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Abstract: Fed-batch fermentation processes are some of the most efficient and wildly applied 
types of cultivation for industrial production of most amino acids including L-valine. Time 
series analysis is an important tool for description of the experimental data. This article 
deals with statistical inference from the time series analysis of generalised stoichiometric 
equations as a hypothesis for modelling and optimisation. The aim of the article is to develop 
some time series models of generalized stoichiometric equations. The identification 
procedure includes the following steps: description of the process by generalized 
stoichiometric equations; preliminary data processing; model structure selection for each 
stoichiometric equation; estimation of the model’s parameters; verification of the derived 
models. 
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Introduction 
Amino acids are some of the most important products of the industrial microbiology. L-lysine 
and L-valine are known as essential amino acids [3]. The use of the amino acids is based on 
their nutritional value, taste, physiological activities and chemical characteristics. The main 
fields of the application of the amino acids are [2, 3]: 
 

• Human nutrition. 
• Animal nutrition. 
• Cosmetics. 
• Medicine. 
• Chemical Industry. 

 
The distribution of world amino acids market is estimated as shown in Fig. 1. 
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Fig. 1 Amino acids world supply 

 
The identification problem of the biotechnological processes is threefold [1].  
 

• Determination of the number of biological reactions. 
• Identification of the underlying reaction network. 
• Identification of the kinetics. 

 
This article deals with confirmation of the chosen reaction network presented by generalized 
stoichiometric equations. The aim of the article is to develop some time series models of 
generalized stoichiometric equations. Suppose that if the stoichiometric hypothesis exists than 
the appropriate time series models could be established according to the experimental data. 
This is the purpose of the application of the time series models [5, 8]. The identification and 
simulation procedures are realised by MATLAB environment [4, 6]. 
 
Materials and methods 
The variable volume fed-batch fermentation process is carried out at laboratory scale 
fermentors with 3 litres total volume. Corynebacterium glutamicum sp. - B023 is used as a 
producer. Analytical methods used for the characterisation of the process are as follows: 
biomass is measured as dry cell mass [g/l]; sugar concentration – as reducible compounds 
[g/l]; L-valine – by chromatographic method [g/l] (Fig. 2). During the process on-line 
measurement of differed physical–chemical variables are done by proper sensors. 
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Fig. 2 Time course of experimental data from L-valine fed-batch fermentation 
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Primary Data Processing 
Calculation of the specific rates is a final aim of this procedure. The stages of the primary 
processing procedure are [2]: 
 

• Transformation the different measurable units of the concentration to unit [g/l]. 
• Equalization of the fed-batch process to batch one. 
• Calculation of the specific rates: growth rate (µ), substrate utilisation rate (ν), L-

lysine or L-valine production rate (ρV). 
 

Transformation the different measurable units 
For expressing the biomass concentration the measured optical density units are transformed 
to the [ggry biomass/l] using the coefficient m1= 0,5887 [ggry biomass/for one unit of optical 
density]. 
 
Equalization of the fed-batch process to batch one 
The specific rates are calculated using kinetics variables (X – biomass concentration [g/l], SR 
- sugar remain concentration [g/l], Sc – sugar consumed concentration [g/l], LV – L-valine 
concentration [g/l]) without any dilution effect from the feeding solution. To eliminate the 
dilution effect from the kinetic variables the appropriate correction is done. The correction is 
obtained by equations: 
 

X(k)corrected = X(k)experimentalexp ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ h
V(k)
F(k)  

LV(k) corrected = LV(k) experimentalexp ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ h
V(k)
F(k)  (1) 

SR(k) corrected = SR(k) experimentalexp ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
− h

V(k)
F(k) - S(0)h

V(k)
F(k)  

 
where:  
h is time step h = tk – tk-1, [h]; 
F – feeding rate, [l/h];  
V – volume, [l];  
S(0) – concentration of the solution, [g/l];  
LV – L-valine concentration, [g/l]. 

Calculation of the specific rates 
The specific growth rate, the rate of substrate utilisation, the specific production rates are 
calculated by equations: 

X
Xµ

.

= , 
X
Sν
.

= , 
X

L
ρ

.

V
V = . (2) 

 
Results and discussions  
The fermentation process is described by the following schemes of generalized stoichiometric 
equations: 
 



BIO

Autom
ati

on

Bioautomation, 2005, 4, 24 - 29 ISSN 1312 – 451X 
 

 27

f0

VC

CR

C

C

VV

LXSC

SS

XSC

XS

F

L

S

g

X

⎯→⎯

⎯→⎯++

⎯→⎯

⎯→⎯+

⎯→⎯

ϕ

ϕ

ϕ

ϕ

ϕ

            (3) 

 
where: ϕX, ϕg, ϕS, ϕL, ϕF are rates of the reactions, [g/l/h];  
V0 – initial volume, Vf – final volume of the culture broth, [l];  
X – biomass concentration, [g/l];  
S – substrate concentration as a sugar remain concentration – SR or sugar consumed 
concentration – Sc, [g/l];  
LV – L-valine concentration, [g/l];  
C – dissolved oxygen tension, [%]. 
 
The validation of the above stoichiometric equations based on the experimental data, used in 
this article, is confirmed by an extended autoregressive (ARX), (4) and autoregressive 
moving average (ARMAX), (5) models written as: 
 

e(t)nk))u(tB(q)y(t)A(q 11 +−= −−           (4) 
 

)e(t)C(qnk))u(tB(q)y(t)A(q 111 −−− +−= ,         (5) 
 
where: A(q-1), B(q-1) and C(q-1) – polynomials in the delay operator q-1; y(t) – output 
variable; u(t) – input variables; e(t) – residuals of the model. 
The polynomials A(q-1), B(q-1) and C(q-1)  are written as: 
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where: na, nb and nc – orders of the polynomials;  
B0, B1, …, Bnb – an (ny x nu ) matrices;  
ny and nu – numbers of the outputs an inputs, respectively;  
nk – number of delays from input to output. 
 
The ARX and ARMAX models are derived to confirm the validation of the dependencies 
described by the above stoichiometric equations. The first ARX model expresses the relation 
between the consumed sugar and biomass concentration as an input and output variables, 
respectively. The second ARX model expresses the extended hypothesis about biomass 
formulation as a relation between two input variables: consumed sugar and dissolved oxygen, 
and output variable biomass concentration. The ARMAX model is used to express the 
relation between the residual sugar in culture broth and feeding solution (F.S(0)) as input 
variables and the consumed sugar as an output variable. The third ARX model includes three 
input variables: concentration of biomass, consumed sugar and dissolved oxygen and L-valine 
concentration as an output variable.  
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The structural and parametric identification of the presented ARX and ARMAX models is 
realised by System Identification Toolbox within MATLAB environment.  Adequacy of the 
ARX and ARMAX is proved as follows: 
 
• Initial estimation of the ARX and ARMAX model orders by using autocorrelation and 

partial autocorrelation functions. 
• Model structure selection by using Akaike’s Information Criterion (AIC). 
• Investigation of the residuals. 
• Visualisations of the results. 
 
The normal distribution of the residuals, not presented here, and independence between the 
residuals and past inputs are investigated within MATLAB environment. The following 
conclusions could be drawn from the validation of models: 
 
• Suppose that if the stoichiometric hypothesis (3) exists than the ARX and ARMAX 

models could be established according to the experimental data. This is the purpose of the 
presented time series models. 

• The presented models describe stationary time series according to the data. The analysis 
of the model approximation shows that the models correctly present the trends in the 
experimental data.  

• The analysis of the normal probability plots of the residuals shows that the majority of 
them are normally distributed but outliers could be seen. 

• Tools included in the MATLAB package for analysing correlation and cross-correlation 
functions prove the independence between the residuals and past inputs of the models. 

 
The derived results are presented as follows: 
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Fig. 3 Time course of the equation  Fig. 4 Time course of the equation 

XS X
C ⎯→⎯ϕ      XSC g

C ⎯→⎯+ ϕ  
 

XS X
C ⎯→⎯ϕ  XSC g

C ⎯→⎯+ ϕ  
A(q) = 1 - 1,026 q-1 + 0,556 q-2     A(q)  = 1 - 0,5898 q-1                      
B(q) = 0,8514 - 0,7337 q-1                               B1(q) = 0,8583 - 0,7851 q-1      
 B2(q) = 0,025 + 0,06101 q-1   
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( ) CR SS0F.S S⎯→⎯+ ϕ  VC LXSC L⎯→⎯++ ϕ  
A(q)   =   1 - 2,108 q-1 + 1,121 q-2   A(q)  =   1 - 0,4575 q-1                                     
B1(q) =   0,01508 q-1 + 0,08072 q-2 B1(q) = -0,01665                                                
B2(q) = - 0,1035 q-1 + 0,07319 q-2  B2(q) =   0,1128                                                 
C(q)   =   1 - 1,009 q-1                B3(q) =   0,01443                                        
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Fig. 5 Time course of the equation   Fig. 6 Time course of the equation 

  ( ) CR SS0F.S S⎯→⎯+ ϕ     VC LXSC L⎯→⎯++ ϕ  
 
The obtained models are appropriated ones and describe the tendency of the basic kinetics 
variables. The hypothesis that the equation exist is revealed by the time series model based on 
the experimental data. 
 
Conclusions 
Regression and autoregressive (ARX) models prove the accepted number of the generalised 
stoichiometric reactions and underlying reaction network. The analysis of the model 
approximation shows that the models correctly present the trends in the experimental data. In 
additional their residuals are investigated.  
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