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Abstract: Beer production has over a thousand-year tradition, but its development in the present
continues with the introduction of new technological and technical solutions. The methods for
modeling and optimization in beer production through an applied analytical approach have been
discussed in the present paper. For this purpose, the parameters that are essential for the main
processes in beer production have been considered—development of malt blends, guaranteeing
the main brewing characteristics; obtaining wort through the processes of mashing, lautering and
boiling of wort; fermentation and maturation of beer. Data on the mathematical dependences used
to describe the different stages of beer production (one-factor experiments, modeling of mixtures,
experiment planning, description of the kinetics of microbial growth, etc.) and their limits have been
presented, and specific research results of various authors teams working in this field have been cited.
The independent variables as well as the objective functions for each stage have been defined. Some
new trends in the field of beer production have been considered and possible approaches for their
modeling and optimization have been highlighted. The paper suggests a generalized approach to
describe the main methods of modeling and optimization, which does not depend on the beer type
produced. The proposed approaches can be used to model and optimize the production of different
beer types, and the conditions for their application should be consistent with the technological
regimes used in each case. The approaches for modeling and optimization of the individual processes
have been supported by mathematical dependencies most typical for these stages. Depending on the
specific regimes and objectives of the study, these dependencies can be adapted and/or combined
into more general mathematical models. Some new trends in the field of beer production have been
considered and possible approaches for their modeling and optimization have been highlighted.

Keywords: modeling; optimization; beer; general approach

1. Introduction

Beer production dates back centuries and although its technology has been known
for many years, there are still a number of tasks that can be performed in scientific and
practical terms [1–14]. In recent years, the beverage market has seen a boom in craft beer
production. Craft breweries provide the production of a number of new assortments of beer,
while large brewers rely on established beer brands and styles. In addition, the tendency is
for the consumer to be offered a set of beverage indicators, which, in addition to quenching
the thirst, also offer a certain set of functional benefits for human health. This in turn leads
to the desire of producers to optimize the brewing process in such a way as to ensure the
quality of the beverage in every aspect [15–22].

Beer production is a complex technological process that combines physical, chemical
and biological (microbiological and biochemical) processes. The appropriate choice of
parameters at each stage of production guarantees the required quality and the possibility
to manage the process in the most correct way. The set of processes itself can be modeled
and optimized through different approaches, which in turn leads to difficulties in decision

Processes 2022, 10, 267. https://doi.org/10.3390/pr10020267 https://www.mdpi.com/journal/processes

https://doi.org/10.3390/pr10020267
https://doi.org/10.3390/pr10020267
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-4492-5094
https://orcid.org/0000-0001-9727-235X
https://orcid.org/0000-0003-4661-0421
https://doi.org/10.3390/pr10020267
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr10020267?type=check_update&version=1


Processes 2022, 10, 267 2 of 24

making [23,24]. Brewing can be divided into three major technological stages: wort ob-
taining; alcoholic fermentation and maturation; stabilization and processing of the beer.
Each of these stages contains a number of technological operations, often with intertwining
parameters that affect to varying degrees the quality of the finished drink. An operational
scheme for the production of beer is presented in Figure 1, and the main parameters that
have been subjected to modeling, optimization, control and management are given in
Table 1.
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Table 1. Parameters for modeling and optimization of some basic processes in beer production.

No. Process Process Parameters Method for Modeling Target Functions

1 Modeling of the malt
mixture

Proportions of
malted/unmalted raw

materials

Simplex methods for
modeling and

optimizing mixtures

i. Yield of extract
ii. Phenolic capacity
iii. Antioxidant activity
iv. Wort color
v. Other wort parameters

2 Milling Degree of milling Empirical Particle size of the grounded malt

3 Mashing
Mashing method

Time—temperature mode
of mashing

Empirical for the choice
of a mashing method

One-factor experiments
Design of experiment

Enzyme reaction
kinetics

i. Yield of extract
ii. Yield of fermentable sugars
iii. Phenolic capacity
iv. Antioxidant activity
v. Other wort parameters

4 Lautering

Mash viscosity
Lautering temperature

Lautering time
Lautering pressure

Filtration cake height (for
lautering tuns)

Single-factor
experiments

Design of experiment
to optimize the
mashing mode

i. Mash viscosity
ii. Lautering time

5 Wort boiling

Volatility
Heat exchange surface

Stirring/boiling intensity
Wort boiling time

Hopping time
Amount of extracted hop

bitters

Single-factor
experiments

Simplex methods for
modeling and

optimization of
mixtures in hopping

i. Volatility
ii. DMS volatility
iii. Hopping
iv. Boiling intensity

6 Beer fermentation and
maturation

Temperature
Time

Alcohol
Wort extract

Metabolites—esters, higher
alcohols, vicinal diketones,

aldehydes

Single factror
experiments for

temperature
determination

Process kinetics

i. Temperature
ii. Time of fermentation and

maturation
iii. Yeild coefficients for esters,

aldehydes, vicinal dike-
tones, higher alcohos, alco-
hol

iv. Specific growth rate for
biomass

The purpose of the present paper is to present some of the most important methods
for mathematical modeling and optimization of some of the most important processes in
beer production through the so-called generalized approach. This approach will enable
researchers in the field of beer and wort-based beverage production to identify the most
important models they can apply in the process of developing new technologies. We
believe that this publication will contribute to a better understanding of the need to apply
a scientific approach to the development of new beer assortments, especially with the entry
of craft breweries on the global beer market.

We also hope to fill in some gaps in the modeling and optimization of the beer
production process that are found in publications examining this process. Very often these
gaps are related to the application of only one method of modeling and optimization,
without looking for opportunities to combine approaches in order to better understand
the research process. Last but not least, it should be noted that this approach allows the
models to be applied to a wide variety of brewing assortments, as it is known that there are
different beer styles worldwide.

Some new trends in the modeling and optimization of beer production processes have
been considered at the end of the paper. They are related to the processes of dry hopping
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and the modeling of the fermentation process with analytical dependences. Although
these processes are well known, there is still a lack of solid scientific basis on which to
make relevant discussions and summaries. Some possibilities for obtaining drinks with a
functional effect have also been commented. Such research is increasingly beginning to
appear in the scientific literature, but not enough experience has yet been gained to be the
subject of analysis and inclusion in the discussion of the current research in this field.

2. Modeling, Optimization and Control of Processes in Obtaining Wort
2.1. Modeling of the Malt Mixture

The production of different types of beer and wort-based beverages is based on a
combination of different malt types. From a practical point of view, malts can be divided
into three main groups—basic malts, special malts and functional malts.

The basic malt types are those malt types that provide the main amount of extract in
the wort. They are characterized by significant starch content, which provides high yield of
extract and fermentable sugars in the wort. This malt group usually includes light malt
types, as well as some malts with a higher degree of kilning. Special malts are malts that
provide certain color, taste and aroma in the mixture, but do not contribute significantly
to the amount of wort extract. These malts have usually undergone special germination
and a higher degree of heat treatment. In many cases, they undergo additional roasting.
Functional malt types usually provide some function in the wort—pH adjustment, smoking
of the wort and others [11].

The question of how to combine malts is crucial. Usually malts are combined based
on the experience of the brewer or adjustments are made in already known malt blends.
From a scientific point of view, however, the question of how to combine malts is a little
different. One must approach it purely in practical terms, namely what beer one aims to
obtain, on the one hand, but on the other hand—in purely scientific terms—what exact
target functions for optimization to choose.

When modeling mixtures, the proportions of the various components in the mixture
are chosen as independent factors and their influence on one or several target functions
is studied. The total amount of all components in the mixture gives 100%, i.e., the whole
amount of malt meal. In this case, various methods are possible to study the influence of the
individual components in the mixture. Various parameters can be set as target functions at
this point—extract yield, wort color, antioxidant capacity, content of phenolic compounds,
diastatic strength and others [11]. It is important to note that the target function depends
only on the proportion of the individual component in the mixture and not on the amount
of the mixture. The amount of the mixture can be the subject of further research [25,26].

A. Simplex-Lattice designs [25,26].
In this modeling method, a lattice of the form {q, m} is constructed, where q is the

number of components of the mixture, and the coordinates of the experimental points
are defined as follows: the proportion of the individual component occupies m + 1 equal
intervals from 0 to 1, i.e.,:

xi = 0, 1/m, 2/m, . . . , 1 зa i = 1, 2, 3, . . . , q (1)

thus describing all possible combinations in the mixture. Through this plan, all points
except the central one are located on the boundaries of the simplex. Figure 2a shows a
schematic diagram of a simplex lattice for a three-component mixture.
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As a result of the implementation of the simplex-lattice with respect to the objective
function, the so-called canonical equations, which have the following form, are obtained:

Linear E(Y) =
q

∑
i=1

βixi (2)

Quadratic E(Y) =
q

∑
i=1

βixi +
q

∑
i=1

q

∑
i<j

βijxixj (3)

Cubic E(Y) =
q

∑
i=1

βixi +
q

∑
i=1

q

∑
i<j

βijxixj +
q

∑
i=1

q

∑
i<j

δijxixj(xi − xj) (4)

B. Simplex-Centroid designs [25,26].
In this method, a plan for the experiment with 2q − 1 number of samples, where q is

the number of components of the mixture, is developed. The points in the plan correspond
to q permutations (1, 0, 0, . . . 0) or q single components of the mixture, q/2 permutations in
(0.5, 0.5, 0, . . . ,) or all two-component mixtures, q/3 permutations (1/3, 1/3, 1/3, 0, . . . ,
0) etc. to the end, depending on q. The implementation of the plan leads to obtaining a
canonical equation of the type:

E(Y) =
q

∑
i=1

βixi +
q

∑
i=1

q

∑
i<j

βijxixj +
q

∑
k=1

q

∑
i<k

q

∑
i<j

βijkxixjxk + . . . + β12...qxixj . . . xq (5)

Figure 2b shows a schematic diagram of the simplex lattice for the centroid plan.
Both of the presented mixture modeling plans are constructed in a specific way so

that the points are located along the simplex boundaries with the exception of the common
centroid [25,26].

From the point of view of brewing technology, these two plans can be useful in the
modeling of malt blends, as the number of components does not exceed 4 and for some of
the components there are no restrictions on the proportions of the component. In general,
the optimization of the malt mixture is not an easy task, as not only target functions with a
clear numerical meaning (extract, phenolic content, antioxidant capacity, color, etc.) should
be included, but also those that do not have a numerical expression. Such functions are the
organoleptic description of the wort obtained from the mixture. They are usually the result
of the processes selected for wort production and therefore it is difficult to influence them
at this stage.

C. Constrained mixture designs [25,26].
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In some cases, it is necessary to impose restrictions on the amount of a component. In
this case, it is possible to use a plan of the experiment with the introduction of constraints
(Figure 2c). These constraints can be in both the upper and lower limits of the component.
Mathematically, this is expressed by the following form—Li ≤ xi ≤ Ui, i = 1, 2, . . . , q, where
Li is the lower limit for the i-th component and Ui is the upper limit for the i-th component.

x1 + x2 + . . . + xq = 1
Li ≤ xi ≤ Ui f or i = 1, 2, . . . , q

Li ≥ 0 and Ui ≤ 1
(6)

This general type of the equations allows the introduction of constraints from both the
bottom and the top. In the general case, the constraint plan is again a simplex, so for easier
work it is possible to introduce a new simplex with coordinates of the points, which are
calculated according to the following rule:

x∗i = xi−L1
1−L

where : L =
q
∑

i=1
Li < 1

(7)

This simplification allows the use of the already described two methods for modeling
in confined space.

From the point of view of modeling the composition of the malt mixture, the con-
strained method is suitable for the use of some special malts, whose proportions in the
mixture are relatively small (in this case we mean mainly roasted malts with color above
5000 EBC units). Usually these malts participate in the total blend by no more than 2–3%
and aim to give some specific characteristics—color, taste and aroma. From this point of
view, it is recommended that these malts do not participate in the formation of the mixture,
and their influence to be studied by classical single-factor experiments after modeling
the mixture by one of two main methods—Simplex-Centroid designs or Simplex-Lattice
designs [11].

The constrained method and its modification (through so-called pseudo-components)
can be used to model the participation of non-malted raw materials in the mixture. The use
of non-malted raw materials leads to a reduction in the price of the final product and is
rather typical for industrial beer production. However, craft breweries use a number of
non-traditional raw materials that do not always undergo malting. Usually the amount
of unmalted raw materials is limited by the available enzyme systems in malts and the
ability to conduct quality and complete mashing process. However, Constrained mixture
designs are suitable for modeling the content of unmalted raw materials as their amount
can theoretically reach up to 50% of the total amount of raw material [28–30].

2.2. Modeling and Optimization of the Malt Milling Processes

When milling malt and unmalted raw materials, the components of the endosperm
are released from the husk, favorable conditions for the mashing processes and obtaining
the maximum extract amount are created [1–3]. The choice of method for milling malt and
unmalted raw materials depends on the chosen method for lautering of the mash. In one
case, when using classical lautering tun, roller mills are used, in which one of the purposes
of milling is to preserve the integrity of the husk. In the other case, when using mash-
filters, hammer mills are used, which allow fine milling of the raw material. Preserving the
integrity of the husk has led to the development of four groups of milling methods—dry,
wet, dry milling with conditioning and wet milling with conditioning [1–3,23].

Here the modeling and optimization of the process are related to the knowledge
of the physical nature of the milling, on the one hand, and the biological nature of the
mashing process that follows, on the other hand. Fine milling of the grain raw materials is
necessary from the point of view of fast and complete extraction of the extractive substances.
Fine milling is not always appropriate, given that malt grains are not homogeneous, but
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are composed of different parts that have different effects on the wort composition and
properties. In practice, the so-called “optimal degree of milling” is used, which gives the
ratio between the individual fractions of the malt meal. This degree is usually determined by
empirical dependencies, as it depends on many non-numerical factors. Another important
feature in the modeling of the milling process is the fact that different raw materials
are ground to different degrees. In general, malted raw materials are ground “coarser”,
while non-malted raw materials are ground “finer” due to the low amount of enzyme
systems [1,23].

Another important condition for the milling process is the different physicochemical
composition of the different parts of the grain. Usually the scales, due to the high content
of phenolic compounds, should not be finely digested, while the endosperm has different
structure and needs different treatment. All these differences define this rather empirical
approach to modeling the milling process [1,3,23].

The mixing of malt meal with water and the subsequent saccharification of the malt
mash are the main stage in which the qualitative and quantitative profile of the wort is
formed. In these two stages, called mashing for short, enzymatic hydrolysis of biopolymers
takes place, and its degree and the quality of the resulting wort are controlled by the
so-called time-temperature pauses. As a result, the soluble substances present in the malt
pass into the wort, and the available high molecular weight substances pass into soluble
form and are dissolved in the wort mainly through enzymatic reactions [1–3,23].

2.3. Modeling and Optimization of the Mashing Process

The modeling process here begins with the choice of a mashing mode. The mashing
methods are divided into three groups—infusion methods, decoction methods and com-
bined methods. Usually the choice of a mashing mode is made depending on indicators
such as quality of the raw materials, the style of the beer produced, and the available
technological equipment. In recent years, due to the improvement of the quality of the
produced raw materials and/or the use of enzyme preparations, the infusion method has
become very popular in beer production technology. Infusion methods are characterized
by the fact that the whole mash is saccharificated simultaneously at a temperature of
60–72◦ C, while in the decoction methods the individual parts of the mash (1/3–1/2) are
saccharificated, then boiled and added to the main amount (1/2–2/3) [1–3].

After selecting the mashing mode, one proceeds to its optimization. Here the process
includes both conducting single-factor experiments and modeling with the help of design
of experiments. The choice of approach largely depends on the objectives of the study.

The use of single-factor experiments usually involves studying the factors time or
temperature of a given pause, while fixing a constant level of a given parameter. When
studying the influence of the mashing time, the temperature of the mash is fixed at a
constant level. Usually the choice of the temperature level corresponds to the known data
on the optimum temperature of the given enzyme system, the influence of which one
determines (Table 2) [31]. In this case, the target function is the product of the enzymatic
reaction one is studying. This type of experiment is usually aimed at determining the
optimal duration of the respective pause. This approach is largely appropriate for both
laboratory and industrial practice. Usually some of the pauses are selected and the rest are
fixed at an appropriate level.
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Table 2. Optimum of action of enzyme systems in malt [31].

Enzymes Optimum Substrate Product

Group Representative Т, ◦C рН - -

Cytolytic

β-glucan solubilase 62–65 6.8 bound β-glucan soluble high molecular
weight β-glucan

endo-1,3-β-
glucanase below 60 4.6

soluble high
molecular weight

β-glucan

low molecular weight
β-glucan, cellobiosis,

laminaribiosis

endo-1,4-β-
glucanase 40–45 4.5–4.8

soluble high
molecular weight

β-glucan

low molecular weight
β-glucan, cellobiosis,

laminaribiosis

exo-β-glucanase below 40 4.5 cellobiosis,
laminaribiosis glucose

Proteolytic

endopeptidases 45–50 3.9–5.5 proteins peptides, free amino acids

carboxypeptidases 50 4.6–4.8 proteins, peptides free amino acids

aminopeptidases 45 7.0–7.2 proteins, peptides free amino acids

dipeptidase 45 8.8 dipeptides free amino acids

Amylolytic
α-amylase 65–75 5.6–5.8 starch melagosacch

aridesoligosaccharides

β-amylase 60–65 5.4–5.6 starch maltose

Others

maltase 35–40 6.0 maltose glucose

pullulanase 55–65 5.1 limit dextrin dextrin

lipase 55–65 6.8–7.0 lipids, lipid
hydroxyperoxide

glycerin and long-chain
fatty acids, fatty acids

lipoxygenase 45–55 6.5–7.0 long-chain fatty
acids fatty acids

polyphenol
oxidase 60–65 6.5–7.0 polyphenol oxidized polyphenols

phosphatase 50–53 5.0 organic phosphate inorganic phosphate

Similar practice was applied by Ivanov еt al. 2016 in the optimization of the mashing
regime in the production of low-alcohol and non-alcoholic beer. In this case, the optimiza-
tion of the regime was carried out by eliminating the pause at 63 ◦C, varying the duration
of the pauses at 50 ◦C and 77 ◦C and the effect of the pause on the yield of extract and the
content of fermentable sugars in wort was determined [32].

Montanari et al., 2005 applied a similar approach (single-factor experiments) to study
the effect of two methods—double decoction mashing method and combined mashing
method—on the characteristics of the resulting wort. In this case, the optimization pa-
rameters were the wort composition and the extract yield. It was found that the choice of
mashing method does not affect the final product, but had a significant effect on the com-
position of the wort fermentable extract. The authors found that changes in the qualitative
and quantitative composition of the fermentable extract of the wort, as well as in the quality
of the final product can be achieved through modifications in the mashing method [33].

Tschoeke et al., 2019 expanded the possibilities for optimizing the mashing process
by using experiment design of the type 34. In this experiment the independent variables
were—pH of the mash, temperature, hydro-module (dilution of the mash) and particle size
distribution of the malt meal. The reaction kinetics of action of the two main amylases of
the amylase complex—α-amylase and β-amylase, as well as the amount of accumulated
sugars in the wort were used as a target function. The authors found that a significant factor
for the accumulation of fermentable sugars in wort was the used hydro-module (dilution
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of the malt slurry). It has also been found that dilution was important in combination
with other factors studied and that the particle size distribution of malt meal had a certain
significance on the yield of sugars, but this effect was smaller than the effect of dilution.
The authors confirmed the fact that the particle size distribution was crucial for the process
of draining of the malt slurry in the next technological stage [34].

In the study presented by Tschoeke et al., 2019, it was of interest to determine the
influence of individual factors on the kinetics of the enzymatic reactions occurring in malt.
Determining the enzyme kinetics is a method for optimizing the mashing process, through
which the desired results can be most easily achieved. Enzymatic hydrolysis of starch takes
place in three phases. Gelatinization of starch is not an instantaneous process and depends
on the temperature, time and size of the starch grains. It is described by first-order kinetic
equations [35–37]:

rg = Kg[SS]

Kg = kg exp
(
− Eg

RT

) (8)

where: rg—rate of gelatinization of starch, g/(kg·s); [SS]—concentration of ungelatinized
starch, g/kg; R—universal gas constant, J/(mol·K); T—temperature, K; Eg—activation
energy, J/mol; Kg—rate constant; kg—kinetic factor, U/(kg·s).

The data of Brandam et al., 2003 showed that Equation (8) was a continuous function
in the range of the optimal action of β-amylase—60–63 ◦C [35]. The main reason for this
is the inhomogeneous distribution of starch in the grain structure, which also determines
differences in the rate of the enzymatic reaction. The more important conclusion from
Equation (8) is the fact that the temperature of the process is the most important factor for
the rate of the enzymatic reaction [35–37].

The second stage of the process is the enzymatic hydrolysis of starch under the
action of the amylase complex. According to Table 2 this process is strictly dependent
on the temperature, and the pauses should be established at the temperatures at which
the corresponding enzyme has maximum activity. The duration of the corresponding
pause usually does not exceed 60–90 min, as most often after this time the enzymatic
activity begins to decrease. These two effects—enzymatic activation and loss of activity are
described by the following equations [35]:

rac = kde exp
[
−Ede

RT

]
[E]αS(T)rde = kde exp

[
−Ede

RT

]
[E] (9)

where: rac—total rate of the enzymatic reaction, U/(kg·s); rde—rate of inactivation of the
enzyme complex, U/(kg·s); kde—pre-exponential constant for enzyme inactivation, s−1;
Ede—activation energy in the inactivation of the enzyme systems, J/mol; R—universal gas
constant, J/(mol·K); T—temperature, K; [E]—total enzyme activity in the mash, U/kg;
αS(T)—relative specific enzyme activity, -;

Brandam et al., 2003 showed that the relative activity of the corresponding enzyme can
be described by a fourth-degree polynomial with respect to the corresponding temperature.
Model (9) has been validated for the process of enzymatic hydrolysis of starch, and data on
the kinetic parameters for the accumulation of fermentable sugars and non-fermentable
dextrin during mashing can be found in the publication [35]. It should be noted that
the kinetic parameters that are identified in laboratory conditions can be transferred to
industrial volumes, but it is necessary to validate the model to the new conditions. One of
the reasons is that in larger volumes the enzyme systems work longer than those established
in laboratory conditions [33–35].

Tschoeke et al., 2019 suggested that the mashing process be described by first-order
chemical reaction kinetics, and based on the known dependencies for this type of kinetics,
it is established that the starch concentration during mashing should decrease exponen-
tially [34]:

CA = CA0e−kτ (10)
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where: CA—starch concentration; CA0—initial starch concentration; k—kinetic constant;
τ—mashing time.

Based on the description of kinetics as a first-order chemical reaction, the concentration
of sugars in the wort should be described by the equation:

Cg = qCA0

(
1− e−kτ

)
(11)

where: q—stoichiometric coefficient; Cg—concentration of sugars.
Tschoeke et al., 2019 suggested a linear dependence of the rate of starch hydrolysis

on the process parameters—temperature, pH, particle size distribution and dilution of the
mash. Consequently, an equation for the formation of the extract, which includes the linear
dependence and the kinetic constants of the process was proposed [34]:

qCA0 = aT + bpH + cGr + dDi + e (12)

Brix(τ) = (aT + bpH + cGr + dDi + e)
[
1− k0e(

−Ea
RT )τ

]
(13)

where: a, Brix/K; b, Brix; c, Brix/mm; d, Brix/% w; e, Brix—coefficients in the regression
equation; T—process temperature, K; pH—active acidity of the medium; Gr—particle size
distribution, mm; Di—dilution, %; K0—kinetic constant, min−1; Ea—activation energy,
J/mol; R—universal gas constant, J/K·mol.

The authors showed that according to this kinetic model, the most important parameter
on which the wort extract depends is the dilution (hydro-module) of the mash. It was
found that the highest concentration of sugars in wort was achieved in diluted mash. It
should also be noted that since a planned experiment was used to model the process, it
was found that the combined effects of the studied factors were important for the wort
composition. The developed model allows various researchers and breweries to determine
the importance of individual factors so as to obtain the optimal composition of the wort. The
data also showed certain importance of the particle size distribution, which should be taken
into account during the lautering of the mash in the next technological stage [34,38–40].

As a result of the conducted statistical analyzes it was established that there is an
optimal interval of action of the enzyme systems. The highest activity and therefore yield
of extract was observed at temperatures of 60–70 ◦C and pH between 4.8 and 6.2. The two
intervals coincided with the optimums of action of the malt amylase complex. In addition,
it has been found that maximum extract yield was observed at lower pH in diluted slurries
obtained with finer ground malt [34].

From the point of view of the control of the mashing process, it is necessary to expand
the models with models that take into account the dynamics of change of certain parameters
and, above all, the process temperature. A similar approach has been applied by [41], who
proposed balance equations for temperature change, as a function not only of the process
but also of the equipment used. The model consisted of two parts—the kinetic model (8),
developed by Brandam et al. 2003 [35] and balance equations for temperature change.
The result was a system of equations that is applied to object-oriented control of the
mashing process.

Viader et al., 2021 applied a one-factor study and modification of the time-temperature
mode of mashing in order to improve the action of the malt amylase complex [42]. As a
result of the study, it was proposed to optimize the mashing mode by reducing the total
process time by 20 minutes. This was achieved by including pauses at lower temperatures,
which activated both enzymes. The proposed optimization did not negatively affect
the parameters of the wort and the beer obtained from it: the stability of the foam, the
composition of the sugars in the wort and the concentration of ethanol [42].

In [33] the influence of two different mashing methods was studied—decoction
(method A) and combined mashing method (method B). A mixture of malt and corn
was used in the study (the article did not mention the specific ratio of the two raw materials
in the blend). The influence of both methods on the analytical and economic parameters
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(yield of extract, beer quality and energy costs) of the obtained wort was studied. The
authors proved that in terms of quality parameters, both methods led to similar wort
conditions. Significant changes were observed in the economic parameters of the mashing
process. Method B provided higher yield of extract within 33 min, reduced energy con-
sumption by 20%. It has also been found that the amount of sugars increased by 5.3 g/dm3,
which led to an increase in the alcohol by 0.25% v/v [33].

2.4. Lautering Process Modeling and Optimization

The mash separation into its two main phases is achieved by keeping the brewers’
spent grains on a porous barrier—sieve or semi-permeable fabric, depending on the chosen
design of the apparatus. The mash is characterized by a high concentration of solid phase,
which when retained on the barrier stratifies depending on the relative density of the
particles. In this way, a permeable additional filtration bed is formed, through which the
wort and then the sparging water are filtered. In the lautering process, the pores of the
additional filtration bed become clogged, which requires it to be degreased periodically.
The process takes place in two stages: wort draining, which is completely subjected to the
laws of hydrodynamics, and brewers spent grains washing, a process completely subjected
to the laws of mass transfer [1–3].

The lautering process is described by Poiseuille’s law (13), written in a modified form
known as the Darcy equation [1–3,23]:

Q =
πpr4tsz

8ηl
(14)

where: Q—volume of the filtered liquid for time t through the surface s, m3; p—pressure
difference on both sides of the filter barrier, Pa; r—average radius of one capillary, m;
s—filtration surface, m2; z—number of capillaries in 1 m2; η—dynamic viscosity, Pa·s;
l—average length of one capillary, m.

The law of lautering itself shows which factors have the strongest influence on the
filtration process [1–3,23]. The first factors are the structure and the thickness of the filtration
bed. These two parameters are of major importance in classical filter apparatuses. The
optimization is primarily related to changes in the method and mode of milling. Coarse
milling provides a loose and highly permeable layer, but the resulting wort is cloudy, and
often with incomplete enzymatic processes in the mashing phase. Fine milling is favorable
for the extraction of the extract, but makes it difficult to filter due to the formation of a
dense bed with small capillaries, which are quickly clogged by fine particles. The filtration
rate is determined by the number and size of capillaries. All other things being equal,
the capillaries are longer with a thick filtration bed, which leads to deterioration of the
filtration rate. The diffusion of the extractives from the particles takes place simultaneously
with the mash draining. Efficient extraction and high yield of extractives is obtained by
using small particles in which the path taken by the substances is minimized. The fine
particles also provide a high surface/diameter ratio, which accelerates diffusion. This
process is also accelerated by the increase in temperature, but due to the requirement for
mash viscosity, the temperature cannot exceed 78 ◦C. The existence of a connection between
the hydrodynamic lautering process and the diffusion of extractives suggests a compromise
in the milling degree and the specific load on the filtration surface [1–3,23].

Poiseuille’s law shows significant influence of the malt slurry viscosity, which is highly
dependent on the process temperature. The high slurry temperature reduces the liquid
phase viscosity and, therefore, increases the filtration rate. However, excessive temperature
rise is not beneficial to the process. The reason for this is the saccharification of the
undissolved starch and the increase in the liquid viscosity. Since α-amylase is inactivated
at temperatures above 80 ◦C, the resulting adhesive sharply reduces the filtration rate. For
this reason, the lautering temperature of the slurry is kept in the range of 75–78 ◦C [1–3,23].
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It is worth noting that very often the lautering process is part of the research on the
mashing process. This is due to the fact that the mash viscosity (Table 1) can also be a target
function of optimizing the mashing mode.

2.5. Modeling and Optimization of the Process of Boiling of Wort with Hops

Wort boiling is one of the main processes in beer production. Over the years and
the introduction of new technologies, this process has developed significantly, and the
purposes of boiling can be summarized as follows: [1,43–47]: Inactivation of enzymes;
Sterilization of wort; Extraction and isomerization of hop substances; Coalgulation of
proteins in wort; Formation of proteins/polyphenolic complexes; Formation of aromatic
and color complexes; Formation of reducing components, giving the wort oxidation-
reduction potential, which at a later stage protects the wort from oxidation processes; pH
decreasing; Wort concentration by water evaporation; Evaporation of volatile components
formed in the wort during mashing; Evaporation of volatile components added together
with hops.

2.5.1. Modeling and Optimization of the Boiling Process from a Technical Point of View

From a technical point of view, the most important element to be modeled is energy
consumption. The energy used in the form of water vapor to concentrate the wort should
be minimized by taking a number of technical decisions. The process of wort boiling is
extremely energy-intensive, and depending on the design of the brewing system used, the
energy used varies from 24 MJ/hl to 54 MJ/hl. However, the technical decisions taken must
not affect the quality of the wort obtained at the end of the boiling. It is known that the rate
of chemical reactions occurring in wort increases with increasing the boiling temperature.
It was found that brewing at low pressure and a temperature of about 104–110 ◦C does not
significantly reduce the time for wort processing. Boiling regimes in the temperature range
of 118–140 ◦C significantly reduce the boiling time, but this is mainly related to the increase
in energy consumption for wort boiling [1,43–46].

From a technical point of view, the modeling of the boiling process involves the
development of new constructions of the apparatus or the optimization of the existing
constructions. The following approaches are applied here: change of the kettle material,
study of the heat exchange process in the kettle, application of computational fluid dynamic
(CFD) methods for modeling the wort flow inside the apparatus. Typically, the optimization
process involves modeling the heat transfer rate, which is described using the Fourier
equation when changing the parameters of the apparatus [1,48–50]:

q =
Ka AT

X
(15)

where: q—heat transfer rate; Ka—coefficient of thermal conductivity of the material; A—the
cross section along which the heat exchange takes place; ∆T—the average temperature
difference between steam and heated liquid; X—wall thickness.

However, empirical dependencies were rather required in the modeling process,
both due to the complexity of the process and due to the accumulation of heat in the
heating surfaces. The beginning of the process of wort boiling leads to a change in its
thermophysical parameters and especially its density. A fine film of water vapors is formed
on the heating surface in the period of intense boiling, which reduces the efficiency of heat
transfer. This effect is most significant in systems with an internal heating body, due to the
fact that it reduces the intensity of wort stirring [1,48,51].

2.5.2. Modeling and Optimization of the Boiling Process from a Technological Point
of View

From a technological point of view, the optimization of the boiling process is related to
the selection of the boiling mode so as to ensure the process objectives to a maximum degree.



Processes 2022, 10, 267 13 of 24

Since the process is temperature dependent, it can be expected that the changes in the
boiling temperature are the ones that have the most significant impact on the boiling quality.

The increase in the boiling temperature, respectively the wort pressure, leads to
acceleration of the processes of wort formation, isomerization of α-acids, color compounds
formation, DMS evaporation process acceleration, etc. This shows that boiling at high
temperatures can reduce energy costs. On the other hand, the accelerated wort boiling
disrupts the finished beer foaming. It can be said that increasing the boiling temperature
with every 4 ◦C halves the boiling time. However, the different processes taking place
in the wort are characterized by different temperature coefficients and therefore the rates
at which they take place differ significantly. In conclusion, it can be said that boiling at
atmospheric pressure gives satisfactory results in terms of wort quality [1].

In their work, Scheuren et al., 2016 considered a possible technological approach to
optimize the boiling process [52]. This approach involved changes in the individual boiling
phases through changes in the rate of the pump (used for wort recirculation) and the rate
of evaporation in order to achieve flash evaporation. The second optimization tool even
enhanced this combination with mechanical improvement. In this way, a reduction in the
wort boiling energy can be achieved. In this case, research was aimed at improving the
volatility of dimethyl sulfite (DMS). Here the study aims to compare two boiling methods—
flash boiling and classical boiling. The authors cited data that in terms of total evaporation,
classical boiling of the entire volume was preferable, while flash boiling improved DMS
volatility. To prove the claim and optimize the boiling process, it was divided into two
phases [52]:

• Phase 1 enhances the advantage of flash evaporation which is an improved DMS
conversion due to higher temperatures. This is done by reducing the pump around
velocity of wort through the boiler at a constant evaporation rate. The wort pumped
through the boiler and treated at higher temperatures shows a strongly reduced
content of DMS precursor (DMSP) when leaving the boiler and entering the kettle.

• Phase 2 is meant to even up the flash evaporation’s disadvantage which is the worse
DMS evaporation. For this purpose the temperature difference of the flash evaporation
(difference of wort temperature within boiler and within kettle) of the superheated
wort has to be reduced. The reduction is realized by increasing the pump around
velocity of wort through the boiler while the evaporation rate is kept constant.

Since the process of formation and evaporation of DMS is time-dependent, the follow-
ing model has been proposed to optimize it (two models are presented—for flash boiling
and for classical boiling in the whole volume):

dxi
dt

= −
.

D
L0

(ωiKixi − xi − ci,0) + ni,g (16)

dxi
dt

= −
.

D
L0

(Kixi − xi − ci,0) + kci,0e−kt (17)

where: dxi—concentration of the i-th aromatic component (in this case DMS); D—ratio
of circulation rate/degree of evaporation; L0—wort volume; ωi—correction coefficient
for flash evaporation; Ki—volatility; ci,0—precursor concentration in the liquid phase;
ni,g—amount of DMS formed.

Through the presented Equations (16) and (17) the authors showed that it is possible
to optimize the technological process of evaporation through some technical changes in the
evaporation rate [52].

The quest for the ultimate boiling technology is not yet complete. Over the last
decade brewing technology has advanced considerably to achieve more efficient use of
energy. Further research has to be made to increase this efficiency, without forgetting to
improve beer quality, which still remains a major concern to the brewer. Microbiological
and colloidal stability of beer are already largely under control, but flavor stability and the
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effect of process parameters on this stability remain a heavily investigated challenge. A
lot of effort has to be made by the brewer to keep the quality of his beer undisputed and
a modern boiling kettle can help him to achieve this. Manufacturers respond to this by
offering innovative boiling technology, but they must never forget the basic engineering
principle: keep it simple [53].

In terms of technology, the achievement of the necessary parameters of wort after
boiling can be done by solving some purely technical issues. Figure 3 presents a generally
accepted scheme of a boiling system with energy recovery [54].
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Wort preheating before the boiling machine preserves the high-molecular protein
substances that are involved in foam formation. In addition, the thermal stress on the wort
is reduced, which improves the taste stability of the resulting beer. The DMS concentration
in the final product decreases with wort pre-boiling during its removal from the boiling
machine. This is achieved with a small heat exchanger. The use of Jetstar technology
improves the stirring process in the boiling machine, and from there the wort temperature
profile in the whole machine improves as well. Homogeneous temperature distribution
leads to acceleration of the temperature-dependent boiling processes and reduction of their
time [54].

2.5.3. Kinetics of the Wort Hopping Process

The use of hops (Humulus lupulus) is one of the important processes for the formation
of the beer bitter taste and aroma. The amount of hops used in wort is defined by the
alpha-bitter acids, hop essential oil and the amount of polyphenols extracted. Alpha-acids
are the dominant class of compounds in hops and represent about 10% of the hops dry
matter. A total 98% of the hops alpha-acids are formed from cohumulone, n-humulone,
and adhumulone and only 2% are from posthumulone, prehumulone and adprehumulone.
Iso-alpha-acids are isomeric forms of humolone, with 70% of the transformation taking
place during wort boiling. It is the isoforms that are responsible for the beer bitter taste
and the process of beer foaming. Beer bitterness depends on the degree of isomerization of
humolone during brewing [55–57].

The main point in modeling the hopping process is the knowledge of the kinetics
of extraction, isomerization and degradation of hop bitterness. Since these processes are
temperature dependent, their description is important for understanding the hopping
process. Iso-alpha-acids are known to hydrolyze or convert to humulin acids and other
undesirable compounds. It is believed that the formation of iso-alpha-acids is not equivalent
to the loss of alpha-acids, especially at the beginning of the wort boiling. Iso-alpha-acid
losses become more significant with prolonged heating times [55,58].
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For acquiring knowledge of the processes occurring during hopping Huang et. al.
2013 proposed the following kinetic model for studying the processes of isomerization and
degradation of iso-alpha-bitter acids [55]. The model reflects the influence of temperature
and boiling time on the amount of iso-alpha-bitter acids [55]:

υ = −d(Ciso)

dt
= kCn

iso (18)

Huang et al. 2013 suggested that the kinetics of the process of degradation of iso-
alpha-acids depends on the temperature and the pH of the process [55]. It has been found
that this process can be described by first-order chemical kinetics equations.

3. Modeling and Optimization of the Processes of Main Fermentation, Additional
Fermentation and Maturation of Beer

The wort obtained in the previous technological stages is cooled to the fermentation
temperature and used for beer production. The taste and aroma profile of the drink, which
everyone knows, is formed during the processes of main fermentation and maturation. The
fermentation process is biochemical, performed by different types of yeast, that transform the
wort into finished beer with certain qualitative and quantitative composition [1–3,23,59,60].

The formation of a quality product in organoleptic terms requires knowledge of
the fermentation process, which is decisive for the quality of the final product. On the
other hand, the current stage of technology requires an increase in productivity, which
is associated with reduction in fermentation time, increase in fermentation volume or
the production of highly extractive wort. In general, changes in these directions usually
negatively affect the quality of the finished beer [1–3,23,59,60].

For beer production in practice there are two main types of yeast—top-fermenting
or ale yeast and bottom-fermenting or lager yeast. The first group refers to the species
Saccharomyces cerevisiae, the second one, according to the last classification, refers to the
species Saccharomyces pastorianus [1–3,23,59,60]. The main difference between the two types
is the fermentation temperature. The top-fermenting strains carry out the fermentation
process at 15–25 ◦C, while the bottom-fermenting strains are characterized by a temperature
range between 8 ◦C and 15 ◦C. To a large extent, the second main difference—behavior in
the fermentation volume—has lost its significance due to the entry of modern technological
equipment into technology. Differences between the two yeast types are also observed in
their metabolism [59–61].

From the point of view of modeling the fermentation process, the choice of mathemat-
ical dependencies to describe it is extremely important. The fermentation process for beer
production can be divided into two main parts in terms of metabolic products. The first part
of the model includes the primary metabolism of the cells (substrate consumption, ethanol
accumulation, CO2 formation and biomass accumulation). The second part of the model
includes the secondary metabolism of cells and describes the accumulation of the main
groups of metabolites—esters, aldehydes, higher alcohols and vicinal diketones. Equation
(17) presents this generalized kinetic model of alcoholic fermentation. The model is based
on the knowledge of the biochemistry of the alcohol fermentation process. It is worth
noting that the secondary metabolism is directly related to the growth and accumulation
of biomass, so the development of a complete model of the alcohol fermentation process
requires knowledge of the kinetics of the primary metabolism [1–3,23,59,60,62].

Naturally, in the development and application of the kinetic model, it is necessary
to take into account various elements of yeast metabolism. In the first place, wort fer-
mentation in industrial conditions is carried out mainly by batch fermentation methods.
It is characteristic of these methods that the microbial population (yeast cells) grows in
the three main phases—lag phase, exponential phase and stationary phase. Data in the
literature show that the main groups of metabolites accumulate in the exponential phase,
during which the intense alcohol fermentation takes place. Usually the parameters of the
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model (17) represent an average value for the three phases, but the exponential phase of
cell growth is of the greatest importance [1–3,23,59,60,62–64].

The active fermentation process depends on a number of factors—the composition of
the wort used for fermentation, the amount of dissolved oxygen, the amount and age of the
inoculum (pure or production cultures of brewer’s yeast), the fermentation temperature. The
control of these parameters can direct the fermentation process in one direction or another, and
from there to change the taste and aroma profile of the product [1,23,59,60,62–65].

For the quality of the model used, it is essential to choose an equation that will be
used to describe the specific growth rate µ of the yeast cells. Monod-based dependencies
are generally used in practice (19). The main equation used is the Monod Equation (19),
which is modified in a certain way depending on the objectives of the study and usually
bears the name of the author who proposed it—Aiba (20), Ghose and Thyagi (21), Monod
equation with product inhibition (22), Monod equation with product and substrate inhibi-
tion (23). In [60] a critical analysis of these models was made on the basis of real data from
fermentation processes carried out with bottom- and top-fermenting yeast strains.∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

dX
dτ = µX
dP
dτ = qX

dS
dτ = − 1

YX/S
dX
τ −

1
YP/S

dP
dτ

dE
dτ = YEµX

dFA
dτ = YFAµX

dA
dτ = YAµX− kAXA

dVDK
dτ = YVDKµX− kVDKXVDK

(19)

where: X—biomass concentration, g/dm3; P—ethanol concentration, g/dm3; S—real ex-
tract, g/dm3; YP/S, YX/S—yield coefficients; µ—specific growth rate, h−1; q—specific ethanol
accumulation rate, g/(g·h); Е—ester concentration, mg/dm3; FA—higher alcohol concentra-
tion, mg/dm3; A—aldehyde concentration, mg/dm3; VDK—vicinal diketone concentration,
mg/dm3; YFA, YЕ, YA, YVDK—yield coefficients of the corresponding metabolites, mg/(g·h);
kA, kVDK—reduction coefficients for aldehydes and vicinal diketones, mg/(g·h).
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)
S
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(24)

where: µmax—maximum specific growth rate of yeast, h−1; S—substrate concentration
(fermentable extract concentration), g/dm3; qpmax—maximum specific rate of ethanol
accumulation, g/(dm3·h); KSX, KSP—saturation constants, g/dm3, KiX, KiP—constants
of inhibition of cell growth and ethanol accumulation, g/dm3; Pxmax, Ppmax—maximum
ethanol concentration at which complete inhibition of the cell growth and the ethanol
accumulation occurs, g/dm3.

Data from [60,66–68] show that Equations (23) and (24) are the most suitable for
modeling the alcohol fermentation process in brewing, and the accuracy of the model and
therefore its choice depends largely on the fermentation conditions. For the production of
“standard” beer types the model with product and substrate inhibition is more suitable,
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while for the production of beer with reduced alcohol content the model with growth
inhibition by product is more suitable [68]. Тhe establishment of substrate inhibition is of
interest. It can be explained by the phenomenon of catabolic repression [23,60,61,69].

The main wort extract content is carbohydrates (glucose, fructose, sucrose, maltose and
matrotriose). Dextrins with varying degrees of polymerization are also found in the wort. Wort
composition depends on both the raw materials used and the method of mashing chosen. It
can be modeled according to the methods described in Section 2.3. It is important to note that
sugars are fermented in a certain order in the process of alcoholic fermentation. Due to the
presence of catabolic repression, maltose and maltotriose are fermented after the concentration
of monosaccharides in the wort falls below a certain value [1,23,59,60,69]. This effect can be
described if a modification of the model is used (17). A similar modification of the model was
proposed by Ramirez and Maciejowski, 2007 [60,70], who used a description of the process
of substrate consumption (in this case composed of glucose G, maltose M and maltotriose
N) and the Monod-based kinetics (Equation (20)). The model presented by Ramirez and
Maciejowski regarding the consumption of the substrate reflects the catabolic repression, and
this is described with the members K′G

K′G+G and K′G
K′G+G

K′′ M
K′′ M+M in dependencies (26) and (27) for

the specific rate of absorption of maltose and maltotriose. In the paper, the authors suggested
that the kinetic constants in Equations (25)–(27) were a function of the fermentation temperature,
and this dependence can be described by the Arrhenius’ law (28). In addition, cell growth
and alcohol accumulation in beer have been described with dependence (24) as conjugated
functions of absorption of the corresponding sugars [60,70].

dG
dt = −µ1X

µ1 = µmaxG
G

KG+G
(25)

dM
dt = −µ2X

µ2 = µmaxM
M

KM+M
K′G

K′G+G
(26)

dN
dt = −µ3X

µ3 = µmaxN
N

KN+N
K′G

K′G+G
K′′ M

K′′ M+M
(27)

µi = µi0e(
−EKi

RT ), i = G, M, N

Ki = Ki0e(
−EKi

RT ), i = G, M, N

K′ i = K′ i0e(
−E′Ki

RT ), i = G, M, N

(28)

dX
dt = µXX

µX = (YXGµ1 + YXMµ2 + YXMµ3)
KX

KX+(X−X0)
2

E = E0 + YEG(G0 + G) + YEM(M0 −M) + YEN(N0 − N)

(29)

where: µi—specific rate of absorption of the respective sugars by the yeast cells (i = G, M,
N), g/(g·h); X—biomass concentration, g/dm3; G, M, N—concentration of glucose, maltose
and maltotriose, g/dm3; µmaxi—maximum specific rate of absorption of the respective
sugars by the yeast cells (i = G, M, N), g/(g·h); Ki—saturation constant, g·dm3 (i = G, M,
N); K′G, K”M—constants of inhibition of maltose and matrotriose uptake by the uptake of
glucose and maltose, g/dm3.

The accumulation of cellular metabolites and the reduction of some of them that
determine the taste and aroma of beer are described by the dependencies presented in
the system of differential Equation (19). These dependencies show that the processes of
formation of the taste and aroma profile of the beverage are coupled with cell growth,
which means that the accuracy of the models largely depends on the selected models to
describe the primary metabolism.

Naturally, when developing models, it is necessary to know cellular metabolism and
how it is related to the growth of the yeast cells. In our work [60] a critical analysis of
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the metabolism and its relationship with the models used was made, and here we will
highlight only some important points:

• The absorption of amino acids by yeast cells occurs in a certain order, and for this
purpose the amino acids are divided into 4 main groups—A, B, C and D—according
to the order of their absorption (amino acids of group D are not absorbed by yeast
cells). The order of absorption has a direct effect on the yeast metabolism [23,60,65,69].
This means that if a kinetic model of amino acid absorption is to be developed, the
order of absorption must be reflected in it. A similar model was proposed in the work
of Ramirez and Maciejowski, 2007 [70].

• More than 40 higher alcohol types are found in beer. They are produced in two main
ways and have significant influence on the beer taste and aroma profile [60,71–73].
The first pathway of higher alcohol synthesis is anabolic and involves the synthesis of
higher alcohols from carbohydrates, while the second one is catabolic and involves
the synthesis of higher alcohols in the process of amino acid metabolism [60,62,71,72].
In both cases, the accumulation of higher alcohols is associated with cell growth and
can be described by the YFA yield factor.

• Esters are the second group of metabolites that form beer taste and aroma profile.
Their synthesis is directly related to cell growth, with the main amount of them
accumulating in beer during the exponential phase of yeast cell growth [60,62,71,73].
The data from our research confirmed this statement [60,67,68]. The type of wort used,
as well as the distribution of fermentable sugars in it, are essential for the amount of
esters accumulated. The data showed that highly extractive wort accumulated larger
amounts of esters, with the ratio of glucose and maltose in the wort having the greatest
significance [60,62,63,72–76]. As already mentioned, ester synthesis is directly related
to cell growth and is described by the YES coefficient. It is possible to make a model
that involves the accumulation of esters from individual sugars, but this is quite a
complex task and in most cases it is unnecessary from a practical point of view.

• Carbonyl compounds (aldehydes and vicinal diketones) are usually associated with
a negative impact on beer aroma and taste profile. Their synthesis is almost entirely
related to cell growth, as some of the aldehydes are synthesized during wort boiling.
The latter cannot be reduced by yeast cells during beer maturation. The reduction of
these compounds in the maturation process is extremely important for the final taste
and aroma profile of the beer. The rate of the process of reduction of aldehydes and
vicinal diketones depends on their current concentration in the green beer and the
concentration of viable yeast cells in the fermentation medium [60,62,71–73,77].

4. Recent Trends in Modeling in Beer Production
4.1. Dry Hopping of Beer

One of the latest trends in beer production is dry hopping. It is defined as the cold
extraction of volatile and non-volatile components of hops in an alcoholic solution [78,79].
As a result, the beer acquires a rich hop taste and aroma, and it is stabilized in terms of
microbiology and taste. This approach is mainly used in craft breweries, due to the fact
that different types of processes can be realized: static and dynamic extraction, hopping in
the fermentation process or in the beer deposit, different fermentation temperatures [78,80].
The modeling of the extraction process of hop components is performed on the basis of
known extraction dependencies, taking into account the following parameters: temperature,
ethanol concentration, concentration of other wort components, pH, presence of yeast
biomass, concentration of some enzymatic groups [81–84].

4.2. Analytical Approaches for Modeling Cell Growth

The system with differential Equation (17) requires a numerical solution, which usually
occurs only after the end of the fermentation process, as it is necessary to accumulate data
on the solution of the system [60,62,66–68]. This means that it is difficult to make quick
decisions if it is necessary to adjust the course of the fermentation process. For this reason, in
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recent years work on the application of some simpler (analytical methods) for determining
the specific rate of cell growth has been done [85]. These approaches include different
methods for linearizing the Monod Equation (20), and for this purpose the specific growth
rate is given as follows for each local point [85]:

µ =

(XF−Xτ+∆τ)
τF−(τ+∆τ)

Xτ0+∆τ
(30)

where: XF—final biomass concentration, g/dm3; Xτ+∆τ—current biomass concentration,
g/dm3; τF—final fermentation time h; τ + ∆τ—current fermentation time, h; τ0—0 h
(beginning of fermentation); ∆τ—change in time, h—(for correctness of calculations ∆τ =
const); Xτ0+∆τ—biomass concentration at the beginning of the exponential phase, g/dm3.

Equation (21) assumes a constant decrease in the growth rate, and during the stationary
phase µ→0. This does not mean that the cells stop growing, but that the number of newly
formed cells will be equal to the number of dying cells and therefore X≈const. Different
linearization methods to solve the Monod Equation (20) are used: Lineweaver–Burk (31),
Hanes (35), Eadie-Hofstee (33), Warpholomeew-Gurevich (34), Linearization by Substrate
Consumption and Product Accumulation (35) [85,86]:

1
µ
=

1
µmax

+
KS

µmax

1
S

(31)

S
µ
=

S
µmax

+
1

µmax
S (32)

µ = µmax − KS
µ

S
(33)

ln
(

X
X0

)
τ

=
µmaxS0

KS + S0
+

KS
KS + S0

ln
(

XF−X
XF−X0

)
τ

(34)

ln
( S0−Sj

S0−Si

)
τj − τi

=
µmaxS0

KS + S0
+

KS
KS + S0

ln
( Sj

Si

)
τj − τi

(35)

where: S0; Sj; Si—initial concentration of the substrate, g/dm3; substrate concentration
corresponding to τj, g/dm3; substrate concentration corresponding to τi, g/dm3, τj −
τi—time interval equal to the difference between the final and current process time, h; Pj; Pi—
product concentration corresponding to τj, g/dm3; product concentration corresponding
to τi, g/dm3, Pm—maximum possible product concentration.

These methods reflect different aspects of the process of assimilation of the substrate
and its transformation by the biomass. Our research shows that Equations (25) and (26)
are the most suitable equations for use in brewing, as they reflect a substrate-dependent
process, i.e., alcoholic fermentation in beer production [87]. At present, these models are
used only to determine the specific growth rate of biomass, while the accumulation of
metabolites is indirectly determined by fermentation dynamics.

4.3. Development of Functional Beverages Based on Wort

Malt and the wort obtained from it have a number of biological benefits for human
health [11,24,88]. In recent years, increasing attention has been paid to the health benefits of
beer and efforts to develop new beverage types based on wort are being made. Examples
of such beverages are beer obtained with probiotic yeast cells of the species Saccharomyces
boulardii [89–92], fermentation of wort by lactic acid bacteria [93,94], addition of various
additives (essential oils from various plants, waste products from different productions,
fruits with functional characteristics, herbal raw materials) [89,95–98]. The purpose of all
these developments is to increase the functional value of the drink. With regard to modeling,
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the approaches already described are applied: one-factor experiments to determine the
concentration of additional materials; modeling of mixtures; modeling of microbial growth
kinetics (for yeast cells and lactic acid bacteria cells). Usually, the parameters of the
beverage’s functionality—concentration of phenolic compounds and antioxidant potential
of the wort—are added to the target functions for modeling and optimization. In addition,
the organoleptic evaluation of the obtained beverages is a parameter for optimization, as
non-traditional raw materials change the known organoleptic of the beverage [99].

5. Conclusions

The present publication discussed different approaches to modeling and optimization
of the main processes in beer production. The target functions for optimization and the
observed changes related to the process of modeling and optimization of production were
highlighted. Some of the data summarized the research of the author’s team in recent years,
dedicated to the modeling and optimization of technological processes for beer production.
At the end of the work, some new directions in the production of beer and beverages based
on wort were discussed and the potential possibilities for modeling the processes were
discussed. We hope that this article will provide guidance to scientists working in the
field of beer production to develop new assortments to boost the brewing industry. The
present review presented a generalized approach to the analysis of mathematical modeling
methods used to study the various processes in beer production. The presented models can
be applied in the development of different types and styles of beer, adapting them to the
respective regimes and specific technological solutions. At the end of the paper, some new
trends, both in the field of production and in the field of modeling, were commented. A
particular challenge is the production of beverages with functional value, where one of the
main target functions is the value of the beverage for human health, which leads modeling
and optimization of production to some new challenges that will be the subject of future
research.
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