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Abstract

A software sensor for on-line determination of substrate was developed
based on a model for fed-batch alcoholic fermentation process and on-line
measured signals of ethanol, biomass, and feed flow. The ethanol and biom-
ass signals were obtained using a colorimetric biosensor and an optical sen-
sor developed in previous works that permitted determination of ethanol at
a concentration of 0–40 g/L and biomass of 0–60 g/L. The volume in the
fermentor could be continuously calculated using the total measured signal
of the feed flow. The results obtained show that the model used is adequate
for the proposed software sensor and determines continuously the substrate
concentration with efficiency and security during the fermentation process.

Index Entries: Soft-sensor; substrate; alcohol fermentation; ethanol; biomass.

Introduction

The control of a fed-batch alcoholic fermentation process can be
obtained by controlling the substrate concentration in the medium by
manipulation of the feed flow. The fermentation process presents compli-
cated kinetic mechanisms. In addition, there is the absence of accurate
and reliable mathematical models as well as the difficulty of obtaining direct
measurements of the process variables owing to a lack of appropriate
on-line analyzers and sensors. Control systems are formed by a set of instru-
ments and control mechanisms connected through electrical signals in the
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form of control loops, leading to increased efficiency and optimized process
operation, reducing the costs of industrial production. A feasible way to
control and monitor these processes is the use of software sensors. The
software sensor uses a process model to estimate variables that neither can
be directly measured nor are easily accessed through on-line available data.
The limitation of currently used models is that they rarely use biologic state
variable measurements (1). These measurements are extremely important
to providing good regulation of process performance when the physical and
biochemical properties are constantly changing.

The process model can be obtained by different forms, and in
bioprocesses mass balance equations can provide much information. How-
ever, in order to have efficient process models and software sensors, a
previous adjustment of the model is necessary using on-line data collected
from a plant under different operational conditions. This databank is
important to guarantee that the model remains calibrated and represents
the plant adequately. Some requisites are indispensable for the experi-
mental implementation of models in software sensors: response speed to
disturbances in the system and appropriate inference of primary variables
of interest during key points of the process.

Court (2), Eberhard (3), and Tyagi et al. (4) have reported some appli-
cations of computers and software sensors for fermentation control in
experimental research in data acquisition of bioreactors. Neural network
models were used to interprete sensor signals in the control of an alcohol
fed-batch fermentation (5) and in the detection of the individual compo-
nents of a gas mixture and to measure the concentration of both gases (6).

This article presents the design and implementation of a software
sensor for the continuous determination of substrate concentration based
on a simple model of a fed-batch fermentation process and the available
signals of two other sensors—one for on-line biomass determination (7)
and the other for on-line ethanol determination (8)—developed in previous
works. The software sensor proposed provides a continuous signal that can
be used in a control loop to manipulate the substrate feed flow in order to
maintain almost constant substrate concentration and obtain an excellent
level of productivity and yield during all of the process, as shown in experi-
mental control strategy studies in previous works (9).

Methods

Mathematical Model

A simple mathematical model is used for quantitative description of
the process and consists of a set of equations relating inputs, outputs, and
key parameters of the system. The model for an alcoholic fermentation fed-
batch process developed by Mayer (10) and adapted with the Ghose and
Tyagi (11) linear inhibition term by the product was used as the starting
point for the development of a model-based substrate sensor with product
(ethanol) and biomass on-line measurements.
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To simplify study of the fed-batch alcoholic fermentation process and
with the purpose of regulating the substrate concentration in the fermen-
tation medium, the following assumptions were made: (1) the substrate
concentration in the feed is constant; and (2) the volume change in the
fermentor is a function of feed flow.

The following equations describe a general form of the model for the
fed-batch process and total medium, having only substrate as feed flow,
and include mass balances for substrate, product, biomass, and kinetic
relations, respectively.

  dV
dt

= Fe (1)

   dS
dt

= Sa – S Fe
V

– X
µ

Yx/s
+

γ
Yp/s

(2)

   dP
dt

= γX – Fe
V

(3)

   dX
dt

= X µ – Fe
V

(4)

   µ = µ max
S

Ksx + S
1 – P

Kps
(5)

   γ = γ max
S

Ksp + S
1 – P

Kpp
(6)

To maintain optimal conditions in the fermentor, and assuming that
the substrate concentration in the medium is much higher than the satura-
tion constants (Ksx and Ksp <<< S), one can simplify the inhibition terms as
follows:

   µ ≈ µ max 1 – P
Kpx

(7)

   γ ≈ γ max 1 – P
Kpp

(8)

The substrate concentration in a fed-batch fermentor can be main-
tained nearly constant, as shown in previous works (9), and in this case one
can assume that dS/dt ≈ 0, and from Eq. 1

   S = Sa –
X µ V

Yx/s Fe
+

X γ V
Yp/s Fe

(9)

and substituting the kinetics relations and arranging the terms one obtains

   
S t = Sa –

V t

Fe t
X t

µ max

Yx/s
1 –

P t
Kps

–
γ max

Yp/s
1 –

P t
Kpp

(10)
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Using a new variable defined for the second term of Eq. 10 as a func-
tion of the on-line sensor signal of ethanol concentration, one obtains:

   
Pc t =

µ max

Yx/s
–

γ max

Yp/s
–

µ max

Kps Yx/s
–

γ max

Yp/s Kpp
P t (11)

And using a new variable defined for biomass concentration as a func-
tion of the on-line measured biomass sensor, one obtains:

  Xc t = X t Pc t (12)

Finally, combining Eqs. 1, 10, 11, and 12, one obtains:

  
S t = Sa –

Vo + Fe t
Fe

Xc t (13)

in which Xc(t) is the combined function of the on-line measured variables;
X(t) is the biomass optical sensor signal, P(t) is the ethanol colorimetric
sensor signal, Fe(t) is the feed flow signal–related control valve opening by
calibration curve, and V(t) = Vo + ∫ Fe dt is the volume signal calculated by
the total block in the controller.

Integrated Control System for Fed-Batch Process

The complete experimental setup used as an integrated system for
monitoring and control of the process variables is presented in Fig. 1. This
inferred signal of substrate concentration can be continuously calculated
on-line using essentially the model and combined signals of biomass and
ethanol transmitters and the total of the feed flow measured signal. Imple-
mentation of this model-based sensor was carried out in a programmable
digital multiloop controller combined with programmed modules in a
supervisory software installed in a Pentium 200 microcomputer. The
setup included on-line measurements of ethanol and biomass by sensors-
transmitters adapted to appropriate sampling lines of the fed-batch fer-
mentor, filtration equipment, feed and detecting solution tanks, pumps,
and all hydraulic and electric accessories needed. Adapted equipment
was used for removal of bubbles formed during the fermentation in func-
tion of the CO2 produced in order to avoid interference in the biomass
sensor signal.

The configuration of the controller was programmed to couple the
signals of ethanol and biomass transmitters and infer the proposed model-
based substrate sensor signal using specific calculation blocks. The control-
ler was interfaced using an RS-232-485 interface with the microcomputer,
where the supervisory software system was installed. The supervisory
system software AimaxWin version 3.1 was configured, and historical
trends for both direct and inferred process variables for P(t), X(t), Pc(t),
Xc(t), and V(t) could be incorporated directly into the previously designed
screens and data sheets and tables.
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Operational Conditions and Kinetic Parameters of Model

A set of alcoholic fermentations experiments was conducted in order
to verify the performance of the model-based substrate sensor. Diluted
molasses was used in the experiments as feed substrate and bread yeast,
Saccharomyces cerevisiae, as inoculum. The operational conditions and
kinetic parameters used are given in Table 1 for two different experiments
(tests 1 and 2), and values of ethanol and biomass concentrations were also
determined off-line using gas chromatography (CG) and dry cell weight
standard (7) methods, respectively.

Results

The on-line sensors–measured values for ethanol and biomass were
compared with values determined in paired analysis using off-line stan-
dard and analytical methods, shown in Fig. 2, and coincident results con-
firm the reliability of the two sensors. The off-line analytical methods used
were GC for ethanol and dry cell weight standard for analysis of cell con-
centrations. The dry cell weight method was carried out using small vol-
umes of the analyzed solutions that were centrifuged for 10 min at 800g and
washed three times with water (for sample cells in molasses), and the cell
mass obtained was transferred to a vessel weighed previously and dried at
95°C for 48 h. After this time the dry cell mass was weighed, and the sample
concentration was expressed as grams of cells/liter of solution.

Figure 3 shows the experimental results of tests 1 and 2 obtained for
the substrate concentration calculated using the software sensor and the
filtered sensor measurements for ethanol and biomass. The differences
between the two experiments are the initial biomass concentration and
concentration of substrate in the feed, as shown in Table 1.

Discussion

A viable model-based software substrate sensor was developed, and
the model proposed for its implementation was shown to adapt well for

Table 1
Experimental Operational Conditions and Parameters of Model

Kinetics parameters Operational conditions

µmax = 0.05 h–1 Vo = 3 L
γmax = 0.20 h–1 Po = 0 g/L
Yx/s = 0.18 g/g So = 0 g/L
Yp/s = 0.51 g/g tf = 4.5 h
Ksx = 0.05 g/L Vf = 7 L
Ksp = 0.5 g/L Xo = 54.1 g/L (test 1) and 58.9 g/L (test 2)
Kpx = 66.57 g/L Sa = 187 g/L (test 1) and 142 g/L (test 2)
Kpp = 78.72 g/L Temperature = 31–34°C
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fed-batch alcoholic fermentation. With on-line determinations of ethanol,
biomass, and feed flow, it was possible to determine continuously the
substrate concentration present in the fermentation medium during the
process using this software sensor. The results of the experiments showed
that the model presenting a simple, inexpensive, and robust method for
substrate determination in fermentation medium, is highly efficient and
reliable. In the future, this model also will allow control strategies to be
implemented in order to improve the yield and efficiency of the process.

Fig. 3. Sensor filtered signals and inferred model–based substrate concentration for
test 1 (A) and test 2 (B): (�) biomass; (�) ethanol; (�) substrate).

Fig. 2. Sensors on-line measurements (—— ethanol; —— biomass) compared to off-
line analytical results (�, ethanol; � biomass) for test 1 (A) and test 2 (B).
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Nomenclature

ART = total reducing sugars (g/L)
Fe = feed flow to fermentor (L/h)

Kpp = inhibition constant of ethanol specific rate (g/L)
Kpx = inhibition constant of cell growth rate (g/L)
Ksp = saturation constant for specific ethanol production (g/L)
Ksx = saturation constant of substrate-microorganism (g/L)

P = ethanol concentration in fermentor (g/L)
S = substrate concentration (g/L)

Sa = substrate concentration in feed (g/L)
t = time (h)

V = volume of fermentor (L)
X = biomass concentration (g/L)

Yp/x = product yield coefficient based on biomass (g/g)
Yp/s = product yield coefficient based on substrate (g/g)
Yx/s = cell yield coefficient based on substrate (g /g)

µ = cell growth specific rate (h–1)
γ = ethanol production specific rate (g/[g·h])

Subscripts

ART = total reducing sugars (g/L)
o = initial
f = final

max = maximum value
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