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Abstract. This paper presents an improvement of functional state local
models structures of Escherichia coli fed-batch cultivation. tn the pre-
vious results it has been already shown how the cultivation prlcess can
be divided into functional states and how the model parameters can be
obtained using genetic algorithms. The aim of this work is to find better
local modeb structures of E. coli cultivation moder based on zhang
investigations. The proposed modification of locar models predicts very
well the dynamics of the process variables -biomass, substrate, acetate,
dissolved lxygen as well as carbon dioxide. Moreover, the modified local
models in general are simpler than the previous ones.
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1. Introduction

Zhang et al. [22] introduce the functional state concept to
describe and analyze the current biologicar state of bioprocesses,
and apply the approach in expert system-based fault diagnosis
and bioprocesses control. Taking into account a rot of applica-
tions of such approach [5,6,2211or fermentation processes and
repofted results [3,14,17], i t  is obvious thatthe implementation
of the functional state concept has computational advantages
and allows direct incorporation of high-rever and qualitative plant
knowledge into the model. These advantages have proven to be
very appealing for industr ial appl icat ions [4,1b, ' , |6,19].

Based 0n many research repofts about the changes in E
coii process behavior during different curtivation conditions (high
or low glucose concentrations, oxygen limitation or oxygen star-
vation, etc.) [2,8,9,20], it is evident that there are a lot of
analogies between the yeast and Escherichia colimetabolisms.
Due to the similarities of main metabolic pathways of yeast and
bacteria [1,7,8,9,10,12,13], the concept of state decomposit ion
could be applied successfully for modeiling F. coli cultivations.
In the previous authors' work [1 1] the concept of functional state
approach was applied and the effectiveness of the proposed
identification scheme proved.

The aim of this paper is to present an improvement of the
local models structures, compared to [11]. The purpose of the
next investigation is to find simpler model structures that stil l
represent accurately real experimental data.

2. Materials and Methods

The mathematical model for the considered Escherichia
col i  MC4ll0fed-batch cult ivat ion, based on the mass balance
of the components (biomass, glucose, acetate, dissolved oxygen
and carbon dioxide), is presented by the following differential
equations [1 B]:
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where: X, S, Si,, A, 02, C0rare the concentrations of bio-

mass [9.1-t] ,  substrate (glucose) [g.1-,] ,  inf luent glucose
[9. 1 '1],acetate 

[g . 1-1],dissolved oxygen [%] and carbon dioxide
[9.1"1] respect ive ly ;  F is  the in f luent  f low rate, [1  .h ' , ] ; l / is  the

bioreactor volume, t11; kf'a is the volumetric oxygen transfer

coefficient, 1n't1, pcora is the volumetric carbon dioxide trans-

fercoefficient, [h-1]; and p, Qs,Q4, Qo, and qco,arethe specific
rates of growth, substrate utilization, product (acetate) forma-
tion, oxygen consumption and carbon dioxide production, [h-1]
respectively. The structures of the specific rates mentioned
above vary in connection with the recognized functionar states.

According to Zhang investigation l2?l, cultivation process
could be divided into five functional states depending on specific
criticalvalues of substrate and dissolved oxygen concentrations
(table /). In the considered case of E. colicultivation process
the following values for substrate and dissorved oxygen critical
levels are assumed [11]:

S.ri, = 0.1 g.1't and Orr.r,, = 20.4%.
Taking into account the rules for recognition of the func-

tional states (table 7), three functional states are recognized:

c FS | : first acetate production state;

. FS ll : mixed oxidative state:
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o FS V . second acetate production state.
The disposition of the recognized functional states during

the process is presented in figure /. In the beginning of the

cultivation, the dissolved oxygen and thg glucose concentrations
are above the corresponding critical levels. The process is in

first acetate production state (FS /) from 6.7 h (the start of the

fed-batch cultivation) to7.2 h. ln the next hours - from 7.2hto
10.5 h, mixed oxidative state (FS //) is identified. The process

enters this state when the sugar concentration decreases to be

equal to or below the critical level and when there is sufficient
dissolved gxygen in the broth. At the end of the cultivation the
prgcess is in second acetate production state(FS tz). From 10.5h

to 11.6 h both glucose and dissolved oxygen cgncentrations are

below the corresponding critical levels.
Table 1

Funct ior ra l  s la tc R r r l c

T;S I S >Scrit iurd O. > O"crit

F5 l1 S ( Scrit and O- 2 O-crit :rrrd A > O

r,S III S < Scrit and O, 2 O,crit inrd A = 0

F5 11 S = 0  a n d  O . > O . c r i t

/,'.s I S < Scrit and O" < O.crit and A > 0
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Figure 1

According to the recognized specific functional states, dif-
ferent structures of local models are considered. Parameter
identification based 0n available experimental data is performed.
As an optimization procedure, genetic algorithms are used. The
genetic algorithm parameters and functions are presented in
detai ls in [11]. The optimization cri terion is formed as a mini-
mization of a distance measure J between the experimental and
predicted model values of state vector y 

1

3. Functional State Modelling Using
Modified Local Models

From practical view, modelling studies are perlormed to

identify simple and easy-to-use models that are suitable to

support the engineering tasks 0f process optimization and es-
pecially of control. The most appropriate model must satisfy a

compromise between the following conditions:
. the model structure should be able to represent the

measured data in a Proper manner;
o the model structure should be as simple as possible.

Local models presented by Zhang [22] describe very well

experimental data, but some of them have complex structures.
To obtain the desired results, the available local models 111,221
are changed. Proposed local models are developed based on

the specific peculiarities of the considered F. coli cultivation
prgcess. Fufihermore, local models for describing carbon diox-

ide concentration are prgposed. Such local models are not
presented in previous investigations [11,22]. Experimental data

show that the time curues of dissolved oxygen and carbon

dioxide are inversely proporlional. For that proporlionality, iden-

tical local models forthe dynamics of 0, and C0rare proposed'

This assumption is considered for all identified functional states.

3.1. Modelling First Acetate Production State (FS I)

The model structures used for describing FS / are pre-

sented in table 2.Ihe specific growth rale p is a constant. The

structure of the specific rate of sugar consumptiop 4s is the

same for all discussed functional states. A specific acetate
production rale qoproportional to Monod kinetics is preferred

here. The specific dissolved oxygen consumption rate qo. and

specific carbon dioxide accumulation rate Qco, are directly

proportionalto the specific growth rate. Based on the considered
models structures, parameter identification is fulfil led. The re-

sults are listed in table. 3.
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where %-, is the measured vectori l,oa- modeled vector
and y = lS X A 0, C})Ior all recognized functional states.
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F S /

Parameter Valw

ll,,* , [h-r] 0.45

ks , [gfr] 0.03

Yu r , [ggr] 0.46

Yo,r , [gg,] 0.019

Yo,r ,  [ggr ] 0.096

Ycqt x, lgst) 0.16

k?o , [h.,] 52.49

kfo'a , y-,1 42.06

J ,,, 1.13

Table 3

Fe$balch culri\€lion ot E. coti MC41t0 . FS I

The simulation re-
sults are depicted in fig-
ure 2 for modeled (des-
ignated by -) add mea-
sured (designated by *)
biomass and acetate
concentrations and in
Figure 3 tor predicted
and measured substrate,
dissolved oxygen and
carbon dioxide concen-
trations.

The investigations
show that the modified
simpler lscal models for
FS / reflect the experi-
mental data better than
the previous models
[1  1 ] .

rate are expressed by Monod kinetics with regard to the acetate
concentration, dissolved oxygen concentration and carbon diox-
ide concentration respectively. The modified rocar models struc-
tures for FS llare listed in table 4. Table f represents the results
from the model parameter identification.

Simulation results for model behavior in FS ll are pre-
sented in fgure 4 (tor biomass and acetate concentrations) and
figure 5 (for substrate, dissolved oxygen and carbon dioxide
concentrations).
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Figure 3

3.2. Modelling Mixed Dxidative gtate (FS tt)

The following changes are made to improve the model
quality: the specific acetate production rate, specific dissolved
oxygen consumption rate and specific carbon dioxide production

FS II

.Parameter Value

fL**, [h-'] o .52

V^,ot, [h-'] o.20
k" , [g'l-t] 0.023

kn,lg' l- ' l 0 . 5 9

ko,, fYo] 0.023

k.o,, f%l o.o2
Yr,*, [g'g-t] 0 . 5 0

Y^,*, [g'g-t] 0 .013

Yor,*, [g'g-t] 0.20

Y"or,*, [g'g-t] 0 .  10

k?o, [h-'] 1 5 5 . 8 7

kfo'o, [h-t] 53.41

Jrsn 2 .79

6.7s 6.8 6.85 6.9 6.95
Tim€, lhl

6.8 6A5 6.9 6.95 7 7,O5 7.1 7.15 7.2
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The model prediction for
biomass and acetate concentra-
tions could be seen in figure 6,
and for substrate, dissolved oxy-
gen and carbon dioxide concen-
trations in figure 7.

The estimation for FS l, FS
lland FS V are in the admissible
domain, The new local models
fit better the experimental data
according to the obtained crite-
rion values for FS l and FS ll.J,r,
=7.5213, J,rr=11.1843 and Jrru
=9.3916 in  [11]  compared to
the present results-Jrr,=1 .13
(table 3), J,r;2.79 (table 5) and

Jo,r1.79 (table Z). The model accuracy of modified structures
increases many times.

As it is well known, the parameters of the fermentation
processes models, and particularly in the cultivation of E. coli,
are time-varying. The functional state approach better reflects
this variance, which complies with fact that the parameters
values in the three functional states are different. Thus, an
adequate and more precise model is obtained,

10 .6  10 .7  10 .8  10 .9  11  1 ' 1 .1  11 .2  11 .3
' l ime, 

[h]

Figure 6
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3.3. Modelling Second Acetate Production

State (FS V)
The specific rates of glucose consumption and acetate

production are proportional to the specific bacteria groMh rate,
i.e. to a Monod model. The dissolved oxygen consumption rate
depends on the dissolved oxygen concentration. The modelstruc-
tures for FS t/ and the parameter estimations are respectively
oresented in table 6 and table 7.
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Figure 9

For better visualization, both measured state trajectories
and modeled ones are presented together for all states in the
next two figures. figure B shows biomass and acetate curues
and figure 9 - substrate, dissolved oxygen and carbon dioxide
curves. The initial values for simulation in every new functional
sate are the last simulated values in the previous ones, so that
the trajectories became continuous.

The presented figures indicate that the modified models
successfully predict process variables dynamics during the
Escherichia coli MC4110 ted-batch cultivation. The simulation
results show that the new local models predict glucose utiliza-
tion, acetate formation and dissolved oxygen consumption, bet-
ter than the original Zhang models. Furlhermore, the proposed
models for specific carbon dioxide production rate are adequate.
This fact validates the assumption of coincidence between them
and those for specific dissolved oxygen consumption rate.

The adequacy of the developed local models is evaluated
based on two criteria: Fisher criterion (F) and model selection
criterion (MSC) The MSC is defined as [21]:

,rt=,"I
I  , ( , ) [y .^n ( i ) -  -u , , , , ,u  ( i  ) ] '

z a i m ( p )  
,

N
=  t n l  ;

where tV is the number of points, w(D is the weight applied
to each points,7,* ir the weighted mean of the observed data,
y*r(D is the weighted value of obserued data, y^*(D represents
the weighted value of calculated data and p is the level of
significance of the simulation (parameter vector). The MSC at-
tempts to represent the "information content" of a given set of
parameter estimates by relating the coefficient of determination
to the number of parameters (or equivalently, the number of
degrees of freedom) that were required to obtain the fit.

ln the table I the values of the F and MSC criteria are
given. The results show that the
modif ied local models are ad-
equate.

4. Conclusion

Table 8

Criterion Value

F 4.2939
MSC 6.821

Based on the application of the functional state approach,
modified local models of E coli MC4170 fed-batch cultivation
are proposed. Three functional states are recognized, namely
first acetate production state, mixed oxidative state and second
acetate production state. For further high quality control of the
cultivation specific local models structures are identified. This
implementation of functional state modelling approach describes
a process with local models which are simpler but neveftheless
adequate and precise.
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