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Abstract.Bioethanol is one of the most promising alternatives to
fossil fuels and can be produced from various renewable sources rich in
carbohydrates. A priority direction of biotechnological research is the
development of new resource-saving technologies of bioethanol
production. For effective bioconversion of carbohydrate-containing raw
materials into bioethanol, it is advisable to optimise the technological
parameters of fermenting highly concentrated wort obtained from grain
raw materials. Laboratory experimental studies of the samples
according to the newly developed technology have helped to
substuntiate the technological parameters of fermenting highly
concentrated wort and establishing the regular patterns in how the
ethanol concentration in fermented washes changes depending on the
initial concentration of dry matter in the wort, the industrial yeast
concentration, and the fermentation temperature. Grain wort was
fermented with the osmophilic thermotolerant race of distiller’s yeast
Saccharomyces cerevisiae DO-16 (IMB Y-5099) at 32-37°C. The
initial concentration of dry matter was 26-30%. To optimise the
technological parameters of the process of fermenting highly
concentrated grain wort, an experiment was designed, which resulted in
building mathematical models. To obtain the second-order regression
equations in natural form, the basic level of each technological
parameter of the process and its variability interval were determined.
The mathematical model developed makes it possible to calculate the
ethanol concentration depending on the initial concentration of the wort,
the concentration of industrial yeast, and the fermentation temperature.
Fermentation of highly concentrated wort for bioethanol production was
optimised according to the equations of the mathematical model. It has
been established that to synthesise the maximum alcohol concentration
in washes using the highly concentrated wort fermentation technology,
the wort concentration should be 30% of dry matter, the concentration
of industrial yeast 40 million/cm3, and the temperature of the main
fermentation 35°C.

Key words: bioethanol, fermentation, Saccharomyces cerevisiae,
optimisation, highly concentrated wort.

Introduction. Formulation of the problem

thermal power resources, increase the quality and

Bioethanol is one of the most

promising

competitiveness of products, and reduce the man-
caused load on the environment [1,2].

alternatives to fossil fuels and can be produced from
various renewable sources rich in carbohydrates. Many
countries, such as the US, Brazil, China, Canada, and
several EU member states, have already announced
commitment to bioethanol programmes. Biomass-
derived ethanol is becoming an increasingly popular
alternative to gasoline.

A priority direction of biotechnological research is
the development of new resource-saving technologies
that will ensure comprehensive processing of raw
materials, decrease the cost of raw materials and
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For effective bioconversion of carbohydrate-
containing raw materials into bioethanol, it is advisable
to optimise the technological parameters of fermenting
highly concentrated wort from grain raw materials.

Analysis of recent research and publications

The rapid growth of energy demand and
environmental problems associated with the use of fossil
fuels have contributed to the development of the
bioethanol industry, since this is a promising renewable
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and environmentally friendly fuel for transport [3].

The programme for the development of the alcohol
industry for the near future provides for the establishment
of large-scale production of alternative energy sources,
including bioethanol. Today’s most topical issue is the use
of ethanol as a biofuel, both in its pure form and as a high-
octane additive to petrol [4].

Bioethanol is dehydrated ethanol made from
biorenewable raw materials [4]. In Ukraine, the most
promising raw material for bioethanol production is
sugar beet, and of cereal crops, it is maize [5-7].

Today, bioethanol manufacturing is an energy-
efficient process, and research is currently underway to
increase production volumes [8,9]. Bioethanol is an
attractive biofuel that has potential for the country’s
energy security and environmental safety, as compared
with fossil fuels. To date, numerous biomass resources
for bioethanol production have been investigated. They
can be broadly classified into sugar, starch, and
lignocellulosic biomass. However, the conversion of
biomass to ethanol varies greatly depending on the
nature of the feedstock, mainly due to changes in the
biochemical composition, and thus only a few raw
materials are used commercially. In recent years, the
process of biomass conversion has been significantly
improved, even though most of these achievements

have not yet been implemented in commercial
enterprises [10].
The use of modern resource-saving

biotechnologies in the alcohol industry makes it
possible to develop technologies for the processing of
various types of plant raw materials into ethanol. These
technologies involve using broad-spectrum enzyme
preparations and the fermentation of highly
concentrated wort with high-yielding yeast strains
resistant to elevated temperatures and increased
alcohol concentrations [8,11]. For better quality
indicators of both ethanol and bioethanol, it is
necessary to develop a scientifically based approach to
optimising the technological parameters of wort
fermentation and the accumulation of fermentation by-
products in it, depending on the intended purpose of
the final product [12].

The application of highly concentrated wort
fermentation technology to manufacture bioethanol has
several advantages. It reduces the consumption of
process water and power, increases an enterprise’s
overall productivity, and results in higher final
concentrations of ethanol (with significant energy
savings for distillation) [13].

The technology of highly concentrated wort
fermentation is a promising universal technology that
allows significant energy savings. It also makes it
possible to increase the efficiency of fermentation
without significant changes in the existing equipment,
and to avoid losses of carbohydrates of raw
materials [14]. An increase in the alcohol concentration
by 1.0% vol. reduces the specific expenditure of
energy carriers on wash rectification by 1150 kJ on
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average, and reduces the amount of post-alcohol
stillage and the costs of its disposal by 9.1% [11].

The process parameters vital in ethanol production
are the initial concentration of wort solids, temperature,
pH, the concentration of enzyme preparations for
hydrolysis of raw material components, and
concentration of industrial yeast [10,15-17].

One of the most promising directions for
intensification of the ethanol technology is increasing
the concentration of wort obtained from grain raw
materials and using new osmophilic and thermotolerant
yeast strains [18]. Since the resource-saving and
energy-efficient  technology involves increased
concentrations of dry matter in the wort, it is necessary
to choose rational technological parameters of
fermentation [19]. Increasing the concentration of
industrial yeast is one of the ways to reduce the
duration of wort fermentation.

In alcohol production, during dilution and
saccharification of wort, starch is not completely
hydrolysed, and this process continues during wort
fermentation. The final saccharification of dextrins
begins after at least 1/3 of the glucose has been
fermented [19,20]. Increasing the concentration of
industrial yeast will speed up the main fermentation
stage and due to this, the total duration of fermentation
of the wort will decrease.

This paper considers the development of
technological parameters and mathematical data
processing to establish the optimal parameters for
fermentation of highly concentrated grain wort.

The purpose of the work is to develop and
optimise the technological parameters of the
fermentation of highly concentrated wort from grain
raw materials to obtain bioethanol.

Objectives of the research:

1. Selection of technological parameters for highly
concentrated wort fermentation.

2. Mathematical modelling of the process of
fermenting highly concentrated wort.

3. Optimisation of the parameters of fermentating
highly concentrated wort from grain raw materials.

Research materials and methods

Maize grain with the starch content 69.0% was
used for the research. The following enzyme
preparations from the manufacturer Danisco (Belgium)
were used: Amylex 4T (activity 1158 units/cm?) as the
source  o-amylase, Diazyme TGA  (activity
11152 units/cm3) as the source of glucoamylase,
Alphalase AFP as the source of protease, Laminex 750
as the source of cellulose.

Fermentation was carried out using the
osmophilic, acid-resistant, thermotolerant strain of
distiller’s yeast Saccharomyces cerevisiae

DO-16 (IMB Y-5099) [21].
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Methods of obtaining  products and
semiproducts of alcohol production in a laboratory
environment

Grain mash, diluted mash, wort, alcoholic
wash. To prepare the grain mash, a 50—70 g portion of
maize grain (as coarsely ground as to pass fully
through a sieve with meshes 1 mm in diameter) was
placed into a 500 cm3 conical flask, and 150-130 cm3
of water was added at 20-22°C. The mixture
wasstirred, and the working solution of the diluting
enzyme preparation was added. The starch content of
the original grain was determined by the Ewers method
(ISO 712:2007). The particle size distribution of the
milled grain was determined by sifting on metal and
nylon-6sieves (DSTU 4525:2006). Prior to that, a
solution of the enzyme preparation Amylex 4T with
water (1:10) had been prepared. The enzyme
preparations were added by units of activity.

Wort was prepared according to the low-
temperature cooking scheme at 85-92°C using
concentrated enzyme preparations, with 3 hours of
exposure. The diluted mass was cooled to 50-55°C,
andglucoamylase, protease, and cellulase were added,
with 0.5 hours of exposure. The calculated dosage of
the enzyme preparations was as follows: a-amylase
(Amylex 4T) — 0.8 units AA/g of starch; glucoamylase
(Diazym TGA) — 7.5 units GA/g; cellulolytic enzyme
preparation (Laminex 750) — 0.35 units CA/g of raw
materials, proteolytic enzyme preparation (Alphalase
AFP) — 0.05 units PrA/g of raw materials).

Preparation of industrial yeast. Yeast
Saccharomyces cerevisiae DO-16 (IMB Y-5099) was
cultured on sterile malt wort and wort from starch-
containing raw materials with the concentration 18-
25% DM, in accordance with the hydromodulus. The
dry matter concentration was determined with a
saccharometer and a refractometer of the RPL-3
type[22]. The mash and the wort were poured into 20
ml test tubes and 0.25-0.50 I flasks in portions of 100
and 200 ml respectively.

The physiological state of yeast cells was
determined by colouring the yeast cell with Lugol’s
solution, the content of dead cells by colouring with
methylene blue, and the number of budding yeast by
counting in a counting chamber [22].

The growth medium was sterilised in an autoclave
at 0.1 MPa for 30 minutes. The sterile wort was stored
at room temperature.

Fermentation of wort from starch-containing
raw materials. The calculated portion of industrial
yeast Saccharomyces cerevisiae DO-16 (IMB
Y-5099) introduced was 20-60 million/ml of wort.

Yeast was added to the saccharified wort in the
amount 20-80 min/cm3.In a laboratory environment,
the wort was fermented by the method of“fermentation
test” in conical flasks with sulphuric acid seals in an
incubator where the temperature wasstably maintained
at 32-37°C. The volume of a test sample was 0.2 cm?.
Every 12 hours, the content of carbon dioxin released
was measured by the weight method to determine the
dynamics of wort fermentation [22]. Fermented wort

Xapuosa Hayka i TexHornorist / Food science and technology

was obtained after 3 days’ fermentation of the wort at
32-37°C.

Methods of analysing semi-products of alcohol
production.

In the fermented wash, the pH and active acidity
were determined electrometrically. The ethanol content
was measured by the pycnometric method and the
refractometric  method, using an  immersion
refractometer [22]. The content of soluble carbohydrates,
insoluble starch, alcohol-soluble carbohydrates, and
dextrins was measured photoelectrocolorimetrically with
the anthrone reagent [22].

All quality indicators were determined in triplicate
with subsequent statistical analysis of the results
obtained.

Methods of mathematical processing of the
experimental data

To optimise the technological parameters of the
fermentation process of high-concentrated grain wort,
an experiment was designed, which resulted in
building mathematical models. The results of the
methodical studies of the technological process of
fermentating high-concentrated grain wort indicate the
non-linear nature of the effect that the initial
concentration of wort solids, the fermentation
temperature, and the industrial yeast concentration had
on the ethanol concentration in the fermented washes.

The experimental findings were supposed to allow
calculating the coefficients of the regression equations,
that is, the dependence of the ethanol concentration
¢ = f (DM, t, N), on the technological parameters of the
process (the initial concentration of wort dry matter
(DM), the fermentation temperature (t), and the
industrial yeast concentration (N)). To conduct the
studies, we chose an orthogonal central composite
design of the second order. This design was chosen,
because it was the simplest of second-order designs. In
this design, the sum of scalar products of the column
vectors of the matrix is equal to zero. Thus, all the
coefficients of the regression equation are determined
independently of each other, and the calculations, when
estimating the coefficients, are simplified.

The total number of experiments z depends on the
number of factors:

7=2"+2k+ng, (1)
where k is the number of factors; n, is the number of
experiments in the centre of the experimental design
(usually one or two experiments).

In our case, with three experiment factors k = 3 and
two experiments in the centre of the design no= 2, the total
number of experimentsis z = 22 + 2.3+ 2 =16.

The unknown response function is most often
represented by a polynomial of degree k:

k k k
- .2
b;x; § by x;x; 1 E byx; + -
-1 i1 i-1
le

)

where by, bi, bij, bii are polynomial coefficients.
According to the preliminary analysis of our
process, the linear regression model describes it but
inadequately. Therefore we can achieve a satisfactory
approximation of the response surface using a

y= by

i
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quadratic polynomial. The mathematical model of the
response surface in our case should look like this:

y=bo+buxs+ ...+ biXi+ bisaXxi® + ... +baixi® +

oo baisaXaXo + ..+ beXiaXi . 3)

When designing the experiment, the following
technological ~ parameters of fermenting highly
concentrated wort and establishing the regular patterns in
the changes in ethanol concentration in fermented washes
were chosen as variable factors: x; — industrial yeast
concentration (N, min./cm3); x, — fermentation
temperature (t, C);xs — wort dry matter concentration
(DM, %).

The minimum and maximum values of the
technological parameters and their variability intervals
were chosen based on the real process of wort
fermentation used in practice. Accordingly, the range
of values of the technological parameters of fermenting
high concentrations of wort is as follows: the dry
matter concentration is 26-30%, the wort fermentation
temperature is 32-37°C, the industrial yeast
concentration is 20-60 miIn/cm3. The selected
technological parameters of fermentation meet all the
requirements for the factors of designing the
experiment. The variability intervals of the experiment
factors are given in Table 1. With the help of the
central composite design, a quadratic polynomial (x?), -
1.68179 is obtained, these are the so-called star points.
At 0, -1, and +1, linear equations are obtained, which
do not allow constructing curved surfaces with
maximum values (optimum of the function).

Table 1 — Matrix design for conducting experiments
of the orthogonal central composite design

Based on the regression equations obtained, using
the ORIGIN Pro software package, the response surfaces
of the optimisation parameters were constructed from
two variable technological parameters. One parameter
was taken at a fixed level (e.g. t = 32°C), and by
substituting this value, a dependence was obtained. The
other two parameters were fixed at the basic level (two
variables were taken at a fixed level). This was followed
by determining the optimal values of the technological
parameters of highly concentrated wort fermentation
needed to achieve the maximum ethanol concentration.

Results of the research and their discussion

Response
Experimen Variable factors function
t No (mean)
X1 X2 X3 y
1 -1 -1 -1 Yim
2 -1 -1 1 Yy2m
3 -1 1 -1 Yam
4 -1 1 1 Yam
5 1 -1 -1 Y5m
6 1 -1 1 Y6m
7 1 1 -1 Y7m
8 1 1 1 Y8m
9 -1.6817 0 0 Yom
10 1.6817 0 0 Y10m
11 0 -1 0 Y1im
12 0 1 0 Y12m
13 0 0 -1.6817 Y13m
14 0 0 1.6817 Y14m
15 0 0 0 Y15m
16 0 0 0 Yi6m
To determine the optimal values of the

technological parameters of highly concentrated wort
fermentation, the partial derivatives were set to zero.
According to mathematical analysis, in the place where
the derivative of the function is zero, its curve reaches
its maximum value, namely the optimum.
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Selection of technological parameters of highly
concentrated wort fermentation. From the data in
Table 2, it can be seen that the amount of synthesised
alcohol increases with the increase in the amount of
industrial yeast. This is probably due to the smaller
amount of carbohydrates spent on the synthesis of yeast
biomass. The highest concentration of alcohol in the wash
is achieved at the wort concentration 28%, and the
amount of industrial yeast 40 min/cm3. The industrial
yeast concentration being 40 min/cm3, the duration of
fermentation is reduced at the initial wort DM
concentration 28%. Increasing the industrial yeast
concentration to 60 min/cm3® wort did not significantly
affect the increase in alcohol concentration in the wash, so
further increasing the yeast concentration is impractical. It
should be noted that with an increase in the amount of
yeast, losses with alcohol-soluble carbohydrates
decreased, which indicates more effective fermentation of
carbohydrates.

Taking into account the need to prevent the
development of contaminating microflora, the liquefied
mass is mainly saccharified in factories directly in the
course of fermentation [11]. In a production
environment, boiling of grain mashes from starch-
containing raw materials is carried out according to the
low-temperature scheme with the use of concentrated
enzyme preparations of various selective action. This
scheme has a number of advantages over the high-
temperature one, but does not always ensure the
microbiological purity of the wort: it accelerates the
development of contaminating microflora in the
saccharifier, which further adversely affects the
fermentation process. Saccharifying the rarefied grain
mash directly in the fermenter allows avoiding these
negative factors. Effective hydrolysis of dextrins in the
fermenter requires developing optimal technological
parameters for the fermentation process.

As can be seen from Table 2 (samples 2,3,6,7),
during the fermentation of the wort at 32 and 35°C,
the concentration of alcohol in the fermented wash
was the highest: 14.65, 14.60% vol. and 15.42,
15.67% vol. Therefore, stage-by-stage fermentation
of grain wort from maize (at 32 and 35°C) creates
conditions for final saccharification of dextrins in
the wort and its effective fermentation.
So, this technique is particularly effective when
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worts  and
ethanol

fermenting  highly  concentrated
allows  obtaining the  maximum
concentration in washes.

Mathematical modelling of the process of
fermentation of highly concentrated wort

To substantiate the technological parameters of the
fermentation of highly concentrated wort and to
establish the regular patterns of changes in the ethanol
concentration in fermented wash depending on the

initial concentration of wort solids, the industrial yeast
concentration, and the fermentation temperature,
laboratory experimental studies of the samples were
conducted using the above technology (Table 3).

Since the linear response surface describes the
experimental material but inadequately, further
experiments were conducted to refine its form using a
second-order polynomial.

Table 2 — Chemical and technological indicators of fermented wash

No. | of dry matier imwor, | TemPerature, | Concentration fyeast | £.CO» | concontiy
% C inoculum, min/cm g/200cm % vol.
1. 26+0.2 32+1 20+2 21.58+1,07 13.58+0.027
2. 26+0.2 35+1 20+2 21.60+1,08 13.59+0.017
3. 26+0.2 371 20+2 21.62+1,04 13.60+0.021
4, 26+0.2 32+1 40+4 21.69+1,06 13.65+0.025
5. 26+0.2 35+1 40+4 21.68+0,98 13.64+0.029
6. 26+0.2 37+1 4044 21.68+0.85 13.64+0.017
7. 26+0.2 32+1 60+6 21.70+0.91 13.65+0.021
8. 26+0.2 35+1 60+6 21.63+1.02 13.63+0.019
9. 26+0.2 371 60+6 21.68+1.04 13.64+0.027
10. 28+0.2 32+1 20+2 22.27+0.95 14.52+0.022
11. 28+0.2 35+1 20+2 22.27+0.97 14.52+0.024
12. 28+0.2 371 20+2 22.06+£0.90 14.39+0.018
13. 28+0.2 32+1 4044 22.34+0.89 14.65+0,016
14. 28+0.2 35+1 4044 22.25+0.87 14.60+0.014
15. 28+0.2 37+1 40+4 22.14+1.02 14.42+0.018
16. 28+0.2 32+1 60+6 22.34+1.08 14.64+0.015
17. 28+0.2 35+1 60+6 22.29+1.02 14.59+0.021
18. 28+0.2 37+1 60+6 22.14+0.93 14.42+0.022
19. 30+0.2 32+1 20+2 23.15+0.95 15.40+0.027
20. 30+0.2 35+1 20+2 23.23+0.87 15.48+0.029
21. 30+0.2 37+1 20+2 23.14+0.97 15.39+0.019
22. 30+0.2 32+1 40+4 23.30+1.02 15.50+0.021
23. 30+0.2 35+1 40+4 23.45+0,92 15.55+0.025
24, 30+0.2 37+1 40+4 23.17+0.89 15.42+0.026
25. 30+0.2 32+1 60+6 23.33+0.98 15.51+0.023
26. 30+0.2 35+1 60+6 23.26+0.94 15.44+0.025
27. 30+0.2 37+1 60+6 23.16+1.03 15.41+0.027
Table 3 — Designh matrix and response function
No Yeast concentration Temperature. °C Dry matter Ethanol concentration C,
) N,mln/cm? p > DM, % % vol.
1 -1 -1 -1 13.58
2 -1 -1 1 15.35
3 -1 1 -1 13.60
4 -1 1 1 14.91
5 1 -1 -1 13.65
6 1 -1 1 15.41
7 1 1 -1 13.64
8 1 1 1 14.98
9 -1.68179 0 0 14.42
10 1.68179 0 0 14.58
11 0 -1 0 14.22
12 0 1 0 14.02
13 0 0 -1.68179 12.55
14 0 0 1.68179 15.70
15 0 0 0 14.60
16 0 0 0 14.60
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Estimates of the regression coefficients for the
symmetrical second-order design were calculated
according to the formulae:

K

7 7t
BORTED)

== my;—— m,

0 =7 - i Vi nd 1

x5 ¥y
i=1 j=
u 77_2 meu J’_, zm)xuy
(4)

=7 anfxuy] (i + 0); b= o Zm]xux”y] (i#g),
2
i=1

where n” and n are, respectively, the number of design
points and the total number of experiments;
mj is the number of parallel experiments (mj = 3) [23].

The estimation of the significance of the
coefficients of the regression equation was checked at
the level 0.05 using Student’s t-test. Statistically
insignificant coefficients were left out.

The response functions (optimisation parameter),
which reflect the dependence of the ethanol
concentration on the initial concentration of wort
solids, the industrial yeast concentration, and the
fermentation temperature, according to the results of
the orthogonal central composite designing of the
experiment, in the coded values of the variable factors,
took the following form:

y = 14.58427 + 0.03728x; + 0.00261x,2 —
0.08762x, — 0.13174x,? + 0.84043x3 —
0.12997X32 —0.0025x1%, + 0.0025x1X3—

70.11X2X3

After verification (using the F-test) whether the
second-order model obtained was adequate for this
technological process of fermentation, it was found
that Feaic was less than Fape (0.000082 < 8.68), so the
hypothesis about the adequacy of the regression
equations was accepted. The obtained second-order
regression equation in coded values can be used in
calculations.

To obtain the regression equation in natural form,
the basic level and variability interval were determined
for each technological parameter of the process. In
natural values, the equation (5) takes the form:

Co,H0, % Vol.= 6.52510%N 2 ~5:10%N 1 +
+4.16-10°N-DM + 1.8586-10°N — 0.021t >~

—0.0146-t-DM + 1.8467-t — 0.0144-DM? +
+1.622-DM — 44.323

®)

(6)
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The response values calculated by the regression
model obtained are close to the experimental
realisations of the observed random variable.

Intermediate regression equations have also been
obtained. By the results of the orthogonal central
composite designing of the experiment conducted, the
response functions (optimisation parameter), which reflect
the dependence of ethanol concentration C on the yeast
concentration N, the fermentation temperature t, and the
wort dry matter concentration DM, took the following
form in the natural values of the variable factors:

at different temperature levels:

t=32°C >Cc 0= 6.5-10°:N2 + 4.16-10°-N-DM +
2.586:10%N —1.44-102DM? + 1.153-DM - 6.81;
t=34.5°C >Cc0 = 6.5-10°%-N?+ 4.16-105N-DM +
1.336:10*N — 1.44-102DM? + 1.116:DM - 5.7;
t=237°C >Cch0= 6.5-10°%-N?+ 4.16-105N-DM +

8.67-10°%N - 1.44-102DM? + 1.08-DM — 4.85

at different levels of yeast concentration:

N = 20 min/cm®—cc i 0 = 1.8457t — 0.01467-t-DM —
0.021t 2 — 0.0144DM? + 1.6229DM — 44.28;

N = 40 min/cm®—cc 1 0 = 1.8447t - 0.01467-t-DM —
0.021t 2 — 0.0144DM? + 1.6237DM — 44.24;

N = 60 min/cm®—cc .0 = 1.8437t - 0.01467-t-DM —
0.021t 2 — 0.0144DM? + 1.6246DM — 44.19

at different concentrations of wort dry matter:
DM =32% —Cc .0 = 0.0032N + 6.5-108.N? - 5.10°
5.N-t+ 1.377t — 0.021t? — 7.205;
DM =29% —Cc 1.0 = 0.003N + 6.5-105.N2 —
+ 1.421t - 0.021t? — 9.428;
DM =26% —Cc .0 = 0.0029N + 6.5-10°5.N2 —
5.N-t + 1.465t — 0.021t2 - 11.911

5-10°N-t

5.10°

After verification (using the F-test) whether the
second-order models obtained were adequate for the
technological process of fermentation, it was found
that Feac Was less than Fiane, SO the hypothesis about
the adequacy of the regression equations was accepted.

To study how the technological parameters of
highly concentrated wort fermentation (variable
factors) affected the optimisation parameters, response
surfaces and their two-dimensional sections were
constructed depending on two variable factors (the
third factor was at a constant basic level). To this end,
the Origin software was used (Fig. 1-3).
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Fig. 1. Response surfaces of the dependence of ethanol synthesis on the technological parameters of fermenting
highly concentrated wort: initial concentration of wort dry matter, industrial yeast concentration, fermentation
temperature, and their interpretation on the plane (a — 37°C; b — 35°C, ¢ — 32°C)

Analysis of the second-order regression equations
obtained (23)—(26) and the response surfaces
constructed using the Origin software (Fig. 1-3) has
allowed finding the optimal values of the technological
parameters. For the synthesis of the maximum alcohol
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concentration in washes with the use of the technology
of highly concentrated wort fermentation, the wort
concentration should be 30% of dry matter, and the
industrial yeast concentration should be 40 min/cm? at
the temperature of the main fermentation 35°C.
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Fig. 2. Response surfaces of the dependence of ethanol synthesis on the technological parameters of
fermenting highly concentrated wort: the initial concentration of wort dry matter, industrial yeast
concentration, and their interpretation on the plane (a — 60 min/cm?3; b — 40 min/cmg3, ¢ — 20 min/cm3),

fermentation temperature
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Fig. 3. Response surfaces of the dependence of ethanol synthesis on the technological parameters

of fermenting highly concentrated wort: the initial concentration of wort dry matter and its interpretation
on the plane (a — 30%; b — 29%; ¢ — 26%b), industrial yeast concentration, fermentation temperature
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Thus, it has been proved that the process of
fermenting highly concentrated wort can be directly
and effectively controlled by changing its
technological parameters. The research results obtained
allow the practical application of the optimal values of
the technological parameters of fermenting highly
concentrated wort in an industrial environment to
manufacture bioethanol.

Conclusion

The experimental studies have made it possible to
develop the optimal technological parameters of highly
concentrated grain wort fermentation with a high-
yielding race of distiller’s yeast Saccharomyces
cerevisiae DO-16 (IMB Y-5099) obtained by selective

The mathematical model created makes it possible
to calculate the ethanol concentration depending on the
initial wort concentration (26-30%), the industrial
yeast concentration (20-60 min/cm3), and the
fermentation temperature (32-37°C). The fermentation
process in highly concentrated wort for bioethanol
production has been optimised according to the
equations of the mathematical model.

The optimal technological parameters of the
fermentation process have been established. For the
synthesis of the maximum alcohol concentration in
washes using the highly concentrated wort
fermentation technology, the wort concentration should
be 30% of dry matter, the industrial yeast concentration
should be 40 min/cm?3, and the temperature of the main

breeding.

fermentation should be 35°C.
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'Kagenpa rorejbHO-pecTOPaHHOI CIIPABH

2Kadepa MaIyH i anapaTis Xap4oBHX Ta (papMaleBTHYHUX BUPOOHHIITR

HarioHansHH#N YHIBEpCHTET XapuoBUX TEXHONIOTIH, Byl. Bomomumupcrka 68, M. Kuis, Ykpaina, 01601

AHotauisi.bioeTaHou € oiHi€r0 3 HAWOLIBII NEPCIEKTUBHUX AJIbTEPHATHB BUKOITHOMY MAJIMBY, SIKE MOXHA BHPOOJSITH 3
PI3HMX BIJHOBIIIOBaHUX JpKepes, OaraTux ByryieBogaMu. [IpiopHTETHUM HampsMOM HayKOBHX JOCIHIIPKEHb B 010TEXHONOTIT €
po3pobka HOBHX pecypco30epirarodnx TEeXHOJNOTiii BHpoOHMITBA OioeTtaHomy. [lnst 3a0esnedeHHs eeKTHBHOrO mporecy
0i0KOHBepCii BYIJIEBOIBMICHOI CHPOBHHH B Oi0€TaHON JOIIBHO ONTHMI3yBaTH TEXHOJOTIUHI MapaMeTpH 30popKyBaHHSI
cycnma BHCOKMX KOHIIEHTpAaliil i3 3epHOBOI CHpOBMHH. JIst OOIpyHTYBaHHS TEXHOJOTIYHMX IIapaMeTpiB IpoLecy
30pOPKYBaHHS BICOKOKOHIICHTPOBAHOTO CyClia Ta BCTAHOBJICHHS 3aKOHOMIpPHOCTEH 3MiHM KOHIIEHTpamii €TaHOlly B 3pijHX
OpakKax y 3aJIeKHOCTi BiJ IOYaTKOBOi KOHIIEHTpamil CyXHX PEYOBHH Cyclla, KOHIIHTpamil BHPOOHHYMX IPIKIDKIB Ta
TeMIepaTypy 30poKyBaHHsI, TPOBENHN JabOPaTOPHi eKCIIepUMEHTaNIbHI JOCIIPKEHHS 3pa3KiB 32 PO3pOOIEHOI0 TEXHOIOTIEIO0.
3epHOBE Cycino 30poKyBald OCMO(IIBHOI TEPMOTOIEPAHTHOK Pacor CIMPTOBHMX IPiLKMKIB Saccharomyces cerevisiae
JO0-16 (IMBY-5099)3a Ttemneparypu 32-37°C.IlouaTkoBa KOHICHTpAILlisl CyXHX pPEUOBHH cTaHOBWIA 26—30%.J[ns
ONTUMi3alii TEXHONOTIYHUX IIapaMeTpiB Mpolecy 30pOMKYBaHHS 3€PHOBOIO Cyclla BHCOKMX KOHLEHTPALi IpOBEIH
TUIaHYBaHHSI €KCHEPHMEHTY B pe3ylbTaTi peanizamii sKoro moOyxyBasd MaTeMaTHyHi mopjeni. J[1s oTpHMaHHS pPiBHSHb
perpecii Apyroro mopsiIKy B HaTypalbHOMY BUIIISII BU3HAYMIM OCHOBHHUH PiBEHb /IS KO)KHOTO TEXHOJIOTIYHOTO MapaMeTpy
mpoliecy Ta Horo iHTepBan BapitoBaHHS. CTBOpeHa MaTeMaTH4YHA MOJENb JIa€ MOXJIMBICTH PO3paxyBaTH KOHLEHTPAILIO
€TaHOITy 3aJISKHO BiJI MOYATKOBOI KOHIEHTpAlil Cycia, KOHIEHTpalil BUpOOHMYIMX APIX/PKIB Ta TeMIepaTypu OponiHHA. 3a
PIBHSHHAMH MaTeMaTHYHOI MOJENI 3/iMCHEHO ONTHMI3alilo Iporecy 30pOo/UKyBaHHS Cycila BHUCOKMX KOHIEHTpAIii s
BHUpOOHMIITBA OioeTaHONMy. BeTaHOBIIEHO, 110 JUIsI CHHTE3Y MakCMMallbHOI KOHIIEHTpPALil CIUPTY B OpakkaxX 3a TEXHOJIOTi€0
30pOPKYBaHHsI Cycia BUCOKHMX KOHIIEHTPALiil KOHIIEHTpALlisl Cycia MOBHHHA cTaHOBUTH 30% CyXnX pedoBHH, KOHIEHTpALIis
BUPOOHUYHUX Jpixkkis 40 MiH./cM3, a TeMIepaTypa TogoBHOro 6poainus 35°C.

KuarouoBi ciioBa: Gioeranon, 30po/KyBaHHs, Saccharomyces cerevisiae, onTumizaiiisi, Cyciio BUCOKOI KOHICHTpALI.
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