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Abstract: Combined with real-time monitoring of density and temperature, the control of the redox
potential provides a new approach to influencing cell metabolism during growth, cell viability and
non-growing yeast activity in wine fermentations. Prior research indicates that the problem of
sluggish and incomplete fermentation can be alleviated by maintaining a constant redox potential
during the ethanol fermentation. A secondary trait of hydrogen sulfide formation from elemental
sulfur also seems to be associated with the development of low redox potentials during fermentation
and this might be prevented by the deliberate control of redox potentials in a certain range. While
the control of the redox potential during wine fermentations has been demonstrated previously at
the research scale (100 L), the ability to control it in larger volumes typically seen in commercial
conditions remained unanswered. Wine fermentations from the same load of Cabernet Sauvignon
grapes from the 2021 harvest were conducted at three volumes: 100 L and 1500 L in a research winery
and 10,000 L in a commercial winery. Using only pulses of air delivery, the redox potential was
successfully controlled to —40 mV referenced to a silver/silver chloride electrode throughout the
fermentations, at all scales. This appears to be the first published result of a controlled fermentation
trial that includes the commercial scale and demonstrates the scalability of control of redox potential
in wine fermentations.

Keywords: wine fermentation; monitoring; control; oxidation-reduction potential; sluggish; incomplete
fermentation

1. Introduction

Despite the importance of a complete primary fermentation to the commercial value of
wine [1], there are few real-time measurement systems in use that can recognize abnormal
fermentations as they develop or control technologies that can modify the conditions to
avoid undesirable outcomes such as sluggish, tailing or incomplete fermentations. Redox
potential (also referred to as oxidation-reduction potential (ORP) or solution reduction
potential or electrode potential) is an electrochemical measurement of the mixture status
established by the reactive oxidation and reduction components in a chemical solution. The
relationship between the redox potential of a solution and the related microbial growth and
activity has been recognized for some time [2]. The measurement of redox potential has
been used as a process parameter in fermentation biotechnology for many years and it is
known to significantly alter the end products of fermentation in certain amino and organic
acid fermentations [3—-6]. More recently, redox potential measurement has seen an adoption
for biofuels production [7-9], wastewater treatment [10], milk and cheese [11], and in food
safety determinations [12].

Compared to pH and dissolved oxygen (DO) measurements that are typically used in
the process control of industrial and pharmaceutical fermentations, redox potential mea-
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surements provide an independent indicator of reactive redox couples and their changes
due to microbial activity. DO may seem to be an intuitive variable to measure; however, it
is of little use under anaerobic conditions, such as wine fermentations. The redox potential
measures the status of the reactive redox species present, under both aerobic and anaerobic
conditions and was reported to be a better variable for process control than DO in penicillin
fermentations [13]. As noted in [14], the relationship between partial pressure of oxygen
(pO») and redox potential is likely to depend on the chemical nature of the culture medium.
While the authors in [14] found a strong relationship between pO, and redox potential, they
were studying a 7 pH medium where oxygen reactions are occurring, a completely different
medium than grape juice. The main components of the redox buffer in wine are consid-
ered to be the Fe(Il)-tartrate/Fe(Ill)-tartrate couple and other iron complexes, the Cu(I)
and Cu(Il) complexes, and the reduced glutathione (GSH)/oxidized glutathione (GSSH)
couple [15]. There is an existing natural level of glutathione in grape juice and yeast export
glutathione during wine fermentations [16]. Wine fermentation is anaerobic and the redox
potential changes by more than 100 mV in completely anaerobic conditions [17,18]. There
is little evidence to suggest that redox potential is solely dependent on the concentration of
oxygen in wine fermentations. The availability of oxygen activation species (i.e., reducing
metals — Fe(II), Cu(l)) are critical to the redox response [19].

Since some redox couples in grape juice involve protons, the overall redox potential of
the mixture is pH dependent. From the Nernst equation, the change in pH unit of 1 corre-
sponds to an approximately 59 mV change in redox potential at standard conditions [20].
Grape juice can change pH during fermentation due to a shift in dissociation constants
from an increase in ethanol, the precipitation of potassium bitartrate, the utilization of
malic acid, the production of succinic acid, the consumption of amino acids by yeast and
the possibility of a concurrent maloactic fermentation, however, these changes are expected
to be small enough (less than 0.1 pH) to have little impact on the redox potential [21].

Historically, there has been significant interest in redox potential as a medium property
and the changes in it during wine fermentation [22-24]. In [23], Ribereau-Gayon describes
an aeration example of a red wine starting at 22 °C, which was classified as normal and
finished in 6 days with a peak temperature of 30 °C, while the unaerated case was slow
and not complete even after 20 days and did not reach 30 °C. In [24], Schander]l demon-
strated that lowering the juice redox potential by 60 mV resulted in a delay in the onset of
fermentation by 3 days even though the fermentation rate and completion appeared to be
the same. Even with such observations, redox potential has not been widely accepted as an
indicator of the state of reactive redox couples in wine or a factor in the redox signaling in
the growth and metabolism of yeast or bacteria during wine fermentations.

Studies in wine fermentation have shown that once a significant yeast population
exists, the redox potential value decreases from an initial value of +200 or +100 mV to a
minimum as low as —200 mV during the growth phase relative to a saturated calomel
electrode [17,22] before returning to intermediate values as the fermentation is finishing.
Higher temperatures lead to faster growth rates, which cause the potential to fall more
quickly and usually to decrease to a lower minimum [18]. There is significant variation in
both the initial redox potential of grape juices and the apparent buffer capacity due to juice
composition and in response to the yeast metabolism during fermentation. The addition
of air can result in increases in the potential of 150 to 200 mV [25]. Several recent reports
indicate changes in the expression of redox-related genes in yeast and bacteria under
conditions where the medium has been altered [26-28] and it is now generally believed
that these are specific cell responses to the redox potential of the external medium. There
are reports that yeast viability appears to be altered when the redox potential is controlled
at a particular value when compared to the uncontrolled condition, in model high gravity
solutions [29] and in wine fermentations [25].

The formation of H,S continues to be a problem in contemporary wine production and
is believed to be influenced by the redox potential that prevails during yeast fermentation.
Fermentation studies in the presence of elemental sulfur showed that peak H,S formation
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occurred when redox fell from its initial value to its minimum value [30]. Further work
showed that by lowering the redox at the beginning of fermentation, the H,S production
developed earlier and at greater levels [31]. This suggests that a low redox environment in
wine can enable H;S production, independently or an indirect result of yeast metabolism;
thus, the control of redox potential throughout fermentation to higher setpoints might limit
or eliminate HyS production. In the redox reaction

S+2H" +2¢~ — H;S 1)

The Nernst equation [20] can be rearranged to find the fraction in oxidized form of
the S/H,S redox couple. At standard conditions and 3.5 pH, the fraction in oxidized form
(Foxidizeq) for a given redox potential relative to the standard hydrogen electrode (SHE)
(Esetpoint in mV) is given by

Foxidized = %/ ()
7Esetpvint+Eh 1
Q= (10 59.2mV ) (3)

where Q is the reaction quotient between S and HyS and Ej, is the standard potential in mV
of the reaction shown in Equation (1). At standard conditions and 3.5 pH, E;=—66.5 mV
(SHE). In this work, a silver/silver chloride (Ag/AgCl) reference electrode was used,
therefore, 220 mV is subtracted from values in SHE to relate to measurements with the
Ag/AgCl reference electrode. Figure 1 shows Equations (2) and (3) for Egtpoint between
—420 to —20 mV. In this work, a setpoint of —40 mV was used which corresponds to greater
than 99.9% in the oxidized form. Given the extremely low sensory threshold for H,S of
about 1 ppb [32], even a small amount of H,S can affect the quality of wine. A setpoint of
—40 mV provided a compromise between a high fraction in the oxidized form and a redox
potential setpoint that was acceptable for the commercial-scale fermentation.

0.8
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Figure 1. Fraction in oxidized form of S/Hj;S redox couple at 3.5 pH and standard conditions at the
Ag/AgCl scale.

Previous work has demonstrated a system to monitor and control the redox potential
in wine fermentations [25]. This system used a redox probe with a platinum electrode
referenced to SHE for measurement, and air additions directed by an on-off controller to
increase and hold the redox to above +220 mV which is equivalent to 0 mV on the Ag/AgCl
scale used in this work. These fermentations were performed at the 100 L scale, larger
than any reported bench-scale studies. They demonstrated the control of redox potential in
both white (Chardonnay) and red (Grenache and Mataro) fermentations but at a scale still
smaller than commercial wine fermentation volumes.

The response of the redox potential to the addition of air bubbles involves a series of
steps. One of these is the dissolving of oxygen from the bubble volume across the bubble-
liquid interface, while another is the mixing of volume elements within the fermentor.
The bubble size depends upon the diameter of the hole (or nominal pore size in a porous
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material) and the pressure difference between the gas side and the liquid side of the
bubbler. In a previous study, 20-um porous spargers were used to control redox potential
in 100 L fermentations [25]. The small air bubbles were chosen to increase the rate of
oxygen dissolution in the juice, however, more recent studies on wine oxidation suggests
small (1 mg/L) amounts of oxygen are needed to increase the redox potential of grape
juice [15,33]. Since small porous spargers are costly and can introduce frothing and clogging
challenges, spargers with larger holes may be more attractive for the industry in achieving
the necessary oxygen dissolution. The importance of scale in determining the outcome
arises although the rate of gas delivery by different bubbling systems can be the same,
the static pressure of the liquid and hence the bubble size, will depend on the height of
the liquid which in turn depends on the size of the fermentor. As a bubbling system is
applied in different fermentation volumes and shapes, the height and natural and induced
convection will influence the effectiveness of the mass transfer from the bubble to the liquid
as well as the bulk mixing within the liquid. In the case where the rate of mass transfer of
oxygen is limiting the reaction rate and response of a control system, different outcomes are
to be expected as the fermentor volume is increased. In the case where it is not limiting the
rate, similar control responses across fermentor volumes is expected when mixing times
are established as the volume is increased. While the redox potential is known to respond
quickly to the addition dissolved oxygen from air [25], the responsiveness to a controlled
addition into different fermentation volumes where mixing can be a limitation, cannot be
predicted from theory alone.

In this work, we demonstrate the control of redox across a hundred-fold range in
volume by conducting fermentations at the research (100 L), pilot (1500 L) and commercial
(10,000 L) scales using the grapes from the same vineyard. We demonstrate that the redox
potential can be controlled at a chosen value by using small periodic additions of air into
these wine fermentations.

2. Materials and Methods
2.1. The Sensing and Control System

Figures 2—4 show the cross section of the experimental setup at 100 L, 1500 L and
10,000 L scales, respectively. Table 1 shows the control parameters used at each scale.

Table 1. Experimental conditions.

Values 100 L 1,500 L 10,000 L
Air Pressure (kPa) 206.8 206.8 206.8
Air Flow Rate (L/s) 0.30 0.60 7.5
Solenoid Open 20 20 120
Interval (s)

Volume Ratio per Pulse (g 0.008 0.09

(L air/L wine)

Sparger Type 5-um sparger, 5000 mm? 1 hole, 0.79 mm 24 holes, 0.079 mm




Fermentation 2023, 9,7 5o0f 14

Winery
Air
Supply
Pressure .
Regulator Fermentation
Flow controller
cap Meter / Probe
Temperature ¢ 1anod Screen
Probe — outer
LN 4b Screen
ORP ORE Dl Brix
Probe | I
Screen \ / Brix
TempMeurS;tu re / Pumpover
Probe T I er
nner
Sparging | ld L Screen
Rod "//,//”/’/
Sparger | NC
v

Flow
Meter

QO
solenoid
|
sparging —
Rod
N Pumpover
Line

ORP
Temperature

Probe
><A Probe

Pressure
Transducers

~

Pump

v

X

Ll Screen
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Figure 4. Experiment cross section at 10,000 L scale.

Oxidation-reduction potential (ORP) probes (243050, Hamilton Company; Reno, NV,
USA) were placed in the fermentors to monitor the redox potential in real time and export
the values into a database. The probes were referenced to a silver/silver chloride electrode
(+220 mV) and prepared before use according to the manufacturer’s recommendation. The
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100 L fermentors and corresponding fermentation controllers are research fermentors that
have been designed to precisely control temperature and mixing between replicates and
allow fermentations to be conducted similar to large scale primary fermentations as has
been demonstrated previously [25,34,35]. At the 1500 L and 10,000 L scales, a programmable
logic controller (PLC) was programmed to read the current redox potential and to add
air by actuating a solenoid valve if the redox was below the setpoint. The air supply was
regulated to 206.8 kPa (30 psi), and the solenoid opening interval and air flow rate were set
to achieve a desired redox potential increase of +50 to 100 mV.

2.2. The Wine Fermentations

Fermentations were performed at 100 L, 1500 L and 10,000 L volumes, in jacketed,
temperature-controlled, stainless-steel fermentors. Table 2 summarizes the number of
fermentations performed at each scale, including three replicates of the uncontrolled
fermentation and two replicates of the controlled fermentation at the 100 L scale. Cabernet
Sauvignon grapes (Alexander Valley, Sonoma County, CA, USA) from the same block
were crushed and distributed across the fermentors. The 100 L and 1500 L fermentations
were performed at the UC Davis Teaching and Research Winery (Davis, CA, USA) and
the 10,000 L fermentation was performed at the Treasury Wine Estates, Beringer Winery
(Saint Helena, CA, USA). In all cases, the juice density, as °Brix, was measured in real time
during fermentation by using differential pressures across a vertical distance between the
sensors [36].

Sulfur dioxide in the form of potassium metabisulfite was added at 50 mg/L to the
must directly after crushing. Yeast (Laffort B0213) was rehydrated in GoFerm (Lallemand)
and added at a rate of 240 mg/L. One day after inoculation, an addition (2.5 g/L tartaric
acid, 240 mg/L of Fermaid K (Lallemand) and 780 mg/L of diammonium phosphate
to provide 83 mgN/L) was made. Pump-overs were performed 3 times per day from
inoculation to 15 °Brix and 2 times per day from 15 to 10 °Brix with each pump-over
equating to 1 volume of juice. From 10 to 0 °Brix, pump-overs were maintained at 2 times
per day with only half a volume of juice moved each time. The volume of the pump-overs
on days 9 and 10 of the commercial fermentation was reduced further (1/3 of a volume).
The temperature setpoint was 27 °C and the redox potential setpoint was —40 mV Ag/AgCL

Table 2. Description of the fermentation performed.

Volume Controlled Redox Quantity
100 L No 3
100 L Yes 2
1500 L Yes 1
10,000 L Yes 1
3. Results

3.1. Control of Redox Potential Across Scale

The primary goal of this study was to control the redox potential in research, pilot
and commercial-scale fermentations. The setpoint of —40 mV, is a lower setpoint than
in an earlier study [25] but higher than the natural minimum of the uncontrolled wine
fermentations and an acceptable level for commercial winemaking.

Figures 5 and 6 show the redox potential during uncontrolled and controlled fermen-
tations, respectively. In the uncontrolled fermentations of 100 L, the redox increases by
50-100 mV as a result of the pump-overs; however, the natural minimum redox is between
—80 and —90 mV. The introduction of small volumes of air in these research-scale fer-
mentors is an outcome of their design. In the controlled fermentations at the small scale,
the redox is prevented from falling below —40 mV in all cases with supplementary air
additions, corresponding to the solenoid valve opening, Figure 6A,B. The redox potential is
held to above —40 mV in all cases across all fermentation scales Figure 6A-D.
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(D) with pump-over indicated by (*) and solenoid opening indicated by (-).

The frequency of solenoid opening shows that more air was needed around the
maximum rate of fermentation, 2.5 days for the 100 L and 1500 L and 4.5 days for the
10,000 L case. It is clear from the uncontrolled small fermentations (Figure 5) and at all
scales of the controlled fermentations (Figure 6) that the introduction of air with periodic
pump-overs is insufficient to keep the redox potential at or above —40 mV. In Figure 6,
the 1500 L scale shows a noticeable lag in the redox signal. This might be attributed
to differences in yeast inoculum preparation; however, this lag had no impact on the
demonstration of redox potential control across 100-fold scales.

3.2. Fermentation Patterns at Different Scales

The secondary goal of this study was to compare development of the fermentation
curves with the same grapes across scale. Figure 7 shows the fermentation patterns across
scale. At the 100 L and 1500 L scales, the fermentation rates were nearly identical, with a
maximum fermentation rate of 8 °Brix/day at 2.6 days. At the 10,000 L scale, the lower
juice temperature at the beginning of fermentation led to a longer fermentation time and
lower maximum of fermentation rate. However, this thermal effect did not change the
ability to control the redox potential successfully at this scale.
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Figure 7. Fermentation curves (°Brix, -) and rates (°Brix/Day, - -) and temperatures (°C, --) across
scales of 100 L ((A), 5 fermentations), 1500 L ((B), 1 fermentation) and 10,000 L ((C), 1 fermentation).

3.3. Fermentation Parameter Estimation at Different Scales

Tables 3 and 4 show the estimated maintenance rate of the yeast, initial amount
of nitrogen in the juice, lag time, maintenance rate of the yeast, viability constant and
the ethanol inhibition constant returned from a nonlinear parameter estimation method
applied to an existing wine fermentation model (Boulton model) [37]. The parameters of
the Boulton model are estimated based on the measurements of °Brix and temperature.
The parameter estimation method finds the parameters that minimize the sum of squared
residuals between the measured and model °Brix [36]. The Boulton model has been used to
diagnose wine fermentations and predict future fermentation heat release for refrigeration
applications [36].

Table 3. Fermentation parameters of controlled redox potential fermentations across scale.

Parameter 100L (n=2) 1500 L 10,000 L
Lag Time (h) 3.78 3.33 25.1
Initial Nitrogen (mg N/L) 215 198 162
Maintenance Rate (1/h) 0.184 0.109 0.118
Viability Constant (1/g-h) 13.8 30.8 49.2
Ethanol Inhibition (L/g) 0.035 0.044 0.037
Sum of Squares Residual 0.074 0.806 0.029

per Point (°Brix)
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Table 4. Fermentation parameters of uncontrolled and controlled redox potential fermentations,
100 L scale.

Parameter Uncontrolled Controlled
Redox Potential (n = 3) Redox Potential (n = 2)
Lag Time (h) 2.86 £ 1.85 3.78 £ 0.48
Initial Nitrogen (mg N/L) 213 £14.9 215 £ 289
Maintenance Rate (1/h) 0.144 £+ 0.01 0.184 + 0.01
Viability Constant (1/g-h) 18.7 +4.29 13.8 +0.48
Ethanol Inhibition (L/g) 0.033 + 0.009 0.035 4 0.01
Sum of Squares Residual 0.082 =+ 0.02 0.074 + 0.02
per Point (°Brix)

In the replicated 100 L fermentations, the specific maintenance rate was on average
0.04 (1/h) greater in the controlled redox potential case, Table 4. The viability constant
was also on average 5.1 (1/g-h) lower. This maintenance rate effect is similar to that found
in an earlier study, where the fermentations were controlled at +220 mV (SHE) which is
equivalent to 0 mV on the Ag/AgCl scale used in this work [25].

4. Discussion

The control of the redox potential during wine fermentation differs from that in other
systems due to the effects of pH and the buffer capacity of the redox potential. The ease with
which the potential can be shifted by the addition of air (or any other oxidative components)
depends on the redox buffer capacity and few other fermentation media include the iron
tartrate and glutathione components that are characteristic of grape juices. According to
the Nernst equation [20], studies at higher pH typically begin at lower potentials, with
the medium potential decreasing by approximately 60 mV for each increase of one pH
unit. From a recent study on the kinetics of autoxidation of tartaric acid in the presence of
iron [33], at a typical concentration of 3 mg/L of iron, approximately 54 um of oxygen is
expected to be activated (one electron from Fe (II) per one oxygen atom). This corresponds to
only 0.86 mg/L of dissolved oxygen being consumed by activation. The oxygen consumed
is limited by the iron content of the juice and becomes independent of the dissolved
oxygen concentration beyond this amount because there is no available Fe (II) tartrate
complex to react with until the iron returns to the Fe (II) state. The redox potential is not
affected by the dissolved oxygen concentration since oxygen is unreactive by itself and only
electron transfer reactions that have favorable kinetics are involved in the establishment
and changes of the redox potential of the solution. Instead, the increase in redox potential
from air additions is attributed to the formation of hydrogen peroxide [33]. The redox
buffer capacity of other fermentation media reported [7-9,28,38,39] is also expected to be
lower because they do not contain the iron tartrate/glutathione system making them easier
to control the potential during fermentation than wine.

The reproducibility of the uncontrolled 100 L fermentations shows the natural mini-
mum of redox potential (Figure 5) under these fermentation conditions. The spikes in these
fermentations reflect the introduction of some air during the pump-over operation, which
is a feature of the design of these fermentors and demonstrates how little oxygen is needed
to influence redox potential. The corresponding pattern for the controlled redox potential
in other 100 L fermentors of the same design is shown in Figure 6. The first controlled
addition of air begins after 36 h, and the additions repeat after approximately 20 min. The
nature of the response in redox potential is a rapid increase to a peak value followed by a
slower decay back to the starting value. These traces are interpreted as being due to a rapid
formation of hydrogen peroxide from low concentrations of dissolved oxygen, followed
by the slower consumption of hydrogen peroxide by the oxidation of reduced glutathione
in the juice, following the autoxidative nature of juices and wines [33]. In this sequence,
the Fe (III) ions return to the Fe (II) ion state where they again form tartrate complexes
and are available to activate another increment of dissolved oxygen if it is available. This
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description does not include any role for phenolic components since they are not involved
in these early rapid stages of the autoxidation cascade [15] and results with both white
and red wines indicate that the shape and decay time of the peaks seem to be unrelated
to the phenolic concentrations. The height of the response peak and its rate of decline are
expected to be determined by the iron tartrate complex and glutathione concentrations in
the juice and the redox buffering capacity that includes all reactive components. It is clear
from Figure 6 that the peak height changes during the fermentation and this is thought to
be caused by an increase in the redox buffer capacity due to additional glutathione released
by the yeast. This release of glutathione by yeast is also likely to explain the early decline
of the potential in all wine fermentations. Ethanol formation appears to slow the extent
of peroxide formation and perhaps the reactions with glutathione, as can be seen by the
increase in decay time of the redox potential as ethanol accumulates. These outcomes can
be observed after day 3 for the 100 L fermentations, day 4 for the 1500 L fermentation and
day 8 in the 10,000 L fermentation in Figures 5 and 6.

In contrast to other process variables such as temperature and density, the response
dynamics of redox potential seem to indicate that there is little heterogeneity in the redox
potential control loop even at 10,000 L. Further work should be performed to understand
the redox potential in large fermentors as a function of position. The effect of volume effect
in the control of redox potential shows up in the different air flow rate as a function of
liquid height on a constant regulated air pressure. The 100 L and 10,000 L volume have
rates that are expected from their size, but this does not appear to influence the ability to
control the redox potential and is further evidence that only small amounts (<1 mg/L) of
Oxygen is needed.

While many models for wine fermentation have been proposed, the Boulton model
used in this work allows measurements of density to be compared with the estimation of
density from mixture composition. The Boulton model also differs from most fermentation
models in its description of cell viability with time, ethanol concentration and temperature.
It predicts cell viability-time patterns very similar to those observed for Saccharomyces
cerevisiae in juice fermentations at different temperatures [40]. It is the cell viability and
maintenance rate of non-growing cells that characterize the second half of wine fermenta-
tions, and which allow the detection of abnormal yeast performance by the model at an early
stage in sluggish and incomplete fermentations. The model parameters (Tables 3 and 4)
show some variation with scale, possibly due to temperature and composition gradients
that are expected within larger vessels. This is particularly so for temperature measure-
ments which are taken near the inside wall, and this can cause the fermentation parameters
to reflect temperature effects on the estimated yeast maintenance rate and cell viability.

Winemaking practices that introduce some air during the fermentation, such as splash-
ing into a bin immediately before the pump-over operation, a rack-and-return operation
in which the entire fermentation liquid is transferred into a second vessel before being
returned to the first usually over the skin cap, in-line air injection during regular pump-
overs, use of a Venturi tube to draw air into a pump-over line, intense air pulses to mix
the fermenting liquid and cause the skin cap to break up, and punch-downs in open-top
fermentors, are all expected to have a short-term effect on the redox potential. However,
any effect of these aerations on the redox potential are short-lived, typically 20 to 30 min,
meaning that such practices can have only a temporary impact and are unlikely to provide
the same result as controlling the redox potential at a predetermined value as described
in this work. Because these operations are usually only performed two or at most four
times each day, the potential would be altered for 30 min or so before returning to the
uncontrolled state for the next 6 to 12 h. One option in the future might be to control the
redox potential during part of the fermentation, for example only until yeast growth is
completed which is generally indicated by the time of the peak fermentation rate. In con-
trast to most other commercial fermentations such as brewing, wine fermentation contains
both a growing phase in the first half and non-growing, dying phase in the second half.
Whether the fermentation will go to completion in second half is largely dependent on
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the non-growing metabolic activity and death rate as a function of time and ethanol. The
need for control of the redox potential after the growing phase may not be necessary in
non-growing cells. Additionally, concerns about any oxidative reactions that might be
stimulated by the formation of ethanol-related radicals, and subsequent chain reaction
products might be minimized with such a control strategy. In this work, a redox potential
setpoint of —40 mV was chosen. From Figure 1, —40 mV corresponds to greater than
99.9% in the oxidized form. While a higher redox potential setpoint would theoretically
improve H,S mitigation, —40 mV was chosen as a compromise between H,S mitigation
and minimizing concern of oxidation effects in the commercial fermentation. Further work
should consider the effects of redox potential setpoints on H;,S formation in wine under
controlled sulfur conditions.

There is currently no simple way to calculate the equilibrium redox potential of a solu-
tion mixture such as juice or wine, however, the redox potential appears to depend on the
concentration and properties of certain reactive components throughout the fermentation.
This is most clearly observed in Figure 6. The frequency of air pulses increases through
the first part of fermentation to the maximum rate of fermentation, near the end of day 2,
then decreases through the end of fermentation. This is interpreted as being due to the
formation and release of reduced glutathione during yeast growth and a slowing effect of
the peak decline due to the concentration of ethanol.

In this work, a simple on—off controller where the on action was determined by a time
interval was used. The time interval was set to ensure the redox potential remained above
the setpoint. A Proportional-Integral-Derivative (PID) controller could have also been used.
By combining the extracellular redox potential with a model for wine fermentation kinetics,
the actuator could be controlled by real-time measurements and unique predictions of
the fermentation trajectory, instead of a single set of PID control settings applied to all
fermentations. The introduction of derivative control action can lead to instability in the
control loop when applied to peak responses like those found in these fermentations. The
integral action is often used to eliminate any residual offset but its use in a rapidly reacting
systems, such as found here, is unlikely to capture the time aspect into the integral term.
The proportional action with a high gain becomes similar to the on—off controller that was
used here.

In this work, more air than needed was used to keep redox potential above the setpoint
as evidenced by the magnitude of the peaks after an air addition. In the commercial-scale
case, the ratio of air added to the wine volume is 4.32 while the release of carbon dioxide
from this fermentation would correspond to a gas to liquid ratio of 55 [21]. The use of
oxygen as an alternative to air would have resulted in a gas to liquid ratio of 0.86. The ratio
of air applied to juice volume in the 10,000 L fermentation is higher than those at the 100 L
scale in this example and less air might be acceptable in an optimized condition. Future
studies could investigate this optimization.

From previous work in model wine solutions [33], it is expected that the response
to the addition of air to differ between grape juices. This is likely due to compositional
factors such as the total iron concentration, the glutathione concentration, pH and the initial
redox potential of the juice. While these factors might determine the quantity of hydrogen
peroxide produced, they will also influence the buffer capacity, or the resistance to change,
of the redox potential of a juice. As a result, the change in the potential observed per unit
of oxygen that is activated is expected to differ between juices.

An optimal setpoint potential is expected to depend on fermentation temperatures
and perhaps on juice pH. This report describes the results of only one setpoint value and
this value has not yet been investigated across a range of wine fermentation conditions.
The control of redox potential at certain levels may result in desirable effects on cell age,
maintenance rate and cell viability and future studies might investigate changes in the
proposed stress-resistance genes of wine yeast [41]. Controlling the redox potential during
fermentation is expected to influence end products from yeast metabolism, especially on glyc-
erol and maybe succinate and acetaldehyde. Studies by others have already shown [39,42,43]
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that different byproducts accumulate under different redox conditions in ethanol fermenta-
tions. Since this work was completed, a study of controlled redox potentials in synthetic
grape juice has reported changes in several expressed genes involved in the synthesis of
fatty acid ethyl esters [28]. There may be other effects on glutathione (and thiols), glycerol,
succinate and acetate ester formation as well as effects on the outcomes of simultaneous
ethanol and malolactic fermentations. The ability to control the redox potential at all scales,
demonstrated here, will provide many research opportunities in the future.

5. Conclusions

The control of the redox potential during wine fermentation was demonstrated at
research (100 L), and (1500 L) and commercial (10,000 L) scale, using must from the same
lot of grapes. Air was introduced through a sparger or open-ended tube to increase
redox potential so that it did not fall below the setpoint. More frequent air delivery was
needed during the midpoint of fermentation when the rate of fermentation was greatest.
Fermentation modeling indicated that the specific maintenance rate of the yeast was
enhanced between controlled and uncontrolled replicates of the 100 L fermentations. These
experiments appear to be the first successful application of controlled redox potential in a
commercial-scale wine fermentation.
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