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Abstract

Three different kinetic models - Monod’s model, Monod’s model with substrate inhibition, and Monod's model with substrate and
product inhibition were developed for studying of beer fermentation with free and immobilized cells at different main fermentation
and maturation temperatures. The most accurate model was Monod's model with substrate and product inhibition. It showed that
maturation temperature had no effect on primary metabolism but it affected significantly the secondary metabolites production. In
regard to carbonyl compounds and esters, the increase in maturation temperature led to different trends for free and immobilized
cells. Regarding the higher alcohols, the increase in maturation temperature resulted in increase in their yield coefficients for both

immobilized and free cells. A sensory evaluation of beers produced with free and immobilized cells were also carried out and the

results showed similar results for two beer types.
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1 Introduction

Fermentation and maturation are the longest stages in
beer production. Therefore, in such a competitive market,
the potential time-savings proposed by immobilized cells
technologies (ICT) have to be taken into account [1, 2].
A major challenge for the successful industrial scale
application of ICT is to control the beer flavor profile
during combined primary and secondary fermentation
[3]. The beer flavor depends significantly of yeast
metabolism and fermentation conditions. Higher alcohols,
esters, aldehydes and vicinal diketones (VDKs) are yeast
by-products which contribute to the final quality of the
beer. While higher alcohols and esters have a positive
effect on beer flavor, VDKs and aldehydes are often
considered as off-flavors [4]. The increase in fermentation
temperature accelerates the formation of fusel alcohols,
esters, aldehydes, and VDKs. Nevertheless, the rising

temperature does not result in higher VDKSs and aldehyde
concentration in final beer because of their reduction [2-7].
In the terms of immobilization, yeast metabolism can be
changed because of considerable mass transfer limitations
that can occur. Therefore, successful exploitation of ICT
needs a thorough understanding of mass transfer and
intrinsic yeast kinetic behavior of these systems [8§].

The aim of this study is to investigate the mechanism
and kinetic of beer fermentations with free and immobi-
lized cells Saccharomyces carlsbergensis Saflager S-23 at
three different fermentation regimes. Three mathematical
models were developed for the selection of the most proper
fermentation regime with immobilized cells. Sensorial
analyses were also made to compare the flavor of tradi-
tional produced beer and ICT produced beer.
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2 Materials and methods

2.1 Yeast strains

Beer fermentation was carried out using a bottom-fer-
menting dry yeast Saccharomyces pastorianus (carlsber-
gensis) Saflager S-23 (Fermentis, France).

2.2 Wort

Wort with original extract (OE) 13+0.5 °P was produced
in 20 L laboratory scale brewery (Braumeister, Germany).
4 kg malt and 0.5 kg barley were mixed with water at ratio
1:4. Mashing was conducted by increasing the tempera-
ture by 1 °C/min and by maintaining the following tem-
perature rests: 20 min at 45 °C, 30 min at 52 °C, 40 min
at 63 °C, 25 min at 72 °C and | min at 78 °C. Lautering
and boiling were also conducted in the same Braumeister.
Boiling duration was approximately 1 h and Nugget hop
granules were added to the wort at the beginning of the
process. After the hot trub removal, the wort was cooled
to the fermentation temperature.

2.3 Immobilization

The cells were immobilized in a 3 % Ca alginate gel. After
autoclaving the alginate solution for 20 min at 120 °C, the
solution was mixed with the cell suspension to obtain a
cell concentration of 107 cfu.mL™ of gel. This suspension
was forced through a syringe needle by means of peristal-
tic pump and dropped into 2 % (w/v) CaCl, solution. The
beads were left for 30 min in calcium solution and then
numbers of beads were placed into 0.2 % (w/v) chitosan
solution in 1 % acetic acid (v/v). Alginate beads stayed
in chitosan solution for 60 min. Chitosan-alginate beads
are washed with saline. Then the beads were transferred
in 0.05 M Na-citrate solution for 30 min for constructing
microcapsules with liquid core. Chitosan-alginate beads
with liquid core were washed with saline [9].

2.4 Wort fermentation

The fermentation of all variants was carried in plastic bot-
tles, with a volume of 500 mL, equipped with an airlock
system. The 400 mL of wort was placed into bottles and
inoculated with a yeast suspension at a concentration of
107 cfu.mL". For the variants with immobilized cells, the
mass of microcapsules was 15 g for 400 mL wort. Three
different fermentation regimes were used — main fermen-
tation at 12 °C and 14 °C, 8 °C and 20 °C, respectively for
maturation. The fermentation temperature was increased
when the difference between attenuation limit and appar-
ent attenuation was approximately 20 %.
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2.5 Analytical methods and procedures
1. Standard methods according to EBC [10]
2. Determination of metabolites: Esters, aldehydes and
fusel alcohol in beer were quantified according to
[11].
3. Determination of biomass: Biomass concentration
was calculated according to [9].

2.6 Mathematical and statistical analyses

Mathematical and statistical analyses were made accord-
ing to Egs. (1) to (6) [12]. The difference between free and
immobilized cells fermentation was determined by the
efficiency coefficients — 1, representing the ratio between
an immobilized cells fermentation parameter and the same
parameter for free cells fermentation.
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B — biomass concentration, g.L™';

A — alcohol concentration (product), g.L™";
RE — real extract (substrate), g.L™';

T —time, h;
YA/RE’ Y B/RE
1 — specific growth rate, h™';

— yield coefficients;

... —maximal specific growth rate, h™';

g, — specific ethanol accumulation rate, g/(g.h);

e — Maximal specific ethanol accumulation rate, g/(g.h);
Est — ester concentration, mg.L™';

HA — higher alcohol concentration, mg.L™;

Ald — aldehyde concentration, mg.L™;

VDK — vicinal diketones concentration, mg.L™';

Y, Yoo Yyp Y, o — yield coefficients of the correspond-
ing metabolites, mg/(g.h);

k . Ky — reduction coefficients for aldehydes and vicinal
diketones, mg/(g.h);

K, K, —Monod constants, g.L;

K, , K, —inhibition constants, g.L";

A4,, 4,,, — maximal alcohol concentration for full inhibi-
tion of the process, g.L";

K, . K, — global mass transfer coefficients for the sub-
strate and the ethanol, h'';

RE, — substrate (real extract) concentration in the cap-
sules, g.L'!;

A,,,— alcohol concentration in the capsules (beads), g.L™";
i (IC) — denoted process with immobilized cell
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2.7 Sensory analysis
A sensory evaluation of the beers was carried out by a
trained, 6-member tasting panel. The scores ranged from
0 (absent) to 10 (extremely strong). The nine attributes
assessed were:
1. flowery,
. fruity (banana, apple),
. aroma intensity,
. aroma purity,
. structure (body),
malty,
acidity,
. bitter,

deviation from beer character.
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The results were depicted in a spider plot and the val-
ues were expressed as the mean of the two technological
replicates.

3 Results and discussion
3.1 Main fermentation at 12 °C; maturation at 14 °C
The main fermentation duration was about 120 hours for
the free cells (FC) and 96 hours for the immobilized ones.
The fermentation with immobilized cells (IC) started
slowly because of the diffusion resistance of the capsules.
Nevertheless, this fermentation ended about 24 hours
earlier than the fermentation with free cells (Fig. 1). The
extract consumption, biomass accumulation, and ethanol
production were well described by the three models used.
The correlation coefficients varied between 92 % and
98 %, which showed a high degree of similarity between
the calculated and experimental data (Table 1) (hence
only the results with the best model-the Monod’s model
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Fig. 1 The dynamics of the fermentation process with free and immobilized cells at 12 °C / 14 °C; Legend: B — biomass; A — alcohol; RE — real
extract; VDK — vicinal diketones; A/d — aldehydes; HA — higher alcohols; Est — esters; FC — free cells; IC — immobilized cells.
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supplemented with product and substrate inhibition are growth rate of IC were approximately 60 % higher than

shown). The results of this experiments showed that the the free cells. In terms of alcohol production, the results
model with product and substrate inhibition was the most for specific rates of FC and IC were almost equal. The
accurate one. Therefore, the impact of immobilizations effect of product inhibition on FC was significant as the
on beer fermentation would be assessed by this model maximum inhibitory concentration of ethanol coincided
(Table 1). The model parameters showed that the specific with the maximum ethanol produced in this fermentation.

Table 1 Kinetic parameters for primary and secondary metabolism at temperature of main fermentation 12 °C and temperature of maturation 14 °C

Monod model Efficiency coefficients

Fermentation type i Ky Diman Ky, Yy Y e 1, 1, Mg Mg
0.012 353.932 1.223 740.163 0.432 0.518 0.775 0.835
Free cells R2=98.21 % R2=98.43 % R?=98.34 %
- - o 0923 0463 e [
0.011 436.342 0.57 407.532 0.009 0.552 1.123 0.804
Immobilized cells
R2=99.16 % R?=98.92% R =99.06 % Mook Mevox
- YA/d kAl(l YESI YHA YVDK KVDK KLRE KLA 3762 2477
0.549 0.047 0.149 0.075 0.004 0.017 - -
Free cells
R?=96.05 % R?2=9733% R?*=9734% R?=186.33 %
0.426 0.040 0.168 0.062 0.2016 0.043 0.097 0.179 - -
Immobilized cells
R2=82.42% R2=2581% R?*=97.64% R2=94.46 %
Monod model with product inhibition
Fermentation type Hinax KSB Dmax KSA Y, B/RE Y, A/RE n, n,
0.012 199.482 0.493 143.042 0.442 0.549
Free cells
R2=98.92% R2=98.43 % R2=99.06 %
1.323 1.312
0.016 470.093 0.647 570.373 0.010 0.405
Immobilized cells
R2=99.32 % R2=99.46 % R?=98.96 %
- )]A[d kAId YESI YH/I YVDK KVDK KSBI' KSAI'
0.232 0.018 0.549 0.072 0.002 0.007
Free cells 2.397 3.731
2=97.10 % R2=41.23 % 2=98.56 % 2=186.03 %
0.192 0.016 0.168 0.059 0.007 0.018
Immobilized cells 1.023 1.736
R2=76.75 % R2=155.42 % R2=99.24 % R2=9772 %
Efficiency Maia Nxata Ney My Mypk Nyvok LRE K.
coefficients 0.829 0.883 0.306 0.813 3.273 2397 0103  0.179
Monod model with substrate and product inhibition
Fermentation type i K D K, Yy Y ke 1, l,
0.083 136.173 3.321 138.200 0.541 0.547
Free cells
R?=98.92 % R?=98.93 % R2=99.08 %
1.626 1.005
0.135 203.672 3.343 19.272 0.005 0.045
Immobilized cells
R2=98.76 % R2=98.25% R2=98.76 %
Y;i[d kAIfI YEx( YHA YVDK KVDK KSB( KSAi
0.316 0.026 0.148 0.073 0.003 0.009
Free cells 6.724 9.773
R2=94.82 % R2=78.43 % R2=98.21 % R?=88.30 %
0.120 0.010 0.166 0.063 0.006 0.017
Immobilized cells 1.417 129.742
R2=9273% R?=282.82% R2=99.41 % R?=181.80 %
Efficiency Myt Nkt Mes Mha Mypk Nxvok 4y Ayp
coefficients 0.380 0.375 1123 0.826 2.462 1.806 42.588 42.199
AIAW AIAWP KLRE KLA
240.05 54.542 0.004 0.003
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The ethanol had no inhibition effect on IC because the
maximum inhibitory concentration of ethanol was approx-
imately 8-times higher than ethanol produced. Therefore,
it can be suggested that the immobilization protects yeast
cells from product inhibition. Substrate inhibition had
relatively low effect on both free and immobilized cells.
Decreased aldehyde production as well as decreased alde-
hyde reduction for the IC was noted. Nevertheless, IC
reduced aldehydes faster than free cells because the spe-
cific rate of aldehydes reduction depends on the current
aldehydes concentration in beer and the biomass concen-
tration. The specific rate of ester production of IC was 12 %
higher than the same for free cells. It can be explained that
immobilization induces the inhibition of fatty acid synthe-
sis, resulting in an accumulation of acyl-CoA that together
with high levels of ethanol in immobilized cell systems
enhance ethyl acetate formation [13]. The specific rate of
fusel alcohols production for IC was lower than the free
cells, which can be explained with mass (i.e. amino acids)
transfer limitations. IC showed higher rates of VDKs pro-
duction and reduction. The values of global mass trans-
fer coefficients were almost equal (Table ). It means that
the product and the substrate diffusion rates were simi-
lar; therefore, the fermentation kinetics was influenced to
a greater extent by the diffusion in the matrix.

The main disadvantage in the metabolites description
in all three models was the low correlation of the model
with the experimental results for the esters. The models
for esters production assumed constant increase in ester
concentration accumulation, while the experimental data
showed decrease in esters concentrations at certain fer-
mentation periods. This was mainly due to the hydroly-
sis of carbonic acid esters, as in the fermentation bottles,
equipped with airlock system the carbonization was not
stable, whereas industrial fermentation systems where the
pressure increased in the maturation stage.
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Finally, a sensory analysis was conducted on the beers
with FC and IC. Two beers received similar scores for all
the indicators. The beer with immobilized cells received
better marks for "flowery" and "fruity", which was con-
nected with higher esters concentration (Fig. 2).

3.2 Main fermentation at 12 °C; maturation at 8 °C
Similarly to the previous variant, the main fermentation
lasted between 96 and 120 hours, with sustained tenden-
cies for slow start and faster completion of the process car-
ried out with immobilized cells (Fig. 3). Kinetic models
described the yeasts primary metabolism with high accu-
racy and there were no deviations from the trends already
described (Table 2).

The main differences were observed in the secondary
metabolites formation and reduction during maturation.
The observed trends for ester production in the previous
variant retained. The main amount of esters accumulated
in the first 48-72 hours, after which no significant change
in their concentration was observed. According to the most
accurate model — Monod model with substrate and prod-
uct inhibition — ester production was at almost the same
rate in both types of fermentation (Table 2). In contrast
to the previous variant, at the beginning of fermentation
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Fig. 2 Organoleptic assessment of experimental variants
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Fig. 3 The dynamics of the fermentation process with free and immobilized cells at 12 °C /8 °C
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Table 2 Kinetic parameters for primary and secondary metabolism at temperature of main fermentation 12 °C and temperature of maturation 8 °C

Monod model

Efficiency coefficients

Fermentation type 'umax KSB quax KSA YB/RE YA/RE n,u rlq '7/11,1 nKAId
0.012 355.832 1.338 934.512 0.429 0.410 0.751 1.147
Free cells R2=97.12 % 2=97.43 % R2=91.64 %
e o o 1.750 0.431 T i
0.021 434.040 0.599 394.460 0.009 0.507 0.985 0.876
Immobilized cells
R2=98.20 % R2=98.02 % R2=98.64 % Mook [/~
- YAId kA/d YE:)‘ YI[A YVDK KVDK KLRE KLA 2314 2276
0.351 0.022 0.109 0.065 0.009 0.031 - - - -
Free cells
R2=78.53 % R2=4722% R?*=66.93% R2=75.54% - - - -
_ 0.264 0.025 0.108 0.057 0.0200 0.071 - -
Immobilized cells 0.093 0.186
R2=175.62% R2=54.12% R?>=89.53% R2=282.24% -
Monod model with product inhibition
Fermentation type 'umax KTB quax KS‘A YB/RE YA/RE KTBi KSA[
0.013 163.400 0.538 81.380 0.505 0.468
Free cells
R2=98.8 % R2=98.7% R2=96.7 %
1.636 1.661
0.022 516.800 0.894 972.370 0.010 0.2938
Immobilized cells
R2=98.3% R2=98.7% R2=98.7%
- YA[d kA[d YE)'! YHA YVDK KVDK KS'BV' KSAI'
0.124 0.006 0.108 0.064 0.003 0.008
Free cells 1.664 1.346
R2=280.1 % R2=56.1 % R2=77.6 % R2=78.5%
0.080 0.006 0.108 0.056 0.007 0.023
Immobilized cells 0.995 1.796
2=70.8 % R2=60.8 % 2=96.6 % 2=69.2 %
Efﬁciency coefﬁcients ’7/111 ”KAM rlE.YL ”HA rIVDK ”KVDK KLRE KLA
0.649 0.965 1.000 0.869 2.200 2.618 0.104 0.174
Monod model with substrate and product inhibition
Fermentation type Mo KSB 9 max KS/I Y, B/RE YA/RE '7/4 ”q
0.089 141.910 3.760 126.280 0.555 0.471
Free cells
R2=98.8 % R2=98.2% R?=98.3%
1.752 0.949
0.156 197.760 3.570 20.246 0.006 0.049
Immobilized cells
R2=96.7 % R2=98.3% R>=98.5%
YA/d kA/d YESZ YIIA YVDK KVDK KSE! KSA[
0.112 0.005 0.107 0.064 0.003 0.008
Free cells 7.750 10.200
R2=78.9% R?2=542% R2=78.9 % R2=66.9 %
0.0653 0.004 0.1085 0.0573 0.0021 0.0058
Immobilized cells 1.460 129.800
R2=69.1 % R2=54.5% R2=96.6 % R2=90.1 %
n n Ny n my, Ny,
Efficiency coefficients A K £ " - Kbk
0.584 0.800 1.013 0.894 0.750 0.699
AM AMA AIM AIMP KLRE KLA
- 36.210 34,050 247.860 56.920 0.040 0.040

IC produced lower amount of higher alcohols but at the
end of fermentation the concentrations were almost equal.
The kinetic model with substrate and product inhibition
showed about 10 % reduced higher alcohol synthesis rate
of the IC, which did not significantly affect the final con-
centrations of higher alcohols in the beer (Table 2).

Like the previous variant, FC produced more aldehydes,
but the aldehyde reduction rate was equal for FC and IC,
according to three models. This is the main prerequisite
for higher aldehyde concentration in beer, produced with
free cells. Unlike the previous variant, IC accumulated
slightly lower VDKs and its peak was 24 hours later than
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free cells. This was described with highest accuracy of
model with product and substrate inhibition. It’s worth
noting that only this model showed lower VDKs reduc-
tion rate for IC (Fig. 3).

Cold maturation was the main reason for an extended
fermentation process that lasted more than 264 hours.
The low maturation temperature was responsible for the
increasing effect of product inhibition, especially due to
a decrease in the maximum inhibitory concentration of
ethanol in the FC fermentation. Immobilization protected
the cells, and in this variant the concentration of a prod-
uct that would inhibit yeast growth was approximately
6-times higher than the real ethanol concentration in beer.
Similar to the previous variant the global coefficients of
mass transfer were equal (Table 2).

The sensorial analysis carried out showed that the beer
obtained with IC was evaluated lower than the conven-
tional beer. The beer produced with IC has a suppressed
aroma and a weak body structure (Fig. 2).

3.3 Main fermentation at 12 °C; maturation at 20 °C
Regarding the main fermentation the results were analo-
gous to the previous two variants. The models showed high
accuracy with respect to primary metabolism (Fig. 4). The
main difference was related to the secondary metabolites
and the reduction of maturation time. The increase in tem-
perature resulted in a reduction in the total fermentation
time between 24 hours and 48 hours compared to the first
variant. This was economically feasible, but its effect on
beer quality had to be studied in details. The ester synthe-
sis occurred mainly during main fermentation and their
concentration remained constant during maturation.

FC accumulated more esters but at the end of fermenta-
tion ester concentrations were approximately equal for free
and immobilized cells. Regarding higher alcohols the IC
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produced slightly lower amounts because of mass transfer
limitations. The data for carbonyl compounds showed sec-
ond peak for aldehydes and VDKs during beer maturation.

A similar effect was observed by Naydenova [14], who
considered the main reason for this phenomenon to be the
accelerated assimilation of maltotriose at higher matura-
tion temperatures. IC and FC produced similar amounts of
VDKs but free cells reduced them faster. On the contrary,
IC reduced aldehydes with higher rate than FC. Due to the
differences observed in the secondary metabolites produc-
tion, a lower correlation between models and experimen-
tal data was reported — between 75 % and 80 %. Again,
the model with product and substrate inhibition was the
most accurate. Therefore, the impact of immobilizations
on beer fermentation would be assessed by this model.

Data on the kinetic model confirmed the conclusions
made previously. According to the Monod model with
substrate and product inhibition the specific growth rate
for immobilized cells was 1.9-times higher. In regard to
ethanol production IC showed lower results because sub-
stantial substrate inhibition was observed. FC was more
susceptible to product inhibition, because 40 g.L™! of eth-
anol completely inhibited yeast growth. Regarding IC, the
maximum inhibitory concentration of ethanol was 6 times
higher. Like the previous variant, the data showed equal-
ity between the global coefficients of mass transfer for the
Monod model with substrate and product inhibition.

The increase in maturation temperature significantly
increased the production rates of higher alcohols, alde-
hydes and VDKs for IC compared to FC. Only the produc-
tion rate of esters was lower for immobilized cells. The
increased production rates of aldehydes and VDKs were
at the basis of observed secondary peaks in the concen-
tration of carbonyl compounds, which was a fermentation
problem (Table 3).
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70.000 © "f"n //ﬁ ol -
60.000 0.~ " o B 1.25

50.000
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icinal diketones, mg.L

Fig. 4 The dynamics of the fermentation process with free and immobilized cells at 12 °C /20 °C
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All these observations reflected in lower assessments of 3.4 Comparative assessment of kinetic parameters for
beer produced with IC (Fig. 2). It was evaluated lower in beer fermentation with FC and IC
the aroma intensity and purity, the structure (body), and The experimental data led to some more important con-
the acidity. Nevertheless, the final consumer rating did not clusions regarding changes in metabolism of FC and IC.
differ significantly from a commercial beer (Fig. 2). First, fermentation processes were best described with the

Table 3 Kinetic parameters for primary and secondary metabolism at temperature of main fermentation 12 °C and temperature of maturation 20 °C

Monod model Efficiency coefficients
Fermentationtype  u,,, Ky D Ko Yore Y e , fy M asa Mna
0.013 333.430 1.549 822.850 0.456 0.479 0.438 0.034
Free cells
R2=97.61 % R2=95.12 % R2=9793 % Moy N
0.992 0.422 i
0.013 383.240 0.654 386.390 0.010 0.503 0.124 0.075
Immobilized cells
R2=99.06 % R2=99.45% R2=98.84 % U Nevpk
- YAM kAM YES[ YHA YVDK KVDK KLRE KLA O 01 8 OO 85
0.438 0.034 0.124 0.075 0.018 0.085 - -
Free cells
R2=93.61 % R2=51.12% R2=285.83 % R2=76.94 % - -
0.161 0.014 0.111 0.058 0.026 0.110 0.182 0.099 - -
Immobilized cells
R2=92.08 % R2=5937% R2=286.66 % R2=289.55% - -
Monod model with product inhibition
Fermentation type ’umax KSB quu,r KSA YB/RE YA/RE KSBi KSAi
0.015 172.680 0.572 107.420 0.542 0.529
Free cells
R2=99.41 % R2=97.82% R2=99.43 %
1.905 1.560
0.028 702.600 0.893 982.490 0.010 0.270
Immobilized cells
R2=96.16 % R2=97.85% R2=97.54 %
YAld kAld YES[ YHA YVDK KVDK KSBI KSAA
0.170 0.011 0.122 0.073 0.3005 0.020
Free cells 1.898 2.646
R2=93.67% R2=65.78 % R2=93.69 % R2=72.60 %
0.087 0.005 0.119 0.060 0.007 0.026
Immobilized cells 0.881 1.689
R2=92.11% R2=68.62 % R2=93.43 % R2=286.74 %
Efﬁciency COefﬁCientS ”A/d ”KA[d ’7E:f }1[1A qVDK ’,IKVDK KLRE KLA
0.511 0.459 0.964 0.820 1.533 1.327 0.156 0.116
Monod model with substrate and product inhibition
Fermentation type 'umax KSR quax KS'A YK/RE YA/RE ’]‘u 77;1
0.097  132.050 3.970 133.240 0.594 0.528
Free cells
R2=99.51 % R2=98.22% R2=99.43 %
1.462 0.720
0.141 263.680 2.860 19.850 0.007 0.052
Immobilized cells
R2=98.86 % R2=98.45% R2=99.34 %
YAM kAId YEH YHA YVDK KVDK KS‘B: [{SA i
0.181 0.012 0.123 0.073 0.005 0.024
Free cells 7.810 11.150
R2=90.07 % R2=64.99 % R2=90.01 % R2=75.94%
0.352 0.038 0.102 0.555 0.031 0.155
Immobilized cells 1.503 126.930
R2=91.38 % R2=282.31% R2=92.62 % R2=93.33 %
Efficiency coefficients M Miaia M M Mypk Nvor
1.942 3.192 0.831 7.635 5.925 6.553
AM AMA AIM AIMP KLRE KLA

39.510  38.570 263.960 49.960 0.004 0.003
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Monod model supplemented with product and substrate
inhibition. On the one hand, this model was able to reflect
the order of the sugars absorption (catabolic repression)
and on the other hand, it showed that the yeast cells were
susceptible to the ethanol inhibition, which in combina-
tion with the low temperatures led to prolonged fermen-
tation. In this case, the presence of diffusion resistances
in the IC system was the other reason for the increase in
fermentation duration. The data shows that the specific
growth rate increased with the increase in fermentation
and maturation temperatures.

A comparison with the other three variants — constant
temperature of fermentation 15 °C; main fermentation at
10 °C and maturation at 14 °C; main fermentation at 10 °C
and maturation at 20 °C showed that the specific growth
rate had the highest values at the constant fermentation tem-
perature of 15 °C [15]. By contrast, the specific ethanol pro-
duction rate was relatively constant, the tendency for a slight
decrease in the variants 10 °C / 14 °C and 12 °C/ 8 °C, then
increase in the variants 12 °C/ 14 °C and 12 °C /20 °C and
another decrease in the variant 15 °C / 15 °C with immobi-
lized cells. The esters production showed two trends — the
reduction of ester production at 12 °C / 8 °C and 12 °C /
20 °C, afterwards there was an increase in ester production
in variants 12 °C / 14 °C and 10 °C / 14 °C and the highest
results showed variant 15 °C / 15 °C with immobilized cells.
Higher alcohols concentrations were poorly affected by
temperature changes, with only in the variant 12 °C /20 °C
with IC the higher alcohols concentrations were increased,
probably due to local concentrations of these metabolites in
the capsules at these fermentation temperatures. The vari-
ant 12 °C /20 °C with IC was also distinguished in the syn-
thesis and reduction of carbonyl compounds. For aldehydes,
the increase in fermentation temperature led to a reduction
in aldehyde formation, while the reduction coefficients for
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