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MODELING AND SIMULATION OF THE
BIOPROCESS WITH RECIRCULATION*

The bioprocess models with recirculation present an integration of the model
of continuous bioreaction system and the model of separation system. The
reaction bioprocess is integrated with separation the biomass, formed prod-
uct, no consumed substrate or inhibitory substance. In this paper the simula-
tion model of recirculation bioprocess was developed, which may be applied
for increasing the biomass productivity and product biosynthesis, increasing
the conversion of a substrate-to-product, mixing efficiency and secondary
CO; separation.

The goal of the work is optimal bioprocess configuration, which is deter-
mined by simulation optimization. The optimal chemostat state was used as
referent. Step-by-step simulation method is necessary because the initial bio-
process state is changing with recirculation in each step. The simulation ex-
periment confirms that at the recirculation ratio o = 0.275 and the
concentration factor C = 4 the maximum glucose conversion to ethanol and
at a dilution rate ten times larger.

The recirculation technique with separation is
primarily used for the increase of bioprocess produ-
ctivity for biomass synthesis, but it can also be appli-
ed for bioprocess efficiency increase for product
synthesis as well as for the increase of the total sub-
strate conversion into the product. Most frequently,
the bioprocess is combined with the separator S for
obtained biomass, product formed and non-consu-
med substrate.

At biomass production, the permanent inocula-
tion of the fresh sterile medium, the maintenance of
exponential growth phase or the achievement of bi-
omass more than critical are provided by biomass re-
circulation. The application of the cell biomass
recirculation at chemostat enables bioprocess pro-
gress in the conditions when the dilution rate D is
considerably higher than the specific microbial
growth rate p [1].

Considering the fact that the biosystem functi-
ons with the dilution rate higher than the specific
growth rate, the volumetric bioprocess productivity is
increased. Furthermore, the increase of the cell con-
centration enables proportional increase of substrate
consumption rate. The instability border of classical
chemostat, which is because of cell washing from bi-
oreactor connected to the condition D = p, during
which the maximal bioprocess productivity, is chan-
ged towards higher values [2,3].

*Rad saopsten na VII simpozijumu "Savremene tehnologije i priv-
redni razvoj", Leskovac, 19. i 20. oktobar 2007. godine

Author address: S. Zerajic, University of Ni§, Faculty of Technol-
ogy, Bulevar oslobodenja 124, 16000 Leskovac, Serbia

E-mail: zerajic@yahoo.com

Paper received: July 31, 2007

Paper accepted: September 19, 2007

In this paper, the possibility of application of si-
mulation optimization technique for improvement of
configuration of bioprocess with recirculation is rese-
arched, with the aim to increase productivity and ou-
tlet ethanol concentration [4,5]. Simulation optimiza-
tion aims at determining the best values of input pa-
rameters, given an output criterion. This approach allows
a large variety of new types of problems to be solved, such
as design of complex dynamic biosystems [6].

PROCESS MODELLING

The complex bioprocess was decomposed to the
reaction—transformation and separation subsystem by
using subsystem analysis. The bioprocess scheme is
shown in Figure 1.
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Figure 1. Scheme of the bioprocess with recirculation

Transformation process balance:

d (Vey)

dr =F1€1X+F3C3X+I‘XV—FCx (1)
d (Ve)

dr =Ficis +F3C3S —rsV —Feg (2)
d (Vep)

di =Ficip +F3C3p +rpV—FCP (3)
dv
E = F1 +F3 -F (4)
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Separation process balance:

Fex—Facox —Fze3x =0 &)
Feg—Facag—Fze35 =0 6)
Fep—Fycop—Fse3p =0 (7)
F-F,-F;=0 )

Initial conditions:

t=0,cx (0) = Cxo, C§ (0) = Cs0,

cp(O)y=0,V=1, )

If in sterile inlet flow F;, only the limiting sub-
strate with concentration ¢;5 (c1x = c¢1p =0) is pre-
sent, and if the recirculation flow F3 is presented by
recirculation ratio oo = F3/F; based on volumetric flow
rates, and the concentration in recirculation flow csx
is expressed by concentration factor Ckore = covfey,

the model of reaction subsystem at constant volume,
is reduced in the following equation system:

de

Vd—tX = oFy - exC¥™ iV =1+ o) Fy -cx (10)
dCS

V7=F1015+OCF1'CS—FSV—(1+0°)F1'CS(11)
de,

VE:O(‘Fl-CP-FrPV—(l‘F(X)Fl'Cp (12)

dv

¥ o (13)

Initial conditions:

t =0,cx (0) =cxo =0, cs (0) = s,
er (0) =0,V =V, (14)

The border bioprocess models with recirculati-
on are generated for the biomass production process
with complete biomass separation and recirculation
(Model 1), for the process with complete substrate
separation and recirculation with the goal of getting
the total substrate conversion (Model 2) and for the
process with complete separation of the inhibitory
product, with the goal of the maximum substrate con-
version and process productivity (Model 3).

Model 1. The biomass is completely separated
in the separator and returns in the bioprocess by the
flow F5 (condition: F3esx = Fey, c35 = 0, c3p = 0), and
outlet reaction mixture (reactant and product) leaves
the separator by the flow F;, (condition: cox = 0, cp5 =
cs, Cop = Cp),

di ZI‘XV
d (Ve
( CS) :Flcls—rsV—ch
dt
d VCp
(df )erV—FCp
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dv/dt=F, + F5;-F
Initial conditions:

t =0,cx (0) =cxo =0, cs (0) = s,
CP(O) =0,V= V()

Model 2. The substrate that has not reacted is
separated in the separator and returned into the bio-
process by flow F3 (condition: Fscss = Feg, c3x = 0,
c3p = 0), and outlet reaction mixture (biomass and
product) leaves the separator by flow F, (condition:

Coy = cx, C25 = 0,00p = CP),

d (Vey)

di ZI‘XV—FCX
d Ve

(dt ) =Ficis—rsV
d VCp

(df ) erV—FCp

dv/dt=F, + F5;-F
Initial conditions:

t =0,cx (0) =cxo =0, cs (0) = s,
CP(O) =0,V= V()

Model 3. The formed product is separated in
the separator and is taken away by the flow F, (condi-
tion: Facop = Fep, cax = 0, cog = 0), and outlet reacti-
on mixture (biomass and substrate) is returned in the
bioprocess by flow F3 (condition: Fscsy = Fey, Facss
= F Cs, C3p = 0)

d (e
(dt 2
d (e
% ~ Few -l
d (VCP)
7 =rV -Fep

dv/dt=F, + F5;-F
Initial conditions:

t =0,cx (0) =cxo =0, cs (0) = s,
CP(O) =0,V= V()

By including the relations for recirculation ratio
a and concentrating factor C¥"¢, and by expressing
the volumetric reaction rates (rx, rs, rp) with suitable
specific reaction rates ([, vs, vp), the models of rea-
ction subsystem Model 1-3 are transformed in the
following form:

Model 1.1. The biomass is completely separated
in the separator and is returned into the bioprocess,
and outlet reaction mixture (reactant and product)
leaves the separator by the flow F; (condition: Ficsy
= F CX)
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dCX
VW =rxV =c,WV
deg
VWZFlcls—rsV— (1 +OL)F1 cCy =

=Fics —CXVSV— (1 + OL) Fi-cs

d
V%ZFPV—(l-i—OL)Fl-Cp:

=cxvpV —(1+o) Fy-cp

dvi/di=0

Initial conditions:
t=0, CX(O) =cxo=0,cg (0) = Cs0, CP (0) =0,V=1V,

Model 2.1. The substrate that has not reacted is
separated in the separator and is returned into the bi-
oprocess, and the outlet reaction mixture (biomass

and product) leaves the separator by flow F;, (conditi-
on: F3C3S = FCs)

d
Vﬁ =rxV - (1+0(,)F1 s Cx=CxH V- (1+O(,)F1 - Cx

dt
dCS
V? = Flcls — rsVZ Flcls — CXVSV
de
VW =pV- (1+0(,)F1 -cp=cxvpV — (1+0(,)F1 -cp
dv/de=0

Initial conditions:
= 0, CX(O) =cCxg = 0, 05(0) = €50, CP(O) = 0, V="
Model 3.1. The formed product is separated in
the separator and is taken away by flow I, and the

outlet reaction mixture (biomass and substrate) is
back in the bioprocess (condition: I, cp = Fep),

e S
7 xV=Ccx L
dCS
V? = Flcls — rsVZ Flcls — CXVSV
de
VW =rpV — (1+o0)F7 - cp = cxvpV — (1+a)F; - cp
DV/dt=0

Initial conditions:

= 0, CX(O) =Cxp = 0, 05(0) = Cs50, CP(O) = 0, V= Vo.

KINETIC MODEL

The kinetic model is semi—empirical, non-stru-
ctured from the aspect of cell composition and distri-
buted from the aspect of biomass quantification
according as total concentration of biomass, which is
uniform distribution at volume of fluid culture.

The kinetic model is generated from mixed se-
mi-empirical biomass growth model, which includes
modified non—-competitive substrate inhibition and li-
near product inhibition.

dex Hm - CS P
O (g omeer a3
KM+CS+K_
28
deg Vs * Cs (1 cp> 16
TST G T c3 NP, (10)
KM+CS+K_
IS
_de_ Vip * Cs (1 Cp) 17
rp 7 Cx c§ . _Pmm ( )
KM+CS+K_1S

The empirical model parameters P,, and P,,,
are determined in the independent experiment. They
represent the corresponding ethanol concentrations,
at which cell growth and ethanol synthesis stopped
respectively. From a biochemical aspect these para-
meters represent the biological switching effect,
which is a specific characteristic of the cell culture
Saccharomyces cerevisiae.

The experimental data from Kkinetic experi-
ments was used for kinetic parameter estimation. The
model parameters were calculated based on the ordi-
nary least squared method. The Levenberg-Mar-
quardt iterative fitting method is used at parameter
estimation [7,8]. The model validity is statistically es-
timated by Fischer’s test and preliminary by correlati-
on coefficient. The results of the statistical test
presented in Table 1, show good comparison of the
experimental and simulation data.

Table 1. The kinetic model Egs. (15-17) parameter estimati-
on, for different initial substrate concentration (csy = 50-250
gdm™ cxo = 0.75gdm™, Py, = 84, Py = 95)

cso Hm Vins Vmp KM KIS c(;llc e tab  Tcor

50 0272 2603 1.224 1.393 401.800 0.105 2.484 1.000
100 0.229 2380 1.104 0.688 422300 0.043 2.084 1.000
150 0.195 2434 1.069 1.764 470.800 0.472 1.841 0.999
200 0.181 1.972 0.815 4.560 239900 0.277 1.592 0.999
250 0.116 1376 0.543 8917 361.700 0335 1.278 1.000

RESULTS AND DISCUSSION

Analysis of the bioprocess with recirculation

The simulation model of bioprocess with recir-
culation flow obtained from Eqs. (1-8), is analyzed
for different conditions of the separation subsystem.
The bioprocess with recirculation flow represents an
integration of continual flow reaction system and se-
paration system. The recirculation technique repre-
sents permanent inoculation of the reaction subsys-
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tem that excludes the need to produce the starter cul-
ture all trough the process.

The shortage of this bioprocess configuration is
in time accumulation of metabolites in reaction
subsystem and in engineering problems of realization
of the setting separation degree in the separation
subsystem.

Analyzing the reaction—separation model, the
main contribution of bioprocess with recirculation
flow can be confirmed. The model is derived under
the presumption that the inlet flow is sterile, and that
the bioprocess is initialized by an impulse injection of
biomass at the start of the process, which is realized
in the model by specifying the zero inlet biomass con-
centration C1x = 0 in inlet flow F1, i.e. cxg as the initi-
al condition that is the mathematically formalized
impulse biomass injection.

d

V% = aFy - exCE v — (L + )F, - cx (18)
dCs

V= =Fieis+aFy - Cs=rsV = (1 +0)Fy - cs(19)
de

VWZO(‘Fl-CP-FrpV—(l'FOC)Fl'cP (20)

dv/dt=0 1)

Initial conditions:

t =0,cx (0) =cxo =0, cs (0) = s,

cp(0)=0,V="V1, (22)

In steady-state conditions, the model of bi-
omass forming is transformed in the following form:

Il/(ocFl cexCE eV =L+ ) Fr-cx) =0 (23)

By introduction of the specific growth rate ry =
p ex in Eq. (23) it follows,
Fy H
= 24
Vo 1+ a—aCk™ @)
that represents the function of dilution rate D from
the specific growth rate p, recirculation ratio o and

concentrating factor C5".

The Eq. (24) shows that the dilution rate is hig-
her than the specific growth rate in the process. The

concentrating factor is much higher than one, chore s 1,

and the recirculation ratio is lower than one, o <« 1,
so that the denominator of the equation is less than
one. In the chemostat with cell recirculation, the cell
concentration is (1/1 + a — o C¥™) times higher
compared to the standard chemostat.

With the research of the bioprocess with recir-
culation, the control values, such as inlet flows and
their corresponding concentrations are changing.
The values of the recirculation flow, main flow and
concentrations are also changed, depending on the
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concentration factor and recirculation ratio. These
changes lead to changes of initial values of the reacti-
on subsystem state and that leads to change of the ki-
netic parameter values.

In each time interval (¢, ;,1), which is determi-
ned by simulation step Az, the simulated process state
variables in time #; will be the initial condition for si-
mulation in time #;,;. Therefore, in each simulation
step, the values of kinetic parameters with values of
changeable states will change, especially with the
actual concentration of limiting substrate.

The module for the specification of control va-
lues (input variable), components with kinetic model,
corresponding simulation algorithm and components
for simulated response show constitute the basic stru-
cture of the process simulation model. In addition,
the component with the model for the determining of
the values of the kinetic parameter models in the fun-
ction of the initial concentration of limiting substrate
is included.

Simulation of the bioprocess with recirculation

In development of the software applications,
object oriented transformation method was used.
The objects of complex bioprocess are modeled by
heterogeneous program packages. This development
dynamics of the engineering program packages are
directly incorporated in software applications. Pro-
gram components were generated with MathCAD
program package [9]. The new generating program
components were integrated in Mathconnex environ-
ment. Matconnex is a stable explorer for visual inte-
gration of heterogeneous program packages for
creation of the continual simulation [10]. The process
is simulated on the process simulation model, with ki-
netic model Eqgs. (15-17) and with confirmed para-
meters of the kinetic model from Table 1. The
structure of the simulation software is shown in
Figure 6.

The simulation software of the process with re-
circulation, consist of three basic components:
"TRANSFORMATION PROCESS", "SEPARATION
PROCESS" and "VARIABILITY KINETIC PARA-
METERS" component for estimation of variable va-
lues of the kinetic parameters in the function of the
reaction subsystem state change.

The input simulator system is consisted of a mo-
dule for specification of the starting conditions in re-
action subsystem "INITIAL CONDITIONS", the
module for volumetric flow specification "FLOW"
and special modules for component concentration spe-
cification in input flow F; and recirculation flow F3.

The output simulator subsystem is specially se-
parated for reaction subsystem and shown by the
graph "REACTOR DYNAMICS", and the graphs
"VOLUME" and "BIOMASS" are also shown beca-
use of the clarity.
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The time changes of the concentration of bi-
omass, glucose, ethanol and reaction subsystem valu-
es in the reactor i.e. output flow F are shown in the
corresponding graphs.

The graphs "SEPARATOR DYNAMICS" and
"BIOMASS DYNAMICS" show concentration chan-
ges of biomass, glucose and ethanol at the exit of the
separator S in flow F,. These changes in flow F; are
at the same time total response time changes of the
state of the bioprocess with recirculation.

In the component "SEPARATION PROCESS"
the predefined value of the concentrating factor (CF)
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Figure 2. The simulation of the chemostat on the bioprocess
simulation model with separation and biomass recirculation
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is set, for example biomass on Figure 2, from which
the biomass concentration is defined and the models
for separation of substrate and product are introdu-
ced, Egs. (5-8). The dilution rate is defined from the
input flow F; and the effective reaction volume and
according to Eq. (24) the values of the possible diluti-
on rate above the values of the specific biomass
growth rate is estimated, and this is comparatively
used in relation to the standard chemostat.

The simulation software is transformed in the
simulator of steady state chemostat in the testing
phase by the alppropriate flow choice (F5 = 0,F; = F,
= 0.2 dm’ h™") and their content and by additional
defining of the separation ratio (c3x = CX, ¢35 = CS i
csp = CP). Considering the effect of cell washing by
continual flow trough chemostat, it can be supposed
that the culture is permanently in the phase of expo-
nential growth, so, in the kinetic model, the mainte-
nance coefficient of biomass m can be approximation
neglected m = (. During the simulation, the maxi-
mum dilution rate limited by the washing effect and
corresponding bioprocess state are defined.

At dilution rate D = 0.02 h™ and by excluding
of the separation subsystem from the simulation, by
the condition ¢3x = CX, ¢35 = CSic3p = CP, after 40
h of non-steady state, the process gets into
quasi-steady state when the maximum biomass con-
centration CX = 10.327 g dm™, ethanol CP = 69.979
g dm™ and maximum conversion, i.e. minimum glu-
cose output CS = 1.587 g dm™. The simulation che-
mostat response got on the simulation software for
bioprocess with recirculation is shown on Figure 2. At
dilution rate D = 0.2 h™ chemostat washing occurs.

In Figure 3, the biomass dynamics in reaction
and separation subsystem, is comparatively presented
for chemostat and the process with recirculation. The

(b)
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Time (h)
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150

Figure 3. Biomass dynamics at the outlet of the reactor (a) and the separator (b)
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Figure 4. Dynamics of glucose (a) and ethanol (b) in recirculation bioprocess
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Figure 5. The productivity of glucose consumption (a) and ethanol forming (b)

simulation response obtained at the dilution rate D =
0.02 h™. The process with recirculation is simulated
at the dilution rate D = 0.10 h™\, at recirculation rate
o = 0.275 and concentration factors CF = 2i CF = 4.

The corresponding changes of the concentrati-
ons of glucose and ethanol are shown in Figure 4.

The main aim of the recirculation, the producti-
vity increase of the glucose consumption and ethanol
forming is comparatively illustrated in Figure 5 for
chemostat and recirculation bioprocess with different
concentration factors.

In Figure 3, the bioprocess simulation with re-
circulation at recirculation ratio o = 0.275 and con-
centrating factor C§"¢ =4 is shown. At dilution rate of
D = 0.2 h™ at the output from the reaction subsystem
of quasi-steady state values are: CX = 56.686 gdm™,
CS = 5.585 g dm™ and CP = 68.164 g dm™ and they
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are obtained after 70 h of non-steady state process.
At the same time, the corresponding values at the se-
parator output or with inlet flow F» from the total
process are: CX = 9.926 g dm™, CS = 5.576 g dm™
and CP = 68.169 g dm™. Almost theoretical glucose
conversion and maximum ethanol concentration are
obtained at a ten times higher dilution rate.

The initial conditions specified by the input mo-
dule "INITIAL CONDITIONS" (V = 10 dm’, CX =
0.75 g dm™, CS = 150 g dm™, CP = 0 g dm™) are
used for both the chemostat and the process with re-
circulation of separated biomass simulation.

Kinetic and inhibitory model parameters in the
form of specific values, at different initial biomass
concentration and initial substrate concentration
cso =150 g dm™ are obtained with the method of ini-
tial rates. Fischer’s test confirms good agreement
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with the experimental data (lable 2). The parameter important. Therefore, the component "VARIABI-
values from Table 2 show the relative stability and LITY KINETIC PARAMETERS" is integrated in
small variations with the biomass concentration chan- the process simulator, to predict the kinetic parame-
ge. However, the changes of parameter values with ter values with the change of process state in each
the change of substrate concentration (Table 1) are step of the simulation.
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Table 2. The kinetic model Egs. (15-17) parameter estimati-
on, éor different initial biomass concentration (csg = 150 g
dm™> Py = 84, Py = 95)

Cx0 Hom Vins Vmp KM KIS F;Zlc e tab Feor
0.75 0196 2433 1.069 1.756 4712 0.518 1.861 0.999
1.50 0.185 2519 1.100 1.882 395.2 0.057 1.984 1.000
3.00 0192 2423 1.058 1.088 4502 0.069 2.168 1.000
9.00 0.181 2407 1.057 1.855 529.6 0.033 2.818 1.000
15.00 0.173 2275 0998 1.238 814.0 0.029 3.179 1.000

At recirculation steady state process (Figure 5)
the high productivity and conversion values are
achieved. At outlet ethanol concentration cp = 57.719
g dm™ the coefficient of ethanol yield is Yp,5 = 0.387.
At the same time the degree of glucose conversion
into biomass and ethanol is 0.936. The theoretical etha-
nol yield in the absence of cell growth is Yps = 0.511.

The separation and biomass recirculation te-
chniques increase biomass concentration in the rea-
ction subsystem, which enables bioprocess progress
with almost theoretical yield and ethanol concentrati-
on and total glucose conversion, at dilution rates that
are ten times higher compared to the ones with
chemostat.

CONCLUSION

The computer—aided modeling and bioprocess
simulation enable optimal bioprocess configuration
with recirculation flow. The subsystem analysis and
compartment approach at modeling enable indepen-
dent development and testing of simulation software
for reaction and separation process. The process si-
mulator is formed by integration of operational simu-
lators. The function of the classical chemostat can be
simulated by appropriate choice of control values,
e.g. by excluding separation process. The obtained
values of the steady-state chemostat quantities are
used as referential values.

The optimal values of chemostat productivity
are limited by the cell-washing phenomenon. This li-
mitation leads to relatively low steady—state cell con-
centration in chemostat, which results in low output
ethanol concentration. The optimal values cannot be
increased above the values obtained by optimization
of the nutrient medium and process parameters, e.g.
temperature, pH values and mixing. The optimal va-
lues of chemostat state are cx = 10.327 g dm>, c5 =
1.587 gdm™ and ¢p = 69.979 g dm™, and they are ob-
tained at dilution rate D = 0.02 h™.

The separation subsystem, which is realized by
centrifuge, increases the cell concentration that con-
tinually returns into the reaction subsystem by partial
recirculation flow. The concentrating factor is also li-
mited by centrifugal efficiency and recirculation flow
techniques.
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At concentrating degree C5" and recirculation

ratio oo = 0.275, the dilution rate that enables the
complete substrate conversion is determined (D = 0.2)
by simulation optimization. The quasi-steady state of
reaction subsystem (cx = 56.686 g dm™, cg = 5.585 g
dm™, cp = 68.164 g dm™) shows considerably higher
biomass concentration at the same time. The total re-
circulation flow effect is show by simulation output
from the separator (cy = 9.926 g dm™, ¢g = 5576 g
dm™ and cp = 68.169 g dm™). With almost total con-
version of glucose, the dilution rate in the process
with recirculation flow is almost ten times higher. At
the same time, the bioprocess productivity proporti-
onally increases as well.

The ratio of chemostat productivity DP; =
1.363 g dm™ h™ and bioprocess with recirculation
DP, = 13.634 g dm™ h™, confirms the effectiveness
of the applied method. The application of simulation
optimization is an efficient approach that enables the
configuration of complex bioprocess with the aim to
increase productivity. The high productivity and out-
put ethanol concentration considerably decreases et-
hanol separation expenses in the rectification phase.

NOMENCLATURE

Cx,y CSs CP ngrn_3 cell, substrate and product concen-
tration in reaction subsystem

Cx, Cs, Cp ngrn_3 cell, substrate and product concen-

tration in reaction subsystem

cell, substrate and product concen-
tration in inlet flow F;

cell, substrate and product concen-
tration in outlet flow F,

cell, substrate and product concen-
tration in flow F3

cell, substrate and product concen-
tration in recirculation flow F3

-3

c1xs c1s- ¢1p gxdm
-3

caxs €285 C2p gxdm
dm>

€3x, €35, C3p Sxdm

dm™
€3x, €35, C3p Sxdm

Chone - concentrating factor (CF)
D nt dilution rate
Fi, Fr, F3 dm>h?! inlet, outlet and recirculation flow
c‘,’j;c - total Fisher’s calculated values for
validation test
Ky gs dm™ Monod’s constant of cells growth rate
Kis  gs dm™ inhibition constant for noncompeti-

tive inhibition by substrate

inhibition constant for competitive
inhibition by product

maintenance coefficient for cells
growth

ethanol concentration that stops
cell growth

ethanol concentration that stops
ethanol biosynthesis

rate of growth (production) of cells
related to glucose

rate of substrate consumption
rate of product formation

Kp  gpdm™

m gxgx h

rx gx dl’Ifl_3 h™

rs gs dm " h™
rp gp dm ™~ h™
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o gx dm™ h rate of growth (production) of cells [2] M.L. Shuler, F. Kargi, Bioprocess Engineering, Prenti-
related to nitrogen ce Hall PTR, USA, 2002, p. 248.

Teor — — correlation coefficient [3] J.E. Bailey, D.E. Olis, Biochemical Engineering Fun-

v dm?> reaction subsystem volume damentals, McGraw—Hill, New York, 1986, p. 539.

[4] S. Andradottir, Simulation Optimization, In: Handbo-
GREEK SYMBOLS ok of Simulation, J. Banks, ed., John Wiley and Sons,
New York, 1998 307.

o - recirculation ratio
—— gX—l b maximum specific growth rate [5] M.C.Fu, Ann. Operational Res. 53 (1994) 199.
Vs gs gx_l h™ specific rate of substrate consumption [6] H. Pierrival, J.L. Paris, Simulation Modelling Practice
Vims 85 8x “h™' maximum specific rate of substrate consump- and Theory 11 (2003) 5.
tion [7]1 K. Levenberg, Q. Appl. Math. 2 (1944) 164.

vp gp gx_1 ht specific rate of product formation
1, — . . .
Vmp gPEx h maximum specific rate of product formation

[8] D.Marquardt, STAM.J. Appl. Math. 11 (1963) 431.

[9] Mathcad User Manual Guide, Mathsoft, Massacusetts,
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1ZVvOD

MODELOVANIJE I SIMULACIJA BIOPROCESA S POVRATNIM TOKOM

(Naucni rad)

Stanko Zerajié¢, Dragan Cvetkovi¢, Ilija Mladenovié

Tehnoloski fakultet, Univerzitet u Nisu, Bulevar oslobodenja 124, 16000 Leskovac, Srbija

Modeli bioprocesa s povratnim tokom pretstavljaju integraciju modela
kontinualnog bioreakcionog sistema i modela separacionog sistema.
Reakcioni bioproces se integriSe sa separacijom biomase, nastalog proiz-
voda, neproreagovanog supstrata ili inhibitorne supstance. U radu je raz-
vijen simulacioni model recirkulacionog bioprocesa, koji se moZe
primeniti za povecanje produktivnosti biomase i biosinteze proizvoda,
poveéanje konverzije supstrata u proizvod, efikasnosti mesanja i izdva-
janja sporednog COs,.

Cilj rada je optimalna konfiguracija bioprocesa s recirkulacijom koja se
nalazi simulacionom optimizacijom. Optimalno stanje hemostata
koris¢eno je kao referentno. Simulacija korak—po-korak je neophodna
metoda jer se pocetno stanje bioprocesa s recirkulacijom menja u svakom
koraku simulacije. Simulacioni eksperiment potvrduje da se pri recirku-
lacionom odnosu o = 0.275 i faktoru koncentrovanja C = 4 postiZe mak-
simalna konverzija glukoze u etanol i pri 10 puta vecoj brzini razredenja.

Kljuéne reci: Bioproces sa re-
cirkulacijom e Modelovanje i
simulacija ¢ Optimizacija simu-
lacijom o

Key words: Bioprocess with re-
circulation ¢ Modeling and simu-
lation e Simulation optimization e
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