibility of
estimating biofilm productivity by subtracting liquid-phase productivity
(estimated from the turbidity sensor) from total productivity (estimated
from gas-phase monitoring). However, neglecting dilutions or biofilm
growth leads to inaccurate gas-phase-based estimations of suspended
biomass concentration and productivity.

3.3. In-line optical oxygen sensor measurement and accuracy
We evaluated the accuracy of the two sensors to measure the oxygen

molar fraction in the gas phase of our photobioreactor: the in-line optical
oxygen sensor and the paramagnetic oxygen analyzer. In-line optical
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oxygen sensors for concentration measurements were already imple-
mented in previous studies [31] but were never directly compared with
an accurate reference instrument. We compared the oxygen volume
fraction in the humid gas recycle line. To do this, the oxygen volume
fraction measured with the paramagnetic oxygen analyzer was con-
verted to a humid basis (with the procedure explained in Egs. (4) and
(5)). The raw measurement of the in-line optical oxygen sensor
(expressed in oxygen volume fraction in water-saturated air at ambient
pressure) was converted to the actual oxygen molar fraction, taking into
account the actual pressure (Pyy) and humidity (relative humidity RH,
and water saturation partial pressure P,, at Toy) (Eq. (14)). We computed
the same moving average for both measurements and compared them
for 3 days of cultivation.

aw Pref Pout 7Pw

_ Poy  Pu—P, 14
Xo2Gou =Xo26oup B RH/100P, a4

We concluded that the in-line optical oxygen sensor and the para-
magnetic oxygen analyzer provide comparable results (Fig. 7) with an
average absolute deviation of 0.03 % v/v, at least in the period inves-
tigated. Overall, the deviation is more significant during the day-night
shift, where the different dynamic responses related to sensor posi-
tioning become relevant.

The in-line sensor was more affected by the recycle gas temperature
and humidity conditions than the paramagnetic gas analyzer. Pretreat-
ment of the gas sample before the paramagnetic gas analyzer improved
the temperature stability and removed all water vapor before the mea-
surement. The in-line optical oxygen sensor estimation could be drifting
due to unfavorable process conditions, such as condensation on the
sensor or in the recycle line. The in-line optical oxygen sensor in the gas
phase was an accurate and convenient way to directly measure oxygen
fraction in the gas recycle line. However, sensor inspection and recali-
bration are recommended to ensure correct operation (more about
sensor drift over time in Appendix B, Fig. B.1).

3.4. General discussion

Online growth monitoring of microalgal growth and metabolic pa-
rameters was successfully achieved in pilot-scale tubular photo-
bioreactors. This method provided insights at a pilot scale, which were
comparable to those achieved on a lab-scale [16,17]. Similarly to these
studies, we could obtain real-time insight into oxygen and carbon di-
oxide production rates and observe how these were affected by the
experimental growth conditions. The photosynthetic quotient is a
parameter scarcely researched on a large scale. In our study, it suggested
valuable information about the metabolic state of the microalgae
throughout the day. We observed a daily decrease in PQ, which was
associated with a metabolic shift from functional biomass rich in pro-
teins and lipids to mainly starch accumulation [28], and the prevailing
nighttime starch consumption for catabolic reaction.

Our monitoring strategy extends beyond lab-scale research and can
be applied in industrial settings. A similar strategy was already devel-
oped to monitor productivity from carbon dioxide absorption rate with a
gas-phase balance in industrial-scale photobioreactors [19]. The study
investigated the monitoring during the operation of 35 panels of the
ProviApt photobioreactor (with a total volume of 175 L). This type of
industrial scale photobioreactor is subdivided into units, which are
ideally similar, well-mixed, and with low liquid volume. These charac-
teristics resulted in a straightforward scale-up of the gas-phase balance,
but the accuracy of the productivity measurement was not measured nor
addressed in detail. Implementing this monitoring strategy for large-
scale tubular photobioreactors was more challenging because the indi-
vidual units have larger volumes and dynamics that differ significantly
from standard lab-scale systems, necessitating more thorough valida-
tion. A previous study proposed an implementation of gas-phase
composition monitoring in a small 50 L tubular photobioreactor [20]
to investigate carbon dioxide feeding and losses. Expanding on this
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work, we evaluated the potential of the strategy as a real-time online
monitoring tool for industrial use. From a practical point of view, a gas-
phase-based monitoring strategy reduces the need for off-line sampling.
It can help detect and troubleshoot unexpected cultivation conditions,
such as nutrient limitations (for instance, nitrogen, and carbon dioxide),
or even biological contamination. Furthermore, online monitoring of
carbon dioxide concentration allows for evaluating carbon dioxide los-
ses and uptake efficiency, along with the online estimation of biomass
productivity and metabolic parameters.

To the best of our knowledge, most online methods to monitor
growth in large-scale photobioreactors utilize online spectroscopy,
correlating growth to parameters measured by these techniques. These
methods represent an indirect way for growth monitoring based on
microalgal optical features. Experimental correlations can be used for
the purpose but could be microalgal species-specific and depend on their
physiological state. Instead, growth estimation from oxygen and carbon
dioxide balance represents a more direct monitoring strategy: biomass
growth is directly estimated from the most important substrate and
product of growth. Alternative online monitoring tools enable the esti-
mation of various parameters of the culture. For instance, fluorescence
spectroscopy [6] could be used to estimate pigments and lipids. We
consider these monitoring tools as valid complements to oxygen and
carbon dioxide balance monitoring.

For this study, we implemented the gas-phase balance assuming
steady state and considering constant pH and temperature. The possible
source of error related to day-night pH dynamics was addressed in
Section 3.1. This error is relevant in the real-time evaluation of pa-
rameters such as transfer rates and PQ, whereas it is negligible for in-
tegral parameters such as biomass concentration and productivity. In
these parameters, artifacts related to apparent carbon dioxide
production-consumption related to media chemical composition
changes due to pH fluctuation during day-night transitions cancel out.
The pH control strategy employed in this study is not essential for suc-
cessful gas-phase-based monitoring. On-demand carbon dioxide injec-
tion is commonly used to control the pH to the desired setpoint.
However, in such cases, the steady-state assumption does not hold.
Monitoring transfer rates would be feasible if a dynamic photobioreactor
mass transfer model was available. This model should include the dy-
namic relationship between inlet and outlet oxygen and carbon dioxide
concentrations in the absence of microalgal growth. The reliability of
this model would directly affect the accuracy of the estimated transfer
rates.

During turbidostat operation, we neglected the inflow and outflow of
oxygen and inorganic carbon with the liquid. Regarding the oxygen
balance, it was reasonable to assume the inlet was air-saturated since it
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was pumped from a mixed holding tank. Dissolved oxygen levels in the
outlet reached up to 240 % air saturation (Appendix C, Fig. C.1).
Neglecting inflow and outflow, we estimated an error in oxygen pro-
duction rate lower than 0.1 mol-d~}, which is negligible when compared
to the scale of the transfer rate in Fig. 3. Regarding the carbon dioxide
balance, we could neglect the inflow contribution due to the low alka-
linity of the drain water and the acidic pH typical for soilless tomato
cultivation. The outflow term of the balance depended on the dissolved
inorganic carbon concentration in the liquid in the operative conditions.
Assuming gas-liquid equilibrium, we could estimate the total inorganic
carbon concentration during the daytime. In this case, the maximum
error in the carbon dioxide consumption estimation is around 1 mol-d~*.
This error is not negligible, and it is of the same magnitude as the un-
certainty areas in the transfer rate (Fig. 3).

Lastly, we assumed that air composition did not vary from its cali-
bration at the beginning of the experiment. The baseline air composition
could impact the results in the event of a faulty baseline or transducer
drift over time. The baseline performed during this experiment resulted
in a composition different from standard air. We explain the slight de-
viation in the oxygen fraction condition by oxygen transducer calibra-
tion inaccuracy, which may be related to a difference in gas flow rate
between calibration and operation at the gas analyzer. The higher car-
bon dioxide content was expected since the process air intake was within
the building. However, in the material balances of the transfer rates
estimation, the difference between inlet and outlet composition is more
important than the absolute composition. Accuracy in this aspect is
ensured by performing the baseline and the outlet composition mea-
surements with the same instrument, while drift is avoided by recali-
brating the transducer modules.

The accuracy of this monitoring strategy was proven by comparing
integral parameters such as biomass dry weight concentration and
productivity. However, evaluating the accuracy of transfer rates and
photosynthetic quotient is more challenging since there is no proven
methodology to estimate them differently. To show the confidence
margin in the estimation, we performed an accuracy analysis consid-
ering the instruments employed in the study (Section 2.6). From the
analysis, we concluded that the error in the transfer rates is negligible
due to the choice of high-end accurate gas composition analyzers and
mass flow controllers. Despite a small error in the transfer rates, the
uncertainty in derived parameters like PQ is significant because of error
propagation. Accurate sensors are essential for obtaining derived pa-
rameters with low uncertainty. Uncertainty analysis of transfer rates and
derived parameters is not common in the literature due to a lack of
benchmarks for comparison. Future studies should further emphasize
the uncertainty of this estimation, developing a standardized approach
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to distinguish measurement uncertainty from physical, chemical, and
biological variations and accurately assess the impacts.

Gas-phase balance estimations can be implemented in any photo-
bioreactor (small to very large) in which the gas phase can be sampled.
Direct extension to open systems or semi-closed systems is more difficult
due to the complexity of collecting and accurately sampling the gas
phase, even though examples for other applications already exist [32].
However, monitoring strategies based on similar concepts are developed
for open systems as well [15,33]. These strategies aim to solve the mass
balances in the liquid phase, since these variables can be easily
measured.

This monitoring strategy is expected to become a powerful tool for
monitoring culture performance indicators and for optimization. Gas-
phase-based monitoring anticipates gas-phase-based control systems
that aim to manage carbon dioxide losses and maximize biomass pro-
ductivity. The effectiveness of the control systems could be assessed
using the monitoring tools developed here. Developing monitoring and
control strategies is crucial to tackle the additional challenges, such as
the use of horticulture drain water to grow microalgae in photo-
bioreactors. The higher risk of nutrient fluctuations or contamination
requires prompt detection and action. Accurate monitoring of biomass
productivity and PQ via the gas phase could serve as an early-warning
system. In addition, maximization of carbon dioxide absorption effi-
ciency is crucial for industrial-scale microalgae cultivation, and accurate
and real-time monitoring of CO, consumption rates is essential to reach
that goal.

4. Conclusions

Gas-phase composition analysis was successfully implemented as a
monitoring tool for a 275 L photobioreactor. With this strategy, we
could estimate oxygen and carbon dioxide transfer rates and derive
several other parameters. The photosynthetic quotient exhibited a
decreasing trend throughout the day, which was attributed to starch
accumulation at the end of the day and its subsequent consumption for
growth and catabolism at night. Biomass growth was monitored during
the batch phase before initiating turbidostat dilution up to approxi-
mately 1 gL, Biomass productivity was monitored throughout the
whole cultivation, with a maximum of 0.65 g-L”'d ™. Biomass produc-
tivity estimation with this method included biofilm productivity. Com-
parisons with offline data confirmed reliable estimations. This strategy
offered more insights than a turbidity sensor, which could only be used
to estimate biomass concentration and productivity. A comparison be-
tween the paramagnetic oxygen analyzer and the in-line optical oxygen
sensor showed agreement in the volume fraction measurement. In the
future, the in-line optical oxygen sensor in the gas phase could be useful
in gas-phase composition monitoring. Future studies should include a
more detailed evaluation of the confidence range of transfer rates and
photosynthetic quotient. Furthermore, pH effects should be included in
the estimation of carbon dioxide uptake rate, or pH fluctuations should
be experimentally reduced. This work provided valuable insights into
microalgal cultivation in large-scale photobioreactors, suggesting the
industrial application of new monitoring methods and future research
directions for monitoring and control strategies for tubular
photobioreactors.
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