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MODELING AND SIMULATE ALCOHOL FERMENTATION

PROCESS BY SIMULINK

MO HINH HOA VA MO PHONG QUA TRINH LEN MEN CON TREN SIMULINK

ABSTRACT

Ethanol fermentation is widely used in the production of foods like alcoholic beverages. In previous
research, the production of ethanol by batch fermentation and continuous fermentation process was
examined. Continuous fermentation is a complex process consisting of many alterations of energy and
matter flows. For improving the overall fermentation process efficiency, a rigorous analysis to determine
optimal values for operation variables is needed. Simulation of the process is a recognized way for doing
such an analysis. In this study, a MIMO (Multi Input, Multi Output) nonlinear multivariable predictive
controller was developed for an alcoholic fermentation process. Effect of agitation rate and heat exchange
in bioreactors during ethanol fermentation wasn't analyzed. Mathematical models were used to predict
the influence of operating parameters on cell concentration, substrate utilization rate and ethanol
production rate. The basic principle used in this model is a concept of balance theory of mass and
energy.Parameter were estimated from experimental data. The kinetic model with its parameters was
applied in the simulation of a continuous fermentation process for ethanol production. Simulations for
multiple scenarios were carried out using software tool Simulink using block diagrams, overlaid on the
Matlab R2016a programming language. Results was obtained in the simulation is the basis for the
preliminary evaluation of results in optimization, identification and linearization and can be used for
design of the control systems as well as the operating mode prediction.
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TOM TAT

Hé thdng Ién men c6n dugc ting dung nhiéu trong cong nghiép thuc phdm. Cc nghién ciiu vé chiing
thudng la khdo sat cac hé thdng Ién men gidn doan (theo mé) hodc lién tuc, qua trinh [én men lién tuc
dugc mo hinh hda dong hoc va mo phdng trong nghién ciu nay. Day la mot qua trinh phiic hgp gom
nhiéu qua trinh bién d6i cta cic dong nang lugng va dong vat chat. Qua trinh [én men lién tuc dugc nhin
nhan véi tu cach mét ddi tuong diéu khién 1a mot mé hinh dong hoc phi tuyén da bién véi cac tuong téc
chéo clia cac tin hiéu vao va cac tin hiéu ra (hé da bién - MIMO). Qud trinh khudy trgn va qua trinh truyén
nhiét khong dugc tap trung di sau phan tich trong nghién cu. M6 hinh héa dong hoc dugc xay dung chi
tiét lam ca s6 cho mé phong qud trinh [én men lién tuc. Can bang nang lugng va can bang vat chat la hai
nguyén Iy can ban dugc s dung trong md hinh héa. Thiét ké md phdng dua trén cong cu do hinh cla
phan mém Simulink dugc dong trong géi Matlab R2016a. Két qua clia cac trudng hgp hoat dong sén xudt
khac nhau ¢6 thé duoc dua ra tir so d6 md phong nay. Day la co s& cho viéc dénh gid so b cac két qua
nghién c(fu vé t6i uu, nhan dang va tuyén tinh hoa phuc vu thiét ké hé thdng diéu khién hé théng ciing
nhu du bdo ché d6 van hanh,
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1.INTRODUCTION

Fermentation is a key process stage
in ethanol production. For improving
the cost efficiency, production
efficiency and obtaining desired
product, the research to optimize the
fermentation process for defining the
best operating parameters is needed.
Fermentation is a multivariable control
system with complex nonlinear kinetics
[1]. There are multiple modeling
methods but with complex technical
systems models, the nonlinear system
of differential equations often used.
Simulation and  optimization  of
fermentation  conditions for the
production of ethanol has gained great
importance in the manufacturing
practice.  Effective and  reliable
assessment utility for
continuous alcohol fermentation
process was established in this study.

In the mathematical model used in
simulation, in addition to the detailed
kinetics model also includes
computational equations describing
heat transfer, temperature dependence
of kinetic parameters, oxygen transfer
as well as the effect of metal
concentration and temperature on
mass transfer. The kinetic equations
used in the mentioned bioreactor
model are modifications of the Monod
equations based on the Michaelis—-
Menten kinetics, proposed by Aiba.

2. A STATE - SPACE MODEL FOR AN
ALCOHOLIC FERMENTATION

In this study, the spatial distribution
of parameters in the bioreactor wasn't
assessed. The quantities were referred
to the concentrated parameters
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mathematical model based on the model assumption of
uniform distribution (ideal stirred tank) [2].

Ethanol production is divided into two phases:
respiration (yeast propagation under aerobic conditions)
and ethanol fermentation under anaerobic conditions:

- Aerobic conditions: CH,,04 + 60, — 6CO, + 6H,0

- Anaerobic conditions: C;H,,0,— 2C,H,OH + 2 CO,+ Q

Substrate
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Figure 1. Flow diagram of transform matter in bioreactor
Fi, ¢so, Tin Cx
Cs
-\ iy
T,

F., cs.cx, cp T,

Figure 2. The continuous fermentation reactor
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Figure 3. Diagram description of a state variable x;
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Figure 4. Diagram description of the system state equation

The continuous fermentation reactor is shown in Fig. 1
and 2 described as a block diagram of the input (U) and
output (Y) vectors. Dynamic response in output Y to step
change in input U ( Fig. 4).
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The bioreactor is modeled as a continuous stirred tank
with constant the substrate flow. There is also a constant
outlet flow from the bioreactor that includes the product,
substrate and biomass (Fig. 2).

The kinetic equations used in the mentioned bioreactor
model are modifications of the Monod equations based on
the Michaelis-Menten kinetics, proposed by Aiba et al [3].

dCX CS -K, ¢
=u,c, —=—e *°° (M
dt X K + ¢

’ (2)

e 3)

Where R., and R, are defined asratio of cell produced
per glucose consumed for growth and ratio of ethanol
produced per glucose consumed for fermentation,
respectively.

Inorganic salts are added with the yeast. Those are
necessary compounds for the formation of coenzymes. But
the inorganic salts also have a strong effect on the
equilibrium concentration of oxygen in the liquid phase.

Effect of the ionic concentration is calculated by Eq (4):

Z HI =Hh, +Hele, + HMglMg +Hglq

4)
+ Hcoslco3 +Hyly +Houloy =0,1274

The equilibrium concentration of oxygen depend on
temperature in distilled water is given by the empirical
equation as follows [4] :

Co, 0 =14.6-0.3943T, +0.007714T? —0.0000646T;  (5)

In the fact that salts are dissolved in the medium the
equilibrium concentration of oxygen in liquid phase is
calculated by Setchenov equation [4]:

Co, = Co, 0 %1 0z (6)

Mass transfer coefficient for oxygen related to
temperature is determined by the following empirical
equation [5]:

(k) = (ka),(1.024) >
Equation for the rate of oxygen consumption is:
CO

: (7)

r, =g, —Cy——>—
(e 0, X
YOZ KOZ +Co,

The formula of the maximum specific growth rate
related to the growth rate that increases with the
temperature and the effect of the heat denaturation:

_ —(E,1/R(T, +273)) _ ~(E,, /R(T, +273))
My =A™ A,e 8)

In continuous fermentation process, there are inlet and
outlet flow. Total volume of the reaction medium is:
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[ Rate of change in volume] = [ Volume input rate] -
[Volume output rate]

d_V:E_Fe (9)

dt

Where: F, and F, are defined as flow of substrate
entering the reactor and outlet flow from the reactor,
respectively.

A biomass balance is presented as follows:

dc C X Fe
_X — d —S e pCp - CX
dt

10
My XKS+CS v (10

The mass balance for the product is presented by the
following equation:

dc C K Fe
P = HpCy S—e -G
dt K, + ¢

(1

A substrate mass balance is expressed by Eq. (12):

[Substrate utilization rate] = [Substrate input rate] -
[Substrate output rate] — [Substrate uptake rate for growth]
- [Substrate uptake for production formation]

dCS 1 CS K.c Fi
—:——HXCX e °° +_c5in
dt Rey K, +c¢ v 12)
1 HoC CS eprwcp Fe c
5 HMphx VRS
RSP Ks1 +C

The concentration of the dissolved oxygen in the
reaction medium is calculated by Eq.(13):

[Oxygen utilization rate] = [Oxygen input rate due to
the mass transfer] - [Oxygen rate consumed for
fermentation reaction]

Co,
dt

An energy balance for the fermentation process is given
as below:

= (kla)(c;z —Co, )= 1o (13)

2

For the bioreactor:

dT, F F

== (T +273)——=(T +273)

dt Vv \'% 14
LTS KA -T,) (14)

32prcheat,r Vprcheat,r

For the jacket:

dr,. F KA(T =T

S (1, T ) 0s)

dt Vj Vprcheat,ag

Thus, kinetic modeling of alcohol fermentation in
continuous fermentation bioreactor is a set of
simultaneous equations:
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Co, 0 =14.6-0.3943T, +0.007714T? —0.0000646T;
C, =Copox10 2
CO
r, = —0C 2
o, =Ho, Yoz X Koz e,
by = A1e*(Ea|/R(T,+273)) _ Aze—(EaZ /R(T, +273))
\/
d— =Fi—Fe
dt
d «o F
i: x Cx Cs_e K”——ecx
dt K, +¢ v
d «e F
s 2 pCx = eKmp——eCP
dt Ks1 +C
d 1 .
L — Py —— e % 4 Cin
dt Ry K, +¢
1 u c CS e—chp e c
- pEx S
R K, +¢
c0Z X
. (ka)(co, =€, ) 1o,
dT  Fi F o, AH, KA(T =T,
S = T, +273) o (T +273) 2y (T~ T)
dt v v 32prcheat,r Vprcheat,r
dT. F KA(T -T
izﬂ('ﬁn‘ag _Tag)+ T T(Tr ag)
dt VJ Vprcheat,ag

There are numerous kinetic models for ethanol
fermentation. Mathematical models have been used to
predict the effect of operating parameters on biomass
concentration, substrate utilization rate and ethanol
formation rate. The kinetic parameters of the alcohol
fermentation were used in this study obtained from the
previous experimental data.

Table 1. Parameter values used for simulation

No |Parameter Nomenclature/ | Value/
Greek symbols Unit
1 |Pre exponential factors in Arrhenius A, 9.5x10°
equation
2 |Pre exponential factors in Arrhenius A, 2.55x10%
equation
3 | Heat transfer area A; 1, m?
4 | Heat capacity of mass of reaction Corats 4.18,)g'K"
5 | Oxygen concentration in the liquid phase Co, mg/L
6 | Equilibrium concentration of oxygen in c’(‘)z mg/L
the liquid phase
7 | Product (ethanol) concentration G g/L
8 | Substrate (glucose) concentration G 60, g/L
9 | Glucose concentration in the feed flow G g/L
10 |Biomass (yeast) concentration G g/L
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11 |Apparent activation energy for the E, 50000 J/mol »{Vector_u CX_CP_CS)e @
growth, respectively, denaturation E, 220000 J/mol CAL_CX_CP._CS ' Scope
. Scope1 u(tjec_X
reaction +»{vestor_u COXY_TR_TAG | 9 wirc p
12 | Flow of cooling agent Fao L/h CAL_COXY_TR_TAG g — + EEE%O:Y
13 | Flow of substrate entering the reactor F Uh| t»{Vestoru MUY Xto KLA MIC} ’Si% S
14 | Outlet flow from the reactor F, L/h . M:JY—XJDEKEU; I:H-IECAGI Scope3 Eﬁgg 3?5555 o
15 | Speccioic cnsan of on i i = Na, h GEN_FLOW_SIGNAL il
a, Mg, {1, €03, etc.
16 [lonic strength of ion i (i = Na, Ca, Mg I Figure 5. Schematic diagram simulated the overall system
{, €03, etc.) The simulation program was designed according to
17 | Product of mass-transfer coefficient for Ka 38,h"| mModularization as presented in Fig. 5. Each of modules
oxygen and gas-phase specific area contained nonlinear and integral equations to describe a
18 | Constant of oxygen consumption Ky, 8.86 mg/L system of equations of state - space for an alcoholic
19 | Constant of growth inhibition by ethanol K, 0.139, /L ff:[nentg.t.lon as the following Fig. 6.
20 | Constant of fermentation inhibition by K, 0.070, g/L ; e e 1
ethanol a Lt-[ u(12)(u(10) - uid)) - u(®) ;
. __ Functon_Cal C_OXY FXU) Yntegrator_C ox‘r
21 | Constant in the substrate term for growth K 1.030, g/L i ,L o o b e i 2
3 (W1 4Yu(B)'(T_IN +273) - ju(13)u(B)f{u(5p273} }—‘—bl :}— Y
22 |Constant in the substrate term for K, 1.680, g/L ' Hﬂ{ : Fancion cgmiu P Ih\egramrTH cox .
ethanol production ! W ) wex "
23 | Heat transfer coefficient K; 3.6x10° i Functon Cal T R2 !’_'f‘_'fj_
I m2K? o W15 T_IN_AGUBIV_J }—u@i—@—-- :
24 | Rate of oxygen consumption o mgl'h? Fonclon, GaLTAGH | ngraor T_AG ¢
2 ' L (K_T*A_T*(u(5)-ulB))YV_J'P_AG'C_HEAT_AG)}
25 | Universal gas constant R 8.31 L. _ _ FuctmcCavag _ _ _ fixU .
R - 1 u
Jmol 1K1 U i i i \-'ecbr_!‘:'w u
26 | Ratio of ethanol produced per glucose R 0.435
e D P i Figure 6. Detailed calculation of CAL_OXY_TR_TAG
27 |Ratio of cell produced per glucose Ry, 0.067 The above simulation diagram was used for multiple-
consumed for growth cases simulation depending on the kinetic parameters
28 | Temperature of cooling agent in the Ts 15°C entered via M-file as follows:
jacket - Flow of substrate entering the reactor: F; =51 (I/h)
29 |Temperature of the substrate flow T, 25°C - Outlet flow from the reactor: F.= 51 (I/h)
entering to the reactor - Glucose concentration in the feed flow: C;, = 60 (g/1)
30 |Temperature in the reactor T, 30°C - Temperature of cooling agent in the jacket: T,;= 15°C.
31 | Volume of the mass of reaction v 50, L - Temperature of the substrate flow entering to the
32 | Volume of the jacket Vi 100,L| reactor: T,,=25°C
33 |Yield factor for biomass on oxygen Yo, 0.970, - Simulation - time: t = 60 (h)
(mg/mg), defined as the amount of mg/mg Simulation results obtained as follows:
;)r(:gsze(jconsumed per_unit biomass - Simulation results using Runge-Kutta (4,5)[6]
34 | Reaction heat of fermentation A 518 K/mol - The comparison of the results between ode45 and
' 0. d tiéu ode23 solvers.
’ thy In the Fig. 7 showed the result of fermentation process.
35 | Maximum specific oxygen o 05 Uh| Inthe first 1 hour, it’s the lag phase for yeast acclimate for
consumption rate ’ the environment so the reactor temperature decreased by
36 | Maximum specific fermentation rate " 1790, Uh cooler agent. At the log phase (about 10 hours after lag
37 | Maximum specific arowth rate E b phase) where cells are rapidly growing and dividing that's
- P - g Hy increase temperature in the reactor and then the reactor
38 | Density of cooling agent Pag 1000, g/L temperature was controlled by the cooler agent.
39 | Density of the mass of reaction p, 1080

3. RESULTS AND DISCUSSION

The presented dynamic model is simulated by using
software tool Simulink as a toolbox package in the Matlab
R2016a software.
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The two graphs (Fig. 8) shown that using Runge-Kutta
(4,5) method(ode45) with higher convergence than Runge-
Kutta (2,3) method(ode23). A smaller calculation step given
more accurate results. The simulation results are closely
relevant with data obtained from the previous
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experimental. This simulation allows engineers to perform
different analysis in order to select the best parameter for
operating fermentation process. The application of this
simulation method will open the prospect of simulating
multiple fermentation processes in food technology and
biotechnology.

Biomass [1]

Subirate [g]

Time (]

Existing Cooler agent temp[*C]

Figure 7. Simulation results using Runge-Kutta

odeds5 1
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time [h]

ode23| |
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time [h]

Figure 8. The comparison of the results between ode45 and ode23 solvers
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4. CONCLUSIONS

In this work, we have simulated the modelling of
alcohol fermentation process by Simulink” which a tool of
Matlab’. Accordingly, using mathematical models and
simulation tools have predicted the result and reducing
time and labor
experimental works. We
showed the using Runge-
Kutta (4,5) algorithm
(ode45) was better result
than Runge-Kutta (2,3)
algorithm (ode23).
Choosing calculation
method is also important
that effect to conclusions.

Product [g/]

Resctor temperature (/]
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