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A variety of yeast applications in the food and beverage industry require individual
and reproducible yeast propagation at high yields and consistent quality. One
quality-determining parameter for yeast propagation is effective aeration to avoid
oxygen depletion. Therefore, this work investigated three important aeration
parameters: airflow, pulse time, and oxygen concentration, for their influence
on yeast propagation. The aeration of a propagator involves phase transitions
which are gradient-driven processes and can be accelerated with higher gradients
between the liquidmedium and the gas bubbles. In this study, oxygen-enriched air
generated with membrane filters was used to aerate the system in an easy and
cost-efficient way without the need for expensive technical gas usage.
Propagation experiments were carried out in a pilot-scale reactor equipped
with a membrane filter system for enhanced oxygen concentrations in ingas
and online sensors for representative monitoring of the process. The membrane
filter system is based on the separation of nitrogen in compressed air, leading to
oxygen enrichment. Using oxygen-enriched air for propagation aeration showed
higher oxygen transfer into themedium and the anaerobic process time caused by
oxygen depletion due to high cell numbers was reduced by an average of 7.4% for
pulsed aeration. Additionally, we conducted experiments with controlled
measures of dissolved oxygen using different oxygen concentrations for
aeration. The main objective of this study is to present a new and affordable
optimization of propagation aeration using membrane filtration to enrich process
air. The results showed increased cell counts for higher ingas oxygen
concentrations and no negative impact on cell vitality was observed. Hence,
our investigations showed that using oxygen-enriched air reduced the frequency
of pulsed aeration, thus hindering foam formation, a limiting factor of the yeast
propagation process.
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1 Introduction

Saccharomyces is an ideal model organism for several scientific research topics and an
important tool for the industrial manufacturing of many products. However, the industry
requires individual and reproducible yeast propagation with high yields and stable product
quality (Baghban et al., 2019; Rahmat and Kang, 2020). An integral part of this process is
effective aeration to avoid potential oxygen limitations and to enable proper growth
conditions without damaging the cells through oxidative stress (Beugholt et al., 2022).
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Aeration increases the dissolved oxygen concentration in the
medium and additionally reduces the concentration of dissolved
gases like CO2 and other volatile substances. Since oxidative
metabolism is more efficient in generating ATP, the yeast
requires the presence of oxygen in the cultivation medium for
optimal biomass production (Alexander and Jeffries, 1990). The
high cell counts during the propagation process require artificial
aeration to enable aerobic metabolism. There are different types of
methods to achieve forced aeration of the medium: surface aeration,
utilization of blowers, and bubbleless membrane reactors
(Pankhania et al., 1994; Drewnowski et al., 2019). Various types
of aeration units exist for each of the stated methods, but depending
on the field of application surface aeration and bubble reactors are
most relevant. In the brewing industry venturi-type reactors are the
standard method to aerate the system with air bubbles as small as
possible for the best aeration efficiency (Panda et al., 2020). The
standard pulsed aeration procedure for industrial brewing using
venturi valves is divided into two parts: the pulse phase (when air is
pumped into the medium) and the pause phase (when aeration is
inactive). The idea behind implementing the pause phase was the
decline in the previously formed foam during the pulse phases since
antifoam agents are either not allowed or may cause unwanted
interactions during upcoming process steps and reduces foam
stability in the final product (Wilde et al., 2003). Pulsed aeration
with constant phase durations has proven to be the most economical
solution in the brewing industry since less measurement and control
effort is required compared to constant aeration. The calculation of
the decrease in dissolved oxygen during the pause periods due to
cellular uptake is shown in Equation 1 (Atkinson and Mavituna,
1991):

dCL

dt
� −QO2X (1)

where CL = dissolved oxygen concentration, QO2 = specific oxygen
uptake rate, and X = biomass concentration.

The microbial oxygen uptake rateQO2Xwas also obtained in the
presence of time-dependent changes in dissolved oxygen
concentration (Tribe et al., 1995). The factor QO2X slowes down
the oxygen saturation in any biological system and should be
considered in microbial experiments for precise oxygen transfer
calculations. Additionally, this factor is assumed to be distinctive for
each organism and independent of the fermentation conditions,
although some experimental results show differing results (Garcí;a-
Ochoa et al., 2000). Therefore, Eq. 2 was proposed for the dissolved
oxygen concentration changes during the pulse phase with active
aeration (Munasinghe and Khanal, 2010). It is a standard model for
the phase transfer of oxygen and is based on a mass balance equation
that balances the oxygen concentration over time.

dCL

dt
� kLa C*

L − CL( ) − QO2X (2)

where kLa = volumetric oxygen transfer coefficient and C*
L =

saturation concentration of oxygen.
Conversely, the volumetric oxygen transfer coefficient, kLa,

describes the efficiency of the aeration system and depends on
various parameters, such as the temperature, bubble size, airflow,
and geometry of the fermentation tank (Seidel and Eibl, 2021).
Specifically, kLa is a combination of the mass-transfer coefficient kL

and the specific bubble surface area a. However, during the aeration
of an aqueous medium, these two parameters have not often been
measured separately (Nienow, 2015). Therefore, the kLa value can be
estimated from the slope of CL during the pulse aeration phase after
the calculation of the known microbial oxygen uptake rate QO2X
during the pause phase. Hence, starting a new pulse phase at t = tP,
until a subsequent timepoint t, the kLa value of a given aeration
system can be determined by Eq. 3, the integrated form of E. 2,
forming the basis for demand-driven aeration of a propagation
process:

ln
C*

L − Ct

C*
L − Ctp

( ) � −kLa t − tP( ) (3)

where Ctp = dissolved oxygen concentration at tp, tp = time when
pulse starts.

Consequently, an optimal aeration system generates a steady-
state condition in the optimal oxygen concentration range of the
respective microorganism, meeting the criteria in E. 4, where the
known microbial oxygen uptake rate QO2X equals the oxygen
transfer rate into the medium:

QO2X � kLa C*
L − CL0( ) (4)

However, given its low solubility in aqueous solutions, oxygen
can be a limiting factor for fermentation processes. To this end,
increasing the oxygen demand of cell cultures during exponential
growth phases causes high cell counts toward the end of microbial
processes, which leads to a fall in the dissolved oxygen
concentrations of the medium (Garcia-Ochoa et al., 2010). Still,
meeting the increasing oxygen demand has remained a process
engineering challenge. Therefore, to better understand the basic
oxygen transition mechanism, Figure 1 shows a simple two-film
theory model, first described by Lewis and Whitman in 1924 (Lewis
and Whitman, 1924).

It is evident from Figure 1 that oxygen underwent a series of
transport processes on its way from the gas bubble into the cell. First,
in the gas bubble, oxygen diffuses into the propagation medium
through a laminar boundary layer on the gas and liquid sides.
Although the inside of the gas bubble and the propagation
medium are assumed to be ideally mixed, resulting in a location-
independent concentration, the diffusive transport in the gas film
surrounding the gas bubble leads to a constant decrease in oxygen
concentration down to the equilibrium concentration between the
gas bubble and the fermentation medium. Then, a second diffusion
step occurs in the liquid film surrounding the cell. In this case, the
concentration decreases to the equilibrium concentration in the
laminar boundary layer, as in the surrounding layer of the gas
bubble. Conversely, when inside the cell, oxygen is transported by
diffusion into the organelles, where it is metabolized. Although this
process leads to a nonlinear decrease in the oxygen concentration in
the cell, oxygen has low solubility in water; thus, the diffusion of the
gas through the liquid film is very slow. In contrast, its diffusion rate
in the gas film is quick and can be neglected for the total transport
(Mines and Sherrard, 1987). Summarily, the resulting transport rate
of the entire process from the bubble to the cell is mainly determined
by two slow diffusion steps.

The most used characterization of gas diffusion is Fick’s law.
Fick’s law comprises a diffusion coefficient defined as the mass per
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time when moving along a diffusion direction through a given area
perpendicular to the diffusion direction (Zhao et al., 2019).
Furthermore, its relation in Eq. 5 defines diffusion as driven by a
concentration gradient between higher and lower concentration
regions. As the mathematical descriptions meeting the
experimental conditions were difficult to obtain, the diffusion
coefficient was mainly considered constant.

zC

zt
� DF∇ · ΔC (5)

whereDF = Fickian diffusion coefficient and C = concentration, ∇ =
nabla operator.

The difference between the saturation point and the oxygen
concentration of the ingas defines the concentration gradient and
therefore the transition speed of oxygen into the propagation
medium. For the original extract of wort, the carbon source of
the yeast, a valid negative linear correlation was observed with the
saturation point up to approximately 15% original extract, as shown
in Eq. 7 (Annemüller et al., 2008):

cO2* � λ · f ·XO2 · p (6)
f ≈ 1 − Cextract (7)

where cO2* = saturation point of oxygen in the medium, λ =
solubility coefficient, f = correction factor for wort, Cextract =
original wort gravity, XO2 = molar fraction of oxygen, and p =
absolute pressure.

As shown in this introduction there are many ways to
manipulate the phase transition of oxygen during the aeration of
a bioreactor. One of the most important parameters for an
accelerated phase transition is the gradient between the reaction
medium and the gas bubble. An obvious way to increase this

gradient would be using technical oxygen, but this is a cost-
intensive method that also has the potential to harm yeast cells
due to oxidative stress. In this paper, we investigate a membrane
filter to increase the oxygen content in pressured air as a continuous
way to enrich the ingas of the propagation process. Based on the
above background, this work evaluated the influence of three
parameters: airflow, aeration duration, and oxygen concentration
on the pulsed aeration of brewer’s yeast propagation with fixed pulse
times. In the first step, the influence of the tested parameters on foam
formation and duration of aerobic metabolism was monitored.
Then, we investigated the impact on the resulting cell count,
yeast vitality, and aeration duration, applying variable pulse times
in a proportional–integral–derivative (PID) controller.

2 Materials and methods

2.1 Preculture

Experiments were conducted using Saccharomyces pastorianus
ssp. Carlsbergensis TUM 34/70, a genetic hybrid of Saccharomyces
cerevisiae and Saccharomyces eubayanus widely used in industrial
brewing. The preculture was first inoculated with dry yeast and
cultivated on a shaker under aerobic conditions through several
intermediate steps for 144 h at room temperature to a final volume of 3 L.

2.2 Propagation

Figure 2 shows the experimental setup consisting of a membrane
filter system and fermentation tank with online sensors. As the oxygen

FIGURE 1
Schematic representation of oxygen transfer from an air bubble to a yeast cell’s mitochondria. The red curve corresponds to the oxygen
concentration in the medium, with cG being the concentration inside the gas bubble, cL being the concentration in the liquid, and cc being the
concentration in the cell for 21% oxygen in ingas.
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enrichment of pressured air is based on a membrane separation process
that reduces the nitrogen concentration in ambient air, thereby
increasing the oxygen content for the process input. By adopting
this membrane filter, it was possible to regulate the oxygen
concentration from 21% to 36.5%. The oxygen content is controlled
by the airflow in the membrane. Lower Airflows lead to higher oxygen
concentrations due tomore effective separation of nitrogen and a higher
resulting oxygen content that remains in the gas mixture. Aeration of
the process was performed in a bypass, using a venturi valve to generate
a homogeneous fermentation broth with small bubbles for optimal
oxygen transfer. The dissolved oxygen concentration was measured
using optical online sensors.

Extract and free amino nitrogen (FAN) are terminologies in the
brewing industry to describe carbon and nitrogen sources available for
the yeast. As a propagation medium, lager cast wort from an industrial
brewery during knockout was used. It had extract content of 11.28 ±
0.11°P and 197.6 ± 3.69 mg/L FAN, its pH was 5.14 ± 0.036.
Furthermore, its temperature was controlled at 12°C, its initial cell
count was set to 5 × 106 cells per ml at a total volume of 60 L, and
the propagation was performed for 3 days. Three parameters were
investigated in this study: airflow, pulse duration, and oxygen
concentration of the ingas, each with two different values, were tested
for their effects on the aeration of brewer’s yeast propagation. A
summary of the tested parameters with their corresponding values is
shown in Table 1. First, the airflow was alternated between a low level of
0.008 vvm and a higher level of 0.025 vvm, ensuring sufficient oxygen
supply and preventing over-foaming in the tank. Then, while the

propagation process was divided into 1000-s cycles with 100 s or
200 s of aeration and 900 s or 800 s of foam decrease, the oxygen
concentration was alternated between 21% and 36.5%.

2.3 Cell count

The cell count was measured manually using a microscope and a
hemocytometer according to MEBAK 10.4.3.1 and MEBAK
10.11.4.4 (Jacob, 2013).

2.4 Yeast vitality

According to Weigert et al. and Imai and Ohno, yeast vitality
was determined by measuring the intracellular pH (ICP) based on
flow cytometry (Imai and Ohno, 1995; Weigert et al., 2009).
(Weigert et al., 2009) stated that very good vitality of yeast cells
should correspond to an ICP value of 5.6–6.2. Conversely, lower ICP
values indicate worse cell vitality.

2.5 Foam volume

The foam height was detected using a laser-based system on top
of the vessel to measure the distance to the sensor. At the beginning
of the propagation, the initial distance without foam formation was

FIGURE 2
Schematic showing the experimental setup. Amembrane filter separates oxygen from nitrogen to increase the oxygen concentration in the process
ingas. The placement of the online sensors used is also shown.

TABLE 1 Corresponding values of the tested parameters.

Airflow _V [vvm] Pulse time t [s] Oxygen concentration [%]

Level ↓ 0.008 100 21.0

↑ 0.025 200 36.5

Later, the oxygen concentration was varied between 21%, 28%, and 36.5% to test the effect on controlled aeration using a PID, controller to set a constant oxygen concentration of 1 mg/L in the

medium.
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determined and used as a reference value. However, as the foam rose
during the process, the distance to the laser decreased with the given
geometry of the vessel. Hence, the correlating foam volume was
calculated using the following formula:

VRel �
DVessel

2( )2π h0 − h( )
VTank

(8)

where VRel = relative foam volume, VFoam = total volume of foam,
DVessel = diameter of the tank, h0 = initial filling level, h = filling level,
and VTank = volume of the propagator.

3 Results

3.1 Influence of aeration parameters on
propagation processes during pulsed
aeration

In industrial brewing, a standard procedure for process aeration
is the pulse-pause method with fixed pulse times and without a
control loop. A huge drawback of this technique is a possible oxygen
limitation during the pause phases that allow foam reduction.

3.1.1 Aerobic ratio of process time
Figure 3 shows the aerobic proportion of the processing time,

where the dissolved oxygen concentration is higher than 0.5 mg/L.
In literature, this value is associated with the transition to anaerobe
metabolism (Kurz, 2003). The aerobic proportion of the process is
calculated according to E. 9.

Aerobic proportion � tO2> 0.5mg/L
tprocess

(9)

A dissolved oxygen concentration of 0.5 mg/L ensured an
aerobic environment for the yeast cells, thus enabling aerobic

metabolism. Conversely, when the dissolved oxygen
concentration fell below this threshold after 26 h during the
pause phases at the lowest settings tested, the aerobic proportion
also decreased with each pause phase because of the increasing cell
count. The order of the shown curves indicates the decreasing
impact of the three parameters: airflow, pulse time, and oxygen
concentration. Notably, the highest settings resulted in 100% aerobic
proportion, meaning that even during pause phases, the dissolved
oxygen did not fall below 0.5 mg/L, and aerobic metabolism was
always enabled. However, reducing the oxygen content in the ingas
led to a decrease in aerobic proportion from h 54. The results
indicate that if only the pulse time had been reduced, a decrease
in the aerobic proportion of the process time would have started at
h 47. Reducing the airflow results in a decreasing aerobic proportion
of the process at 41 h. The earlier a change can be detected, the
higher the impact of the parameter on the aeration efficiency. But
comparing the aerobic proportion at the end of the process, a higher
oxygen concentration still increases the aerobic proportion by an
average of 7.4%.

3.1.2 Foam formation
In industrial brewing, foaming during yeast propagation is a

process challenge that is mostly faced by using massive tanks with a
huge headspace for potential foam formation. As antifoam
applications are unusual in industrial breweries due to the
desired foam stability in the final product, aeration is a key
factor in designing resource-efficient propagation systems with
less headspace. Figure 4 shows the foam volume relative to the
fluid volume during the conducted propagations parameters
calculated according to Eq. 8 for different combinations of the
tested. The airflow had the highest impact on the foam
formation, dividing the tested propagation into two groups with
high and low airflow. The maximal foam volume decreased in the
group with the higher airflow if the pulse time was reduced or higher
oxygen concentrations were applied. In contrast, differences
between the batches were negligible for low airflow because
hardly any foam formation occurred. The oxygen concentration
influenced the foam formation and higher oxygen levels was able to
decrease the foam volume in the tank. This potentially enables
smaller headspaces in propagators.

3.2 Influence of oxygen concentration
during controlled aeration

The following experiments were conducted using a PID
controller to generate a fixed dissolved oxygen concentration
of 1 mg/L by controlling the airflow, thereby investigating the
influence of oxygen concentration on the yeast propagation
process more critically. To this end, we tested three scenarios
in triplicates, varying the oxygen concentrations between 21%,
28%, and 36.5%.

3.2.1 Cell count
Figure 5 displays the cell count development for the three tested

oxygen concentrations. The figure shows the normalized cell count
to avoid any effect of cell count differences after inoculation. In the
first few hours, no significant difference between the batches was

FIGURE 3
Influence of aeration parameters on the aerobic proportion of
the process. If the dissolved oxygen level was above 0.5 mg/L, the
metabolism was taken as aerobic to ensure enough oxygen supply to
the yeast cells. All three tested parameters beneficially influenced
the aerobic proportion increase. The parameter values refer to Table 1.
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observed as the cells still adapted to the medium and the
temperature. After 20 h, the cell counts sperate from each other
and the batches that had been aerated with 28% oxygen in the ingas
showed the highest growth rate. This trend continued until the end
of the propagation, showing a significantly higher cell count than the
other two tested oxygen concentrations. The propagation using

36.5% oxygen in ingas showed similar behavior to the cells
aerated with 21% oxygen. Notwithstanding, the final cell counts
are significantly higher than those aerated with 21%. A comparison
of the cell counts from propagations with 36.5% oxygen and 28%
oxygen indicates the possibility of an optimal oxygen concentration
in the ingas that leads to higher cell counts and faster-growing cells
than the surrounding concentration of 21%. Both 36.5% oxygen and
28% oxygen lead to increased cell counts whereby the application of
28% oxygen generates the highest cell counts.

3.2.2 Yeast vitality
Subsequently, we conducted vitality tests to detect the impact of

oxygen-enriched air on yeast cells. For this purpose, the ICP value is
a common test in brewing science. The ICP value is regulated by
proton pumps located in the plasma membrane (Bracey et al., 1998).
Furthermore, as the active transport of hydrogen ions out of the cell
into the extracellular space enables the uptake of nutrients into the
yeast cell, the ICP is also an indirect marker for the yeast’s metabolic
and vitality states. Besides, yeast with poor vitality has several
disadvantages in practical applications, such as delaying
fermentation or altering the formation of aroma compounds. For
this reason, the ICP value is an important parameter for industrial
applications of a yeast culture. In this study, the ICP was measured at
the beginning of the propagation directly after inoculation. All
measured cultures showed a high ICP and good vitality at the
start of the propagation. Hence, two other sample times were
chosen after 45 h and 69 h, during the exponential growth phase.
Although the yeast showed a slightly lower ICP, it was still within the
range of excellent vitality and the difference was not significant. The

FIGURE 4
Laser sensor measurements of the foam volume relative to liquid volume in the tank over time. The airflow of the ingas mostly influenced the foam
height. The parameter values refer to Table 1.

FIGURE 5
Cell count development of propagation triplicates during
controlled aeration. Higher oxygen concentrations increased the cell
count during yeast propagation, providing an optimal concentration
as the 36.5% cell count was lower than the 28% cell count.
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adaptation to a new medium and the temperature difference to the
preculture reduced the ICP, but it remained within an excellent
range, according to the literature (Weigert et al., 2009). The last
sample was taken after 69 h at the end of the propagation and still
showed very high vitality. Finally, a one-way analysis of variance of
all three tested oxygen concentration triplicates was conducted to
confirm our results during controlled propagation at 1 mg/L. The
results showed no significant difference in vitality between the tested
groups (p = .89), indicating no drawbacks or advantages in using
higher oxygen concentrations for yeast production in terms of yeast
vitality.

3.2.3 Aeration time for controlled aeration
An ideal aeration procedure enables optimal growth rates while

simultaneously minimizing foam formation. As described in section
3.1.2, shorter aeration times per hour lead to less intense foam
formation, indicating that the opening times of the aeration valve are
a critical factor in the process. To examine the influence of the
oxygen concentration of the ingas on the aeration time, a PID
controller was used. The PID successfully kept an oxygen

concentration of 1 mg/L in the propagation medium by
controlling the airflow and the opening of the aeration valve.
Figure 6 A) displays the dissolved oxygen concentration using
the PID controller during a representative propagation. For the
first 25 h, low cell counts led to little overshooting and a slow
decrease of dissolved oxygen during the pause phases. With
increasing cell counts an oxygen value of 1 mg/L with minor
overshooting can be reached. Overall, the PID controller worked
well reaching a mean dissolved oxygen concentration of 1.13 mg/L,
1.28 mg/L, and 1.35 mg/L with a standard deviation of 0.087 mg/L,
0.170 mg/L, and 0.213 mg/L after the first 24 h of the process.
Figure 6 B) shows the resulting mean-opening times per hour of
the aeration valve for the respective process hours. Our
investigations revealed that higher oxygen concentrations
shortened the aeration phases because of the higher oxygen
gradient between the rising gas bubbles and the fermentation
medium, resulting in a better oxygen transfer into the medium
and enabling shorter aeration phases. Specifically, for the first 13 h,
hardly any aeration was necessary because the cell count and the
resulting oxygen uptake were still low. However, after the end of the

FIGURE 7
(A) Calculated saturation concentration of oxygen in water depending on the oxygen concentration of the ingas and the water temperature (Xing
et al., 2014). (B) Calculated saturation concentrations of oxygen in wort depending on the original extract and wort temperature.

FIGURE 6
(A) Representative course of the dissolved oxygen concentration using the PID controller with a setpoint of 1 mg/L. (B)Opening time of the aeration
valve per hour using a PID controller for aeration. Higher oxygen concentrations enabled shorter pulse phases to reach the setpoint.
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lag phase at 9 h, the effect of higher oxygen concentrations started to
become visible. After 40 h, the batches aerated with 36.5% oxygen
had separated from the 28% oxygen batches and showed even lower
aeration times. Hence, at the end of the propagation, the mean
aeration times differed greatly between the used oxygen
concentrations.

3.3 Influence of the propagation medium on
the oxygen concentration

Saccharomyces pastorianus is a bottom-fermenting yeast that
prefers lower temperatures than other yeast strains for
fermentations with desired aroma profiles. Therefore, the results
shown in this study were generated at a temperature of 12°C.
Although this low temperature may be unusual for yeast cell
production in other industries, it was chosen to avoid
temperature ramps between the two process steps of propagation
and fermentation (Narziß et al., 2017). However, as the medium
composition changes during propagation, these changes must be
addressed in theoretical considerations and further calculations. Eq.
6 describes the correlation between the oxygen saturation point and
the medium used for propagation. The saturation point is depending
on the oxygen ingas content, the absolute pressure, a temperature-
dependent solubility coefficient, and a correction factor for the wort.
In Figure 7 low temperatures lead to high oxygen saturation points.
The resulting gradient between the aeration gas bubbles and the
propagation medium enhances the oxygen transition into the
medium for the used temperatures. Extract consumption as a
carbon source for the yeast additionally enhances oxygen
transition into the medium during the end of the propagation.
The roles of the ingas oxygen concentration and wort extract are
shown in Figure 7. In this figure, Eq. 6, 7 were applied for different
temperatures and oxygen concentrations to calculate the influence
on the saturation concentration of oxygen. Additionally, the
influence of the original wort extract was calculated to present

the influence of the changing medium on the saturation point.
By applying Eq. 6, 7 to an actual propagation, two important
parameters can be derived: the saturation point and the transfer
rate into the media. These factors are highly dependent on the
oxygen concentration in the ingas, as shown in Eq. 2. Conversely, by
metabolizing the extract and producing alcohol and other by-
products, the saturation point changes constantly with the factor
λ · f, as shown in Eq. 6.

4 Discussion

In the brewing industry, Saccharomyces pastorianus, a genetic
hybrid of Saccharomyces cerevisiae and Saccharomyces eubayanus, is
an important yeast strain showing high phenotypic and genomic
similarities to S. cerevisiae (Monerawela and Bond, 2018). Given its
high relevance in industrial beer production, a sufficient supply in
quantities and vitality is essential for this yeast. Hence, aeration to
maintain optimal growing conditions throughout the process has
been identified as an important factor for efficient yeast propagation.
Based on the above facts, this study investigated the influence of
three relevant parameters for pulsed aeration on industrial
applications, including controlled aeration on yeast cells.
Although a major drawback of pulsed aeration is the decrease in
dissolved oxygen during the pause phases, these phases are necessary
to reduce the foam volume in the propagation tank since antifoam
usage would influence the upcoming process steps and the final
product. During the pause phases, the aeration is stopped
completely, and the dissolved oxygen is decreasing. Toward the
end of the propagation, the dissolved oxygen dropped to 0 mg/L
during the pause phase, hindering the more efficient aerobic
metabolism for biomass formation. Therefore, it was necessary to
analyze the impact of airflow, pulse time, and oxygen concentration
of the ingas because these parameters represented possible
adjustments for the aeration procedures of the existing process.
The results showed a positive effect of all tested parameters on the
aerobic proportion of the process when they were increased. In
particular, the airflow showed the greatest influence on the aerobic
proportion. Using a membrane filter system to increase the oxygen
concentration of the ingas up to 36.5%, the oxygen-enriched air
showed a significant prolongation of the aerobic environment
during the pause periods. Because the tested membrane system
allowed more effective aeration of the process without using
expensive industrial gases, air flow or pulse times were reduced
while maintaining aeration efficiency, and air pipe diameters and
pressures can be reduced. As shown in Figure 4, the reduced airflow
caused less foam formation. This study showed that although the
oxygen concentration and the pulse time influenced foam
formation, airflow had the most optimization potential for foam
reduction during yeast propagation with pulsed aeration. Hence, by
increasing the oxygen concentration of the ingas, the airflow and
associated foam formation could be reduced without losing
ventilation efficiency.

Conversely, the first part of this study dealt with pulsed aeration
and fixed pulse times, whereas the second part addresses controlled
aeration using a PID controller for airflow regulation. The
experiments conducted showed a significant increase in final cell
counts, using oxygen-enriched air. Notably, both oxygen

FIGURE 8
Yeast vitality measured using intracellular pH (ICP). No significant
difference in ICP was observed, indicating that cells harvested after
propagation were not negatively affected by oxygen-enriched air.
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concentrations of 28% and 36.5% positively influenced the cell count
compared to the normal pressured air concentration of 21% oxygen.
However, no further improvement was observed at 36.5% compared
to 28%. There was still an improvement compared to 21%, but the
cell count decreased compared to the experiments conducted with
28% oxygen concentration in ingas. These results suggest the
beneficial impact of increased oxygen content in ingas on the
final cell count of yeast propagation and oxygen optimum for
cell growth.

Efficient yeast propagation aims to produce a huge quantity
of cells with high vitality for pleasing fermentation performance.
Thus, it is critical to clarify the yeasts’ reaction to different
aeration conditions. Higher oxygen concentrations can cause
oxidative stress in the cells and therefore damage the cells or
reduce their vitality but oxidative stress can also increase the
fermentative capacity of the yeast (Pérez-Torrado et al., 2005;
Pérez-Torrado et al., 2009). Therefore, Figure 8 shows the results
of the ICP measurement as an indicator of vitality with no
significant negative of the tested ingas oxygen concentrations
during controlled aeration of the propagation. Consequently, the
possibility of using all the shown advantages of oxygen-enriched
air in the tested concentration range without damaging the cells is
proposed. In addition to the presented outcomes, the calculations
displayed in Figure 7 should be considered. We observed that
although the saturation point of oxygen in water is strongly
dependent on the oxygen concentration in the ingas, the ongoing
change of the medium during propagation also involved a change
in the saturation point. Comparing this to Eq. 2 leads to a
changing transmission rate of oxygen into the medium due to
the changing oxygen gradient. At lower temperatures during
brewer’s yeast propagation, a major impact on the transfer
rate was observed, with results indicating that a faster
transmission enables shorter pulse duration, lower airflows,
and reduces foam formation.

5 Conclusion

In this study, membrane filtration was successfully applied to
enrich the oxygen content of ambient air to aerate the industrial
process of Saccharomyces propagation. With this method, an
increase in the oxygen concentration to 36.5% was achieved,
which was introduced into the propagator. The increase in
oxygen content allowed a mean extent of the aerobic
environment during pulsed aeration of 7.4%. Additionally, the
foam formation during propagation was reduced. When setting a
constant dissolved oxygen concentration in the propagation
medium, oxygen-enriched air led to increased cell counts,
without any evidence of harmed cells. The ICP measurements
as an indicator of yeast vitality showed no significant decrease
when using elevated concentrations of oxygen. The higher oxygen
concentrations also enabled shorter aeration periods to hold a
certain amount of dissolved oxygen in the medium, reducing the
overall foam formation. The higher concentration gradients
generated by using membrane filtration of ambient air led to a
faster and more effective phase transition of oxygen according to

the two-film theory of Lewis and Whitman (Lewis and Whitman,
1924). The presented results lead to the following process
recommendation: Higher oxygen concentrations should be used
for yeast propagations with pulsed aeration due to longer aerobic
conditions. Higher oxygen concentrations also result in lower
foam formation. The highest oxygen concentration tested did
not result in the highest cell count, therefore the oxygen
concentration should not be set too high, but between the
ambient concentration and 36.5%. This leads to the limitation
of this work. More concentrations are to be tested for their impact
on yeast cell development and a possible negative effect. Taking the
above points into consideration, membrane filtration of ambient
air for oxygen-enriched air forms a cost-effective basis for
propagation aeration optimization. These results will provide a
basis for further investigation of the effects of propagation aeration
on the final product.
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