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Abstract: The ability to model the kinetics of wine fermentation enables the early detection of
abnormal, sluggish or stuck fermentations, and the prediction of present and future rates of energy,
CO2 and ethanol vapor release. While several wine fermentation models have been published,
there are only a few that have been successfully adopted for commercial practice. In this work, the
mathematical descriptions of wine fermentation are reviewed and compared. The common features
of these include descriptions for the kinetics of yeast growth; substrate and nutrient consumption;
product formation; and total and viable cell mass. Additional features include the inhibition of
growth by ethanol; competitive inhibition of glucose and fructose uptake; glycerol formation; and the
calculation of density from solution composition and solute properties. Three models were selected to
compare their ability to describe the sugar, ethanol, biomass and nitrogen of benchtop fermentations
at four temperatures, previously published. The models are assessed for their goodness of fit to the
data in synthetic-medium fermentations and their suitability for analyzing and predicting commercial
wine fermentations.

Keywords: wine fermentation; modeling; parameter estimation

1. Introduction

Alcoholic fermentation is a critical bioprocessing step in the production of wine in that
there are significant resources—labor, water, energy, chemistries—utilized in a short period
of time each year and the wine can undergo significant irreversible chemical changes that
impact the final quality and value. The fermentation season of wine usually occurs for
between 6 to 8 weeks during the wine grape harvest, unlike that of beer, sake or other
grain-based, ethanol fermentation products.

Wines of the highest value are usually made in small volumes, (2000 to 20,000 L) from
small lots of grapes that capture characteristic aroma and flavor impact components, color
and mouthfeel attributes from the cultivar. The value placed on such wines is related to the
vineyard site from which the grapes were grown and the biochemistry that developed in
the berries during the season. The capturing of the most valuable of the natural distribution
in these components is achieved by keeping the grapes from small vineyards (or blocks
within a vineyard) separate and fermenting them in small volumes, so that the resulting
wine features can be classified. The use of larger fermenters implies that the grapes from
several vineyards will be blended and that the potential uniqueness of each resulting wine
is lost into an average of the grape loads before fermentation begins.

The segregated, small-volume approach to winemaking can lead to significant differ-
ences in the concentrations of nutrients such as amino acids, ammonia, and vitamins such
as thiamine and pantothenate between the juices. In some cases, this can result in deficien-
cies that can lead to undesirable byproduct formation, altered yeast-growth patterns and
residual, unfermented sugars at the end of the fermentation. The variation in the initial
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conditions becomes a major factor that distinguishes the fermentations and the need for
adaptive models and parameter estimation for the characterization and health of each wine
fermentation. In larger fermentation volumes, these deficiencies are effectively averaged
out and rarely influence the fermentation pattern; this can lead to some confusion about
scale effects on fermentation outcomes that are due to the initial conditions of composition.

The economic significance of the wine sector and the brief fermentation season would
suggest that automated and accurate measurement, modeling and control strategies are
utilized for optimal outcomes; however, in most wine fermentations, only temperature is
measured and controlled in real time. In most cases, wine fermentations are monitored
through manually drawn samples of density, once or twice each day. In some cases,
density is measured in real time through techniques such as differential pressure [1,2].
In combination with sensors, kinetic models of fermentation should be able to identify
abnormal patterns that can lead to sluggish and incomplete fermentations; characterize
each fermentation in terms of a set of model parameters; predict the rates of energy, CO2
and ethanol vapor release; and be sensitive to the effects of winemaking operations such as
temperature changes, the addition of nutrient supplements or added yeast inoculations.

The features of wine fermentations that provide the background for the development
of models include the understanding that poor fermentation performance can be attributed
to the combined effects of temperature and ethanol concentrations [3,4]; that nitrogen
added in the form of ammonia salts can increase the rate of fermentation [3–5]; that amino
acids were taken up at different rates in a sequential preferential manner in juice [6];
that the nitrogen assimilated was proportional to the amount of yeast growth [4]; and
that additions to the juice of iron, copper or ascorbic acid can slow the fermentation
development in some cases [3]; and early indications that there might be a role of redox
potential in fermentation outcomes.

The history of models of wine fermentation can be traced to the growth description
proposed by Monod [7] and the recognition of non-growth associated metabolism [8] or “main-
tenance energy” [9–11] and the recognition of cell viability [12]. All these descriptions were devel-
oped using bacterial fermentations. The corresponding evolution of models for yeast fermenta-
tions in the ethanol fermentation is based on the contributions of Aiba et al. (1965 and 1973) [13],
Aiyar and Leudeking (1966) [14], Frederickson et al. (1970) [15], Pirt (1974) [16], Sawada et al.
(1974) [17] and Mukataka and Kobayashi (1976) [18]. These yeast fermentation models generally
consider the transport of sugar to be growth-rate limiting, the rate expression to be akin to the
Michaelis–Menten form of sugar binding to a receptor and a function of the sugar concentration
in the fermentation medium. These models also implied that internal metabolism was not
controlling the growth rate; rather, it was the rate of substrate binding at the receptor–medium
interface. An early text that provides this understanding of ethanol fermentations and the
models available is by Aiba et al. [13].

The extension of these models to wine fermentations is due to Boulton and addresses
initial sugar concentrations of 200 to 220 g/L, final ethanol concentrations of 100 to 110 g/L,
substrate competition between glucose and fructose, the cell viability and age of the
cell population, and fermentation temperature, all of which are characteristic of wine
fermentations [19,20]. This included temperature functions for growth and maintenance
activities and a time and ethanol term for cell viability. This model was subsequently
modified to include the ethanol and water vapor emissions and density properties [21,22]
and the dual-substrate nature of the carbon and nitrogen uptake [23], based on the pro-
posals of Wright and Lockhart 1965 [24], Megee et al. 1972 [25], Tsao and Hansen 1975 [26],
Bader 1978 [27], Lee et al. 1984 [28], and, subsequently, Egli 1991 [29]. The modified
model can be written as a tri-substrate form with a term for vitamin limitation to de-
scribe juices that have been depleted by microbial modifications such as Botrytis cinerea or
subjected to heat treatments.

In the last four decades, many model descriptions have been presented to describe
the dynamics of ethanol and wine fermentation as well as beer [30], agave [31] and cider
fermentations [32]. Two descriptive reviews of published wine fermentation models are
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provided elsewhere [33,34]. Several models are based on the sugar transport descriptions as
the growth rate-limiting substrate(s) [35–48] while others have been expressed in terms of
assimilable nitrogen as the growth-rate-limiting substrate [49–57]. There are alternative de-
scriptions of the inhibition of growth by ethanol [36,58–60], differing temperature functions
of specific growth, death and maintenance rates [45,61–63]; however, none have adopted
the dual-substrate description for carbon and nitrogen limited growth or addressed the
effect of time on cell viability other than as a first order decay.

The nitrogen-based growth equations are simply special cases of the dual-substrate
form, where the sugar transporter is saturated, and its binding term is unity. Yeast cannot
grow on nitrogen alone and so the role of sugar as the backbone of carbon and the source
of energy in the cell is disguised but still present. While some models can fit the shape of
the fermentation curves, their yeast properties, such as cell yield based on either carbon or
nitrogen, or substrate preference between hexoses and nitrogen sources, are not in line with
known and reported values. A number of models have focused on growth and total cell
mass but do not address cell viability, which is a key component of the viable cell mass in
the later stage of fermentation, where the sluggish nature is revealed. This is compounded
in some cases where the decline in cell viability due to elevated temperature or cell age is
attributed to, and sometimes compensated for, ethanol inhibition of growth or changing
values in the cell yield. All the models based on assimilable nitrogen are unable to describe
the observed hexose uptake preference during either the growth or maintenance phase
because they do not include the sugar uptake term. Only a few models include a kinetic
description of cell death, and most do not address cell age as a factor in either viability or
the maintenance rates in non-growing cells. Only two models [64,65] include equations for
the modeling of density, the primary measurement of all commercial fermentations.

The selective uptake of glucose and fructose, described by the expressions for enzyme–sub-
-strate binding, implies that hexose transport is substrate-controlling throughout the growth
and maintenance stages of wine fermentations. The binding and uptake of nitrogen, while
modeled by a similar binding function using the pool of assimilable nitrogen, is not the energy
source, nor is it selective in its binding activity, although it determines the rate of growth, the
extent of the growth period and the resulting cell mass.

The purpose of this work is to quantitatively compare the models by Boulton [20],
Coleman [62] and the Australian Wine Research Institute (AWRI) [65] and their performance
across a range of conditions experienced in actual wine fermentations. These three models
were chosen for their features as the first wine-specific model (Boulton), widely cited models
(Boulton, Coleman) and known models that have been applied to commercial fermentations
(Boulton, AWRI). All three models are compared in terms of their descriptions of cell growth
kinetics, substrate consumption kinetics, product formation kinetics, cell death kinetics
and their ability to calculate density from solution properties. In this paper, the original
Boulton model includes the updates for the dual-substrate-limited growth of carbon and
nitrogen sources and additional terms of an exponential series expansion for cell viability
as a function of cell age in the presence of ethanol.

1.1. Cell Growth Kinetics

In a biochemical model, the cell concentration or biomass is conventionally represented
by the variable X. Microorganisms grow under a variety of physical and chemical conditions
and the rate of biomass growth is expressed by the specific growth rate, as follows:

µ =
1
X

dX
dt

or
dX
dt

= µX (1)

where X is the biomass concentration (kg/m3), t is the time (h), and µ is the specific growth
rate (1/h). Generally, the specific growth rate depends on the concentration of nutrients in
the medium and is described by Monod’s equation [7]. While Monod’s equation is utilized,
the same equation form is used to describe the enzyme-catalyzed reactions of one substrate
and one product [66] and the attachment and release of a molecules to a surface [67]. In
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wine fermentations, “assimilable nitrogen”, as if it were a single substrate, is typically
considered the limiting growth nutrient, yielding:

µ = µm
N

KN + N
(2)

where µm is the maximum specific growth rate, N is the concentration of the substrate
(assimilable nitrogen [68,69]) and KN is the half-saturation constant for nitrogen. When
the substrate is at a concentration of KN , the specific growth rate is 0.5 µm. The use of
nitrogen instead of sugar implies that the limiting nutrient for cell growth is nitrogen. Since
the growth rate is temperature-dependent, the temperature dependency of the maximum
specific growth rate can be written as the Arrhenius equation:

µm = Ae−Ea/RT (3)

where Ea is the activation energy for cell growth (J/mol), R is the universal gas constant
(J/Kmol), and T is the absolute temperature (K). The Arrhenius equation determines that the
maximum specific growth rate increases exponentially as temperature increases. In reality,
the specific growth rate of microorganisms decreases above a certain temperature, which
is the temperature that yields their maximum growth rate [20]. This feature, originally
proposed by Topiwala and Sinclair [12], was modified for wine yeast and introduced into
the Boulton model as a second decaying exponential term, yielding:

µm = A1e
Ea1
RT − A2e

Ea2
RT (4)

In wine and all alcoholic fermentations, ethanol is known to inhibit cell growth. While
alternative descriptions have been proposed [70,71] there are conflicting values of the
inhibition constants between batch and continuous culture experiments, suggesting that
other factors are involved. The Boulton model utilizes the following equation:

µm =
1(

1 + E
Ep

) (5)

where E is the ethanol concentration and Ep is the ethanol concentration where cell division
is ceased. The AWRI model uses an exponential self-inhibition written as follows:

µm = e−kE (6)

where k is the product inhibition constant.
Monod’s equation assumes a balanced growth condition. The growth-limiting carbon

substrates in wine are the hexose sugars (glucose and fructose). At higher sugar concentra-
tions, the Monod growth term can be modified for self or substrate inhibition, by analogy
with formulations from enzyme kinetics, written as:

µ = µmax
S

KS + S + S2

KSI

(7)

where S is the concentration of sugar, KS is the saturation constant for sugar and KSI is
the substrate inhibition constant. It is known that grape juice is made up of glucose and
fructose in equal concentrations, and that these sugars are transported into the cell at
different rates.
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The growth rate, based on the transport of each sugar in the presence of their competi-
tive inhibition, can be written as:

µmax = µFR + µGL = µm

 1

KS

(
1 + G

KGL
+ F

) +
1

KS

(
1 + F

KFR
+ F

)
 (8)

where KGL and KFR are constants that determine the substrate preference between
glucose and fructose transport. Different wine yeast are known to display different
substrate preferences [72], but in general, the commonly used strains are glucophylic in
nature. The substrate preference in the Boulton model is based on the Montrachet strain
(UCD# 522, ATCC# 36025).

The cell growth kinetics for the models in this study are tabulated in Table 1 below. In
the Coleman and AWRI model, only nitrogen is utilized for biomass formation, while the
Boulton model includes the dual-substate growth description of Bader [27] that incorporates
both carbon and nitrogen terms with specific growth rates based on the fructose and glucose
concentrations. All models include an Arrhenius temperature function that increases the
maximum specific growth rate as temperatures increase; however, only the Boulton model
also includes an Arrhenius temperature function to account for the observation that above
a certain temperature (33 ◦C), the net yeast growth rate begins to decline, eventually
becoming negative above 39 ◦C. The Coleman model uses an nth order polynomial for the
death temperature function. The AWRI model incorporates an effect of vessel geometry
and fermentation volume on the growth rate by estimating the shear stress through mixing
from CO2 evolution.

Table 1. Comparison of description of cell growth kinetics between the three models.

Model Equations Features

Boulton

µFR =
µx

Ks

(
1+ G

KGL
+F

)
µGL =

µx

Ks

(
1+ F

KFR
+G

)
µx = 1(

1+ E
Ep

) (A
1

e
Ea1
RT − A2e

Ea2
RT

)
N

KN+N

µm = µFR + µGL

Competitive inhibition of
fructose and glucose

Dual substrates of carbon
(glucose, fructose) and

nitrogen
Ethanol inhibition

Arrhenius temperature
dependence of growth and

death rates

Coleman µ = µm
N

KS+N
Substrate of only nitrogenSimple

Monod growth

AWRI

µ = µm
N

KS+N

µm = A1e
Ea1
RT τ

τ = K
.
γ

0.4

.
γ = QCO2

H
D

(
4V
H
D π

)1/3
gρ

Substrate of only
nitrogenArrhenius temperature

on maximum specific
growth rate

Ostwald–de Waale
rheology model

1.2. Substrate Consumption Kinetics

In wine fermentation, the major substrates are hexose sugars—fructose and glucose—
and assimilable forms of nitrogen. The consumption of sugars can be attributed to the
formation of biomass, maintenance of biomass and/or the formation of ethanol. The
consumption of ethanol can be described by the stoichiometric formation from the sugars.
When related to ethanol production, the sugar consumption can be written as:

dS
dt

= −dE
dt

1
YE/S

(9)
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The yield term (YE/S) is included to account for the mass of ethanol produced per
mass of sugar consumed. When the consumption of sugar is attributed to the formation of
biomass, the specific growth rate can be used, yielding:

dS
dt

= − µ

YX/C
XV (10)

where YX/C is the mass of biomass formed per mass of carbon (sugars) consumed. A
maintenance term is included to describe the consumption of sugar for the maintenance
of viable biomass. Of the three models, only the Boulton model includes a maintenance
term. The specific maintenance rate of the Boulton model is temperature-dependent with
an Arrhenius form and is related to observations from continuous culture studies.

Assimilable nitrogen is considered a growth-limiting substrate in wine fermentation
and is often related directly to growth rate; the cell yield based on nitrogen, YX/N , can be
used to account the mass of biomass produced per mass of nitrogen consumed, resulting in
a differential equation tied directly to the rate of change of the viable biomass, as follows:

dN
dt

= −dXV
dt

1
YX/N

(11)

The negative sign accounts for the fact that nitrogen is consumed while the biomass
is formed. Table 2 shows the substrate consumption features for the three models. The
Coleman and AWRI model describe the consumption of total sugars only in the formation
of ethanol, while the Boulton model also includes a maintenance term and differentiates
between fructose and glucose consumption. All three models utilize a yield term to relate
the nitrogen consumption directly to biomass formation.

Table 2. Comparison of description of substrate consumption kinetics between the three models.

Model Equations Features

Boulton

dF
dt =

−µFR×XV
YX/C

− MNT × XV
F

F+G
dG
dt =

−µGL×XV
YX/C

− MNT × XV
G

F+G

MNT = θMNTe9000( T−293.1
293.1RT )

dS
dt = dF

dt + dG
dt

dN
dt = − dXV

dt
1

YX/N

Substrate utilization in formation
of biomass and maintenance

of biomass
Separation of fructose and glucose

Temperature-dependent
maintenance term

Specific maintenance rate (θMNT)

Coleman
dS
dt = − dE

dt
1

YE/S
dN
dt = −µ XA

YX/N

Substrate utilization in the
formation of ethanol

AWRI
dS
dt = − dE

dt
1

YE/S
dN
dt = −µ XA

YX/N

Substrate utilization in the
formation of ethanol

1.3. Product Formation Kinetics

Microorganisms produce and export several substances under different conditions
such as nutrition, redox potential, pH or dissolved oxygen. The general goal of fermentation
is to make the microorganisms produce valuable products while minimizing the cost of
the input substrates and related capital and operational expenses. For the purposes of
modeling, typically only products that can be measured extracellularly are described. When
the product formation occurs only during cell growth, the specific rate of product formation
is as follows:

qp =
1
X

or
dP
dt

= αµ (12)

When the product can be made while cells are not growing, the specific rate of product
formation is as follows:

qp =
1
X

or
dP
dt

= β (13)
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When the product is both growth and non-growth associated, the specific rate of
product formation is as follows:

qp =
1
X

or
dP
dt

= αµ + β (14)

An important product in wine fermentation is ethanol. Both the AWRI and Coleman
model utilize a non-growth Monod-style sugar consumption rate. The specific utilization
rate for sugar is:

β = −βmax
S

KS + S
(15)

where βmax is the maximum specific utilization rate of sugar, S is the sugar, and KS is the
half-saturation constant for sugar. The specific utilization rate of sugar is then multiplied
by the concentration of viable or active cells to give the following differential equation
description for sugar:

dS
dt

= βXV (16)

Table 3 summarizes the descriptions of ethanol formation in the three models. The
Boulton model relates the production of ethanol to the consumption of sugar, with a theo-
retical ratio of 92 g of ethanol produced per 180 g of hexose sugars consumed. The EYLD
term accounts for the observation that the actual yield is 95% of the theoretical yield [20],
with glycerol formation being the largest secondary product of these fermentations.

Table 3. Comparison of descriptions of product formation kinetics between the three models.

Model Equations Features

Boulton
dE
dt = −92.14

180.16
dS
dt EYLD

EYLD = 95%
95% of theoretical yield of 92.14/180.16

Coleman dE
dt =

βmaxS
KS+S XA

Monod form with specific sugar utilization
rate constant

AWRI

dE
dt = 1.16 βmaxS

KS+S XA

βmax = 1973546044.6147 × θbetamaxe
−5559.837812453

8.314(T+273) τ

τ = K
.
γ

0.4
+ 0.05(mixingvalue)

K = θmixing

.
γ = QCO2

H
D

(
4V
H
D π

)1/3
gρ

mixingvalue ∈ [0, 3] indicating no to
significant mixing outside of natural mixing

from CO2 formation
Herschel–Bulkley rheological model

1.4. Cell Death Kinetics

A unique feature of wine fermentations compared to beer fermentations, or similar
lower-sugar fermentations, is that yeast growth has ceased approximately halfway through
the fermentation. This means that the second half of wine fermentation is performed by
the surviving yet dying yeast population, fermenting at a rate which is determined by their
maintenance activity.

The simplest description of yeast death in wine fermentation is to assume 100%
viability through the end of growth. From the maximum biomass X0, the viable cell mass
(XV) would decrease with an exponential decay, described as:

dX
dt

= −kdXV or X = X0e−kdt (17)

An addition variable, typically XV or XA can be used to describe the total biomass vs.
viable or active biomass separately from the total biomass. The active biomass variable is
used to acknowledge that not all viable cells are active in the consumption of substrates
and formation of products [6]. Table 4 summarizes the description of cell death kinetics
between the three models.
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Table 4. Comparison of descriptions of cell death kinetics between the three models.

Model Equations Features

Boulton
VBLx = E (t−LAG)

θVBL

XV = XV

(
1 − VBLx +

VBL2
x

2 − VBL3
x

6

) Time and ethanol dependence

Coleman
dXA

dt = µXA − kdXA
dXV

dt = −kdXA
Exponential decay in time

AWRI
dXA

dt = µXAe−0.05E − kdXA
dXV

dt = −kdXA

Exponential self-inhibition of ethanol
Exponential decay in time

1.5. Fermentation Energy Accumulation

The rise or fall of temperature during fermentation depends on the relative rate of
heat generated by the volume compared to that transferred from the volume by intentional
cooling or transfer to the surroundings. The rate of heat generation is proportional to
the rate of fermentation and the fermentation volume, while the rate of heat removal
depends on the heat exchange area(s) of the fermenter and the conduction properties of
the materials through which energy is transferred. Wine fermentations can take place in
wooden, concrete, or stainless steel fermenters and these display slightly different natural
temperature profiles for the same fermentation volume and geometry. As a result, any
fermentation model capable of analyzing such fermentations will need to have temperature
functions incorporated into the rate equations. The Boulton model describes the rate of
energy accumulation as the difference between the rate of energy generation and the rate
of energy dissipation [73]. The rate of energy generation is related to the rate of sugar
consumption and the enthalpy of the conversion of sugars to ethanol, generally accepted as
101.2 kJ/mole. The rate of energy dissipation is estimated by the energy transfer between
the juice or must and a heat exchange area. While other cooling contributions, such as
the removal of energy from water and ethanol vapors and radiated heat transfer from
the ambient air and surroundings, the intentional cooling equipment, typically jacketed
tanks or external heat exchangers, provides a good first approximation. The most common
variation will be for fermentations performed outside, as the solar radiation and large
diurnal temperature variations may be significant. Table 5 summarizes the descriptions of
energy accumulation between the three models.

Table 5. Description of rate of energy accumulation of Boulton model. The AWRI and Coleman
model do not include a description of energy accumulations.

Model Equations Features

Boulton dT
dt = ∆H

ρCp

dS
dt −

UA
ρCpV (T − Tc)

Describes the rate of temperature
increase as a function of the enthalpy

(∆H), density (ρ), specific heat capacity
(Cp), overall heat transfer coefficient (U),
heat exchange area (A), volume of juice

(V) juice temperature (T) and refrigerant
temperature (Tc).

1.6. Juice Density from Solution Properties

The density of any liquid is equal to its mass (M) divided by its volume (V). In
grape juice, the mass can be estimated by the sum of contributions from water, glucose,
fructose, ethanol, glycerol and a non-sugar extract in the fermenting mixture. The volume
is estimated by the molar volume of the same components. Before fermentation begins the
volume of water is as follows:

VH20 = 1 − S VmS + EXT VmEXT
0.99823

(18)
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where VmS is the molar volume of sugar, EXT is the non-sugar extract and VmEXT is the
molar volume of the non-sugar extract. The volume at any point in time is written as:

VTotal = VH20 + Volume o f other components (19)

where Volume o f other components is the volume of glucose, fructose, ethanol, glycerol
(estimated as 6.6% ethanol) and non-sugar extract.

Finally, the change of density is written as:

dρ

dt
=

d
(

M
V

)
dt

=
dM
dt V − dV

dt M
V2 (20)

Table 6 summarizes the density calculations for the three models.

Table 6. Comparison of calculations of density from solution properties between the three models.
The Coleman model does not include a calculation of density.

Model Equations Features

Boulton

VH20 = 1 − S VmS+EXT VmEXT
0.99823

VTotal =
(V H20+S VmS+VmE E+0.066 E VmE+EXT VmEXT)

0.99823
MTotal = VH20 + S + E + 0.066 E + EXT

dM
dt =

(
dS
dt + 1.066 dE

dt

)
VTotal

dV
dt =

(
VmS

dS
dt + 0.066 VmE

dE
dt + VmE

dE
dt

)
MTotal

dρ
dt =

d( M
V )

dt =
dM
dt V− dV

dt M
V2

Glycerol formation of 6.6% ethanol
Volume components estimated from

molar volume

AWRI ◦Baume = 0.5532
1.54(S−So f f set)

15.87 + 0.0181
So f f set = 25, 30 or 40 for cool climate,

other or warm climate

Specific gravity is calculated from the ratio of the juice density to the density of water
at a reference temperature. Weight loss is calculated from the change in mass of the solution
compared to that of the initial juice, volume change is calculated from the corresponding
solution and initial volumes. The following equations show the various specific gravity
scales used in winemaking [74]:

◦Brix = 261.54
(

1 − 1
SG20/20

)
(21)

◦Baume = 145
(

1 − 1
SG20/20

)
(22)

◦Plato = 260.4
(

1 − 1
SG20/20

)
(23)

◦Oechsle = 1000(SG20/20 − 1) (24)

Corrections of the density to 20 ◦C are based on the correction tables for sucrose
solutions [75], as these are the tables that have generally been used for the correction
of hydrometer and hand-held densitometer measurements. A set of equations for this
temperature correction can be found in [1].

1.7. Calculation from Carbon Dioxide and Ethanol Release Rates

Due to environmental and worker safety concerns, it is also important to model the
emission of carbon dioxide and ethanol vapor during fermentation. The volume of carbon
dioxide released is estimated by the stoichiometric relationship between sugar and CO2 and
the volume influenced by the gas temperature. Yeast metabolism produces two moles of
CO2 per mole of sugar corresponding to 55 to 60 L CO2 per L, depending on the initial sugar
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concentration of the juice. The emissions of ethanol and water vapors in this carbon dioxide
has previously been estimated from an assumption that the gas released is saturated in the
vapor pressure of ethanol and water at the temperature of the fermenting juice [64]. These
model predictions [64] provide the basis for the ethanol emission factors of 6.2 lb/Kgal
for red wine fermentations and 2.5 lb/Kgal for white wine fermentations, used by the
California Air Resources Board and the Environmental Protection Agency in the United
States. The release of carbon dioxide from fermentation is the largest component of the
carbon dioxide footprint of wineries and may be of more importance in direct carbon
dioxide sequestration systems and carbon footprint reporting requirements in the future.

2. Materials and Methods

Models and Multi-Objective Optimization
Three models were programmed in MATLAB 2020b (MathWorks, Natick, MA USA).

The three models were chosen for their features as the first wine-specific model [20], widely
cited models [20,62] and models applied to commercial fermentations [20,65]. The multi-
objective function solver in MATLAB 2020b was used to generate a Pareto front. The Pareto
front is a set of solutions that show the best trade-off between multiple objective functions.
For example, shifting a parameter set on the Pareto front to improve the sugar fit might
make the nitrogen fit worse. The population size of the solver was set to 400 and no linear
constraints were applied. Since multiple solutions on the Pareto front exist, the technique
for order of preference by similarity to ideal solutions was used to select a solution from
the Pareto front [76].

The states for the three models are shown in Table 7. All models include descriptions
for total biomass, total sugar, assimilable nitrogen, and ethanol. Only models by Boulton
and AWRI include an estimate of the solution density. Only the current version of the
Boulton model differentiates the sugars by fructose and glucose, uses a dual-substrate
growth equation and estimates the concentration of glycerol, weight loss as well as the
rates of carbon dioxide, heat and ethanol and water-vapor release. These changes in
physical attributes are important when the model is to be interfaced to measurements from
alternative fermentation sensors at full scale.

Table 7. States present in the models including total biomass, active/viable biomass, fructose, glucose,
total sugar, nitrogen, ethanol, glycerol, density, weight loss and volume change.

States Boulton Coleman AWRI

Total Biomass X X X
Active/Viable

Biomass X X X

Fructose X
Glucose X

Total Sugar X X X
Assimilable Nitrogen X X X

Ethanol X X X
Glycerol X
Density X X

Weight Loss X
Volume Change X

Energy X
Carbon Dioxide X
Ethanol Vapor X
Water Vapor X

The models contain unknown parameters that cannot be determined a priori and must
be estimated by fitting the model to measurements. The Boulton parameter set is as follows:

θBoulton = {θMNT , θLAG, θVIAB, θETHINH , θYXN} (25)
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where θMNT is the maximum specific growth rate (1/hr), θLAG is the lag time (hr), θVIAB
is the viability constant, θETHINH is the ethanol inhibition constant and θYXN is the yield
of biomass for nitrogen (dimensionless). The lower upper bounds used are θBoulton_lb =
{θMNT, θLAG, θVIAB, θETHINH, θYXN} and θBoulton_ub = {θMNT, θLAG, θVIAB, θETHINH, θYXN},
respectively. In the Coleman model, temperature or nitrogen relationships are derived to
estimate the parameters a priori. To compare equally with the other models, the derived
temperature relationships are not used, and the parameters are estimated with the same
method as the other models. The Coleman parameter set is as follows:

θColeman =
{

θµmax, θkd, θYXN , θβmax
}

(26)

where θµmax is the maximum specific growth rate, θkd is the death constant, θYXN is the yield
of biomass per unit nitrogen and θβmax is the maximum specific rate of sugar utilization. The
lower and upper bound used are θColeman_lb =

{
θµmax, θkd, θYXN , θβmax

}
and θColeman_ub ={

θµmax, θkd, θYXN , θβmax
}

, respectively.
In the AWRI model, the biomass yield per unit of nitrogen (YX/N) is fixed at 12 g/g.

To equally compare with the Boulton and AWRI model, YX/N is estimated as an unknown
parameter, yielding a parameter set of:

θAWRI =
{

θµmaxcorr, θkdcorr, θKs , θβmaxcorr, θmixing, θYXN
}

(27)

where θµmaxcorr is a factor of the pre-exponential factor of the Arrhenius function for maximum
specific growth rate, θkdcorr is a factor of the pre-exponential factor of the Arrhenius function for
death rate, θKs is the Monod half-saturation constant for nitrogen, θβmaxcorr is the is a factor of
the pre-exponential factor of the Arrhenius function for maximum specific growth rate, θmixing
is the mixing (or consistency) coefficient and θYXN is the biomass yield per unit of nitrogen. The
lower and upper bounds used are θAWRI_lb =

{
θµmaxcorr, θkdcorr, θKs , θβmaxcorr, θmixing, θYXN

}
and θAWRI_ub =

{
θµmaxcorr, θkdcorr, θKs , θβmaxcorr, θmixing, θYXN

}
, respectively.

In most analysis of fermentation models, the focus of the acceptability of the fit is
dominated by a numerical measure, typically the root mean square error of the sum of
squared residuals for the sugar state, as this is thought to be a direct relationship to the
density or Brix, the measured variable of choice in commercial practice. The limitation in
this type of analysis is that most fermentations models are a set of ordinary differential
equations that are coupled. In a rigorous interpretation of a first-principle model, all states
should have acceptable fits to the measured data. If no such solution exists, then the
model is missing features that can describe the dataset or assumed constants need to be
adjusted for the particular dataset. For this reason, a dataset that provides measurements
of multiple states and a constant temperature was used. This is the dataset presented by
Coleman et al. [62], which provides the sugar, ethanol, assimilable nitrogen, and cell mass
concentrations with time for the temperatures, sugar and initial nitrogen concentrations
shown in Table 8. In this juice-modified medium used, ammonium accounted for more
than 85% of the assimilable nitrogen, in a background of amino nitrogen, at 45 mg/L.

Table 8. Features of the dataset used in the multi-objective optimization. Dataset shown is the “high
nitrogen” juices from [62].

Initial
Biomass 1

(g/L)

Initial
Nitrogen

(mg/L)

Initial
Sugar
(g/L)

Temperature
(◦C)

Dataset 1 0.25 100 300 11
Dataset 2 0.25 80 265 15
Dataset 3 0.25 330 265 30
Dataset 4 0.25 70 300 35

1 Initial biomass not explicitly stated in reference. 0.25 g/L is estimated from the first measurement.
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3. Results

The model outcomes and original data for the temperatures of 11, 15, 30 and 35 ◦C are
shown in Figure 1, Figure 2, Figure 3 and Figure 4 respectively.

Fermentation 2024, 10, x FOR PEER REVIEW 12 of 23 
 

 

In most analysis of fermentation models, the focus of the acceptability of the fit is 
dominated by a numerical measure, typically the root mean square error of the sum of 
squared residuals for the sugar state, as this is thought to be a direct relationship to the 
density or Brix, the measured variable of choice in commercial practice. The limitation in 
this type of analysis is that most fermentations models are a set of ordinary differential 
equations that are coupled. In a rigorous interpretation of a first-principle model, all states 
should have acceptable fits to the measured data. If no such solution exists, then the model 
is missing features that can describe the dataset or assumed constants need to be adjusted 
for the particular dataset. For this reason, a dataset that provides measurements of multi-
ple states and a constant temperature was used. This is the dataset presented by Coleman 
et al. [62], which provides the sugar, ethanol, assimilable nitrogen, and cell mass concen-
trations with time for the temperatures, sugar and initial nitrogen concentrations shown 
in Table 8. In this juice-modified medium used, ammonium accounted for more than 85% 
of the assimilable nitrogen, in a background of amino nitrogen, at 45 mg/L. 

Table 8. Features of the dataset used in the multi-objective optimization. Dataset shown is the “high 
nitrogen” juices from [62]. 

 

Initial 

Biomass 1 

(g/L) 

Initial 

Nitrogen 

(mg/L) 

Initial  

Sugar 

(g/L) 

Temperature 

(°C) 

Dataset 1 0.25 100 300 11 
Dataset 2 0.25 80 265 15 
Dataset 3 0.25 330 265 30 
Dataset 4 0.25 70 300 35 

1 Initial biomass not explicitly stated in reference. 0.25 g/L is estimated from the first measurement. 

3. Results 

The model outcomes and original data for the temperatures of 11, 15, 30 and 35 °C 
are shown in Figure 1 through 4, respectively. 

 

Figure 1. Dataset 1 Fit. Fermentation was performed at 11 °C and the sugar, biomass, nitrogen, eth-
anol (closed circle) and viable biomass (open circle) were measured [62]. The fits of the Boulton 
model (purple), Coleman model (orange) and AWRI model (yellow) were compared. The parameter 
solution sets were IL��' ={107.73249, 12.9009,137.2649,74.7197,0.1098,42.5582}, I:z{\	�j{0.0300, 0.00001158, 41.7988, 0.1137}  
and Irz�{]zj = {0.2861,0.3562,23.6389,0.0078,27.3100}. 

Figure 1. Dataset 1 Fit. Fermentation was performed at 11 ◦C and the sugar,
biomass, nitrogen, ethanol (closed circle) and viable biomass (open circle) were mea-
sured [62]. The fits of the Boulton model (purple), Coleman model (orange) and
AWRI model (yellow) were compared. The parameter solution sets were θAWRI =

{107.73249, 12.9009, 137.2649, 74.7197, 0.1098, 42.5582}, θColeman{0.0300, 0.00001158, 41.7988, 0.1137}
and θBoulton = {0.2861, 0.3562, 23.6389, 0.0078, 27.3100}.

In Figure 1, the fermentation would be classified as stuck or incomplete, with 90 g/L
of sugar remaining after 800 h (33.3 days). The growth in cell mass has finished after
250 h (10.4 days), yielded 3.6 g/L and not all the assimilable nitrogen was consumed. This
is an extreme case, and an expected outcome, with the initial conditions of 300 g/L sugar
and 100 mg/L of assimilable nitrogen and at 11 ◦C. The Boulton model provides the best
description of this fermentation outcome in terms of all the variables. The Coleman model
consumes all the nitrogen and terminates growth, sugar consumption and ethanol forma-
tion earlier and indicates that less sugar is consumed with the active cell mass declining
to zero at 500 h (20.8 days). The AWRI model indicates delayed sugar consumption and
ethanol formation, all the nitrogen consumed and cell viability showing little decline with
time. None of the models describe the residual of assimilable nitrogen in this low-nitrogen
example, although the Boulton model has a residual assimilable nitrogen.

In Figure 2, the conditions are similar to those shown in Dataset 1 except that the
initial sugar is 265 g/L, the initial assimilable nitrogen is 80 mg/L and the temperature
is 15 ◦C. The fermentation would be classified as stuck or incomplete, with 50 g/L sugar
remaining after 700 h (29.1 days). The growth in cell mass has finished after 200 h (8.3 days),
yielded 3.5 g/L and not all the assimilable nitrogen was consumed. This is a cold white
wine fermentation temperature, and an expected outcome, with the initial conditions
of 265 g/L sugar and 80 mg/L of assimilable nitrogen. The Boulton model provides
the best description for the sugar consumption and ethanol formation. The Coleman
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model indicates slower sugar consumption and ethanol formation. The Coleman and
AWRI models estimate similar cell mass formation and early termination of growth at
100 h (4.2 days) when all the nitrogen has been depleted. The Boulton model suggests
no active cell mass after 550 h (22.9 days). The AWRI model indicates little decline in the
active cell mass. None of the models describe the residual assimilable nitrogen of 10 mg/L,
although the Boulton model shows a residual assimilable nitrogen greater than 0.
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Figure 2. Dataset 2 Fit. Fermentation was performed at 15 ◦C and the sugar, biomass, vi-
able biomass, nitrogen and ethanol were measured [62]. The fits of the Boulton model (pur-
ple), Coleman model (orange) and AWRI model (yellow) were compared. The parameter
solution sets were θAWRI = {114.8029, 14.2622, 134.5434, 79.2058, 0.2305, 44.1197}, θColeman =

{0.03105, 0.00006564, 36.8771, 0.1014} and θBoulton = {0.4016, 0.5436, 20.6017, 0.01019, 30.9497}.

The third example (Figure 3) is with 265 g/L sugar, a high initial nitrogen concentration
of 330 mg/L and a fermentation temperature of 30 ◦C. This fermentation would also be
classified as incomplete, with the sugar at 30 g/L after 250 h (10.4 days) at a common red
wine fermentation temperature. The cell mass formed is 5 g/L and all the assimilable
nitrogen is consumed. The ethanol formation reported (140 g/L) is higher than might be
expected (115 g/L) from the sugar consumed. The Boulton and Coleman models describe
sugar consumption better than the AWRI model. The AWRI model overestimates the final
cell mass, suggesting a higher-than-expected cell yield based on nitrogen. The two other
models describe the highest values they are slightly higher than the average of 5 g/L in
the data. None of the models describes the ethanol formation of 140 g/L but the Coleman
model describes the ethanol formation of 140 g/L, while the Boulton and AWRI models
underestimate the ethanol formation. All the models describe the complete consumption
of the high initial nitrogen concentrations at similar times.
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Figure 3. Dataset 3 Fit. Fermentation was performed at 30 ◦C and the sugar, biomass, vi-
able biomass, nitrogen and ethanol were measured [62]. The fits of the Boulton model (pur-
ple), Coleman model (orange) and AWRI model (yellow) were compared. The parameter
solution sets were θAWRI = {103.2552, 7.9138, 138.8431, 76.5935, 0.1338, 10.8492}, θColeman =

{0.1533, 0.0001856, 12.1584, 0.4102} and θBoulton = {0.4098, 0.6408, 35.2155, 0.01340, 10.0049}.

The fourth example is for similar conditions to Dataset 2 but with an initial sugar
concentration of 300 g/L and a fermentation temperature of 35 ◦C. This temperature is
an upper temperature limit for some red wine fermentations, above the temperature for
maximum growth rate (33 ◦C) and yet below the maximum temperature for growth (39 ◦C).
The fermentation outcome is stuck or incomplete, essentially arrested after 200 h (8.3 days),
with 100 g/L residual sugar after 300 h (12.5). The cell mass was formed of 3 g/L, with
growth ceasing after 40 h, leaving a residual of unused nitrogen of 15 mg/L. All models
estimate similar cell mass curves to the reported values. The Coleman and AWRI models
both predict complete consumption of the nitrogen, while the Boulton model predicts the
residual nitrogen outcome that is observed. Dataset 4 displays active fermentation at the
beginning of the experiment. All models predict an initial lag period that is not observed.

Apart from predicting the ultimate outcome, the conditions at the point of the cessation
of growth provide an early indication of later fermentation performance. In this regard the
Boulton model provides an early diagnosis based on sugar concentration, for all cases. The
Coleman model fails in this regard in the 11 ◦C case, while the AWRI fails in all these cases.

The temperature relationships of the Coleman and AWRI models do not appear
to capture the effect of elevated temperature on yeast growth rate in the supra-optimal
temperature range shown in Figure 4. They both continue growth until all assimilable
nitrogen is consumed, when it appears that growth is terminated due to temperature
in this case.
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able biomass, nitrogen and ethanol were measured [62]. The fits of the Boulton model (pur-
ple), Coleman model (orange) and AWRI model (yellow) were compared. The parameter so-
lution sets were θAWRI = {104.0226, 14.5117, 148.0310, 64.5098, 0.1468, 28.6139}, θColeman =
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4. Discussion

The Coleman et al. study [62] used the Methylene blue staining technique to count
viable cell mass and the term active biomass. Anecdotal evidence exists that the viability
measured by this method can be as high as 50% at the end of some stuck fermentations. The
term “viable, non-culturable” is now used to describe conditions in which intact cells cannot
grow yet they still display viability according to this assay. A more relevant description
might be “viable, non-fermenting” when viability assays are used for the assessment of
cell activity in the secondary, survival stage of wine fermentation. Methylene blue is a
pH-sensitive dye that can penetrate yeast cells, but it is also a redox dye, meaning that
its color is a function of the internal cell potential. Variations in viable cell mass due to
staining measurement inaccuracies has led to the introduction of the term “vitality” [77],
which is defined as the compromising of a cell’s ability to divide but not die, and has been
estimated using impedance measurements [78]. In contrast, the term “viability” is used
to describe that cell death has occurred and this is more effectively measured than yeast
“activity”. Due to the potential measurement inaccuracies of the Methylene blue staining
technique used in the dataset, the reported viable cell concentrations were not used in the
multi-objective optimization.

The loss in viability with cell age is probably one of the reasons why earlier stud-
ies could not rationalize the different uptake constants or ethanol-inhibition expressions
derived from continuous culture with those from batch culture [70]. Incorporating an
expression to account for viability is essential, rather than simply adopting a first order
death due to the ethanol concentration, is needed in future models. The role of temperature
in cell viability throughout a wine fermentation [79] demonstrates the nature of this decline
with time. This decline cannot be explained by a first order decay, as most models for
cell death have proposed [40,44,45,51,56,62]. In contrast, the simple expression involving
both ethanol concentration and time (indirectly a measure of cell age) originally suggested
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in [20] still provides a better description of observed cell death. The temperature function
for this decline is included in the current Boulton model.

The wine-like medium used in this study contains primarily ammonia as the nitrogen
source. In actual wines, the “assimilable nitrogen” will be a combination of nitrogen from
most amino acids, except proline, as well as that from ammonia, often in similar proportions.
All the models being compared are using this assimilable nitrogen variable. Further work
is needed to evaluate the precision to which the nitrogen uptake by different yeast strains
from different juices is described by this lumped nitrogen variable approach. The transport
of ammonia is known to differ from that of amino acids, and is under different regulatory
control than that of amino acids, especially the general acid permease, which accounts for
the uptake of most of the amino acids. One logical extension of these models would be
to consider developing two parallel uptake equations, one for ammonia nitrogen and the
other for the most preferred amino acids, based on the general acid permease or GAP [80].
Nitrogen preference among the amino acids and ammonia is known to be different [5,6,81],
as is the cell mass yield per unit of nitrogen [82–84]; however, the amino acid concentration
information that would be required to evaluate such terms in future models is considerable.
A good dataset that could be used to test such models already exists [21]. Reports covering
transport properties and gene expression in Saccharomyces cerevisiae in the presence of
different medium compositions and as a result of nitrogen depletion [85–91] demonstrate
the regulation and control of the nitrogen flux into cells, but the kinetics and modeling of
this aspect of cell growth in wine fermentations remains nonexistent.

Since the current models do not distinguish between the nitrogen sources, it might
be concluded that nitrogen uptake, while linked to the controlling metabolic flux that
determines the growth rate, is not selective, which is why their uptake and contribution
to growth rate are not related to their individual concentrations in the medium. The
use of YAN as a measure of nitrogen for nitrogen-limited growth provides a satisfactory
approximation in juice fermentation; this is to be expected, due to the limitation of cell mass
development. However the non-selective nature of this uptake points towards the transport
being coupled or synchronized to the hexose transport; it is not growth rate-limiting by
itself, as several models consider it to be [50,51,56,57,92].

Ammonium transport involves proton co-transport [93] and the transporter is thought
to also be a sensor for the external concentration [94], yet several models use cell mass
relationships that lead to unnatural cell-yield estimates, even though the nitrogen require-
ments for desirable fermentation rates are known to vary by a factor of two between wine
yeast strains [95,96]. The difference in uptake preference between juice fermentation [68],
where it is depleted quickly, to that in wort, approximately one pH unit higher, where it is
among the last [83], remains to be explained, but may be related to proton and potassium
gradients across the cell membrane, typically by a cation-swapping ATPase.

Early studies showed that either carbon- or nitrogen-limited growth could occur at
different growth rates [24], where one was a carbon source (glucose) and the other was a
nitrogen source (ammonia). The mathematical description of dual-substrate growth was
proposed by Bader in 1976 [27] using a product of the Monod-like expressions for each
substrate. In the case of wine fermentation, the dual substrates are carbon (hexoses) and
nitrogen (amino acids and ammonia). The Boulton model was modified to include such
a dual-substrate growth expression for carbon and nitrogen interaction in 1986 and as
such the first model to account for the role of assimilable nitrogen in wine fermentations.
It could be expanded as a three-term expression with one for ammonia and another for
amino nitrogen, even though the lumped YAN concentration seems to be an acceptable
approximation at this time.

The role of assimilable nitrogen is to determine how long growth can be sustained and
as a result, the final cell mass formed. This results in the maximum rate of fermentation
near the end of growth when the viable cell concentration is maximal and establishes
the fermentation rate going into the non-growing phase of fermentation, where the cell
viability and maintenance rate determine the tailing rates and extent. The assimilable
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nitrogen concentration plays no significant role in the fermentation once growth has ceased.
When the growth rate is reduced by thermal death at temperatures above 33 ◦C, there can
be a residual of unused nitrogen, and this can be seen in Figure 4. Only the Boulton model
can describe this high-temperature, incomplete fermentation outcome satisfactorily.

Yield based on carbon and nitrogen from a cellular perspective should be essentially
constant, but some modes have used cell yield as a variable property, at odds with the
knowledge of cell composition. Cell numbers and cell mass are directly proportional
to the assimilable nitrogen consumed [4]. The molar ratio of carbon to nitrogen in cells
of Saccharomyces cerevisiae is known to be 6.33 [96,97]. While several model cell mass
relationships that are based on the initial nitrogen concentration, at higher concentrations,
not all of it is taken up, leading to unnatural cell yield estimates.

It should also be noted that models describing the metabolic pathways [98–101], be-
havior of yeast population [102] and data-based models [103,104] have also been explored,
but their application to density measurements in commercial fermentation appears limited
or non-existent. Models describing the metabolic pathways or behavior of yeast popu-
lations utilize many unknown parameters and constants, making their estimation more
challenging. Additionally, modeling the internal behavior of the cell becomes irrelevant
if the transfer of substrates/products across the cell membrane is the rate-limiting step,
as it appears to be. Data-based models in which data are used in lieu of differential equa-
tions describing the process typically fail to identify abnormal fermentations and cannot
predict the response to future events that influence the dynamics of fermentations such
as temperature changes, nutrient additions, aerations, or the control of redox potential.
Simple models that describe the fermentation as a sigmoidal or Gompertz curve with
unknown parameters to adjust the shape of the curve, such as the kinetic description by
Haloui et. al. [105,106], lack a description of the underlying physical phenomena. These
models fail to describe fermentations that are not perfectly sigmoidal, as is common in
commercial wine fermentation due to temperature variations, changes in nutrient status
and other extracellular changes such as redox potential or pH. Hybrid first-principle mod-
els have also been developed [55]. Hybrid models combine features of multiple models
and/or select features of different models to use in certain conditions such as temperature,
starting sugar or initial nitrogen concentration. A significant limitation of hybrid models
is reconciling when and which model best describes the current stage of fermentation.
Additionally, many models have contradictions in their descriptions, making first-principle
interpretation of the fermentation challenging.

While most models include estimates for sugar, ethanol, nitrogen, and biomass, none
of these variables are measured as a function of time during commercial fermentation. In
practice, density is used as an indirect measurement of the consumption of sugars. To our
knowledge, the only models that include a calculation density from solution properties are
by Boulton and AWRI. The calculation of density by the AWRI model is limited in that it is
a function of only the sugar concentration. It does not account for the formation of the less
dense ethanol that is formed from the sugar nor the formation of glycerol.

None of the published models consider vitamin-limitation of growth, maintenance, or
cell viability in the fermentation medium. Unfortunately, there is a limited understanding
of the role of cell age and characteristics in the non-growing maintenance phases of wine
fermentations. Although the vitamin requirements of each yeast strain (or estimates of
them) will be needed, the three-term version of the current Boulton model that includes
the vitamin limitation term is able to describe the slow and sluggish fermentation of juices
where the vitamin pool has been modified by Botrytis cinerea or thermal treatments. It is
the only model that is capable of describing such situations now that examples of vitamin
deficiencies in the incomplete fermentations of natural juices have been reported [107].
Yeasts are considered to have a defined lifetime that is strain-dependent. This suggests a
strong genetic component related to cAMP metabolism and the accumulation of certain
rDNA molecules [11].
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The other compositional factor that has yet to be incorporated into any of these
fermentation models is dissolved oxygen. While the growth and fermentation are generally
described as being anaerobic, there are several examples in which periodic aeration or
increases in dissolved oxygen have shown a stimulatory effect, reducing the length or extent
of the fermentation [4,108–110]. These results appear to be due to changes in the redox
potential of the medium that are causing changes in either growth, non-growing activity or
cell viability [110]. The change in the redox potential due to an increase in dissolved oxygen
will depend on the iron (II) and tartaric acid concentrations of the medium and the redox
buffering of the reactive couples in the medium, in particular, that of glutathione. Most of
the increase in dissolved oxygen in juice-like media will be unreactive; the changes in redox
potential will become independent of the concentration. The limited understanding and
inability to calculate the redox potential in such a reactive mixture prevents the modification
of yeast properties and wine fermentation models in order to account for the oxygen effect.

All models used in this work rely on an incomplete description to predict the complex
biochemical process in aging cells that is influenced by many variables such as vitamin
concentrations, pH, and redox potential. Additionally, all models assume that properties of
growth, maintenance and viability are not age-related. The yeast population is known to
be a distribution of different ages, made up of cells from between four and five generations.
For future improvements to these models, the number of bud scars on each cell, or any
other observable measure of past divisions, would be an indicator of cell age and might
be expected to account for changes in the number or efficiency of transport channels or
carriers in the cell membrane.

All existing models consider cell populations to have uniform properties, a single
transport system for assimilable nitrogen, and, in most cases, a single transport system for
the sugars, without regard for the differential uptake of glucose and fructose [72,111]. This
is in the presence of knowledge of high- and low- affinity transporters, and other hexose
transporters [112–117], a general amino acid permease [80,118–120], secondary selective
amino acid transport systems [120–124] and a separate ammonium transporter [93,94].
Future models should focus on describing parallel, multiple transporter systems for hexose
sugars and nitrogen sources that have been elucidated from genetic research on yeast.

5. Conclusions

Wine fermentation is a complex biochemical process with unique features such as
highly variable initial chemistries, high ethanol, high sugar, long fermentation times and
seasonal resource constraints. The features describing alcoholic fermentations were com-
pared and discussed, and three models were evaluated using an available dataset across
temperature, initial nitrogen, and initial sugar. While all models lack a complete description,
the Boulton model appears to best describe the coupled relationships of sugar and nitrogen
consumption, ethanol production and cell death. Further work is needed to differentiate
between nitrogen sources and to quantify variations between the transport properties of
different yeast strains.
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