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Abstract
In this study, we investigated the dynamics of a computer simulation of

a continuous alcoholic fermentation process combined with a flash column
under vacuum. The alcohol was partially extracted in order to maintain its
concentration at about 40 kg/m3 in the fermentor. The mathematical model
of the fermentation was developed for industrial conditions and considers
the effect of the temperature on the kinetic parameters. The performance of
the dynamic matrix control algorithm, single input single output and
multiple input multiple output, for the control of the extractive process was
studied. The concepts of factorial design were used in a simulation study to
determine the best control structures for the process.

Index Entries: Dynamic matrix control; extractive alcoholic fermentation.

Introduction

Despite many advantages of using ethanol produced from biomass as
a fuel (it is a high-energy, clean-burning, and totally renewable liquid fuel),
the costs of its production are higher than those of petroleum fuels. Thus,
there is an increased interest in the optimization of all steps of the ethanol
fermentation process.

The operation of the alcoholic fermentation process in a continuous
mode is desirable, because this mode of operation reduces production costs.
However, the industrial implementation of a continuous alcoholic fermen-
tation process requires study of the kinetic behavior of the process and its
use in the development of an efficient control strategy. The influence of the
temperature in the kinetic parameters must be considered, because there is
great difficulty in maintaining a constant temperature during industrial
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alcoholic fermentation. This is an exothermic process and small deviations
in temperature (2–4 K) can dislocate the process from the optimal opera-
tional conditions.

Because the conventional process is inhibited by ethanol, the selective
extraction of this product during fermentation is essential to enhance pro-
cess performance. Several schemes combining fermentation with a separa-
tion process have been developed, such as fermentation under vacuum
(1,2), pervaporation (3), solvent extraction (4), ultrafiltration (5), fermenta-
tion combined with a flash vessel operating under atmospheric pressure
(6), fermentation combined with a flash vessel operating under vacuum (7),
and CO2 gas stripping (8).

In the present study, we investigated the dynamics of a continuous
alcoholic fermentation process combined with a flash column under
vacuum. The alcohol was partially extracted in order to maintain its con-
centration at about 40 kg/m3 in the fermentor. The mathematical model of
the fermentation was developed for industrial conditions and considers
the effect of the temperature on the kinetic parameters (9).

Another important aspect to be considered in the optimization of
alcoholic fermentation is the development of an efficient control strategy,
because it minimizes the costs by maintaining the process in its optimal
conditions. We studied the performance of the dynamic matrix control
(DMC) algorithm, single input single output (SISO) and multiple input
multiple output (MIMO), for the control of the extractive process. The con-
cepts of factorial design were used in a simulation study to determine the
best control structures for the process.

Materials and Methods

Extractive Alcoholic Fermentation

Figure 1 presents a general scheme of the extractive alcoholic fermen-
tation. The process consists of four interlinked units (9):

1. Fermentor (ethanol production unit)
2. Centrifuge (cell separation unit)
3. Cell treatment unit
4. Flash vessel under vacuum (ethanol-water separation unit)

This scheme attempts to simulate industrial conditions (10), with the
difference that only one fermentor is used instead of a cascade system. The
proposed scheme presents a better performance than the conventional
process (9).

At the beginning of the fermentation, substrate is fed into the fermen-
tor, which contains an initial concentration of yeast cells. In the fermentor,
substrate is consumed and ethanol is produced. The exit stream of the
fermentor, containing substrate, biomass, and ethanol, is sent to the centri-
fuge, where it is separated into two phases: a heavy phase, containing the
majority of the cells, and a light phase, almost without cells. The heavy
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phase is sent to the cell treatment unit, after a purge is made to remove a
small part of the cells. In this unit, the cell suspension is diluted with water
and sulfuric acid is added until a pH between 2.0 and 2.5 is reached. The
treated cell suspension is then returned to the fermentor.

Before steady state is reached, the operation of the extractive process
is similar to that of the conventional process; that is, the light phase that
leaves the centrifuge is sent to be distilled, for the separation of the water-
ethanol mixture. When the steady state of the conventional process is
attained, the vacuum separation system is activated. The light phase leav-
ing the centrifuge is sent to the flash vessel, where part of the water-ethanol
separation occurs. The flash vessel is operated at a temperature between
301 and 303 K. This temperature range is chosen in order to eliminate the
necessity of a heat exchanger, which reduces drastically the fixed and
maintenance costs of the process. The associated pressure range is between
4 and 5.33 kPa (9). The process was shown to be able to maintain suitable
conditions for the growth of Saccharomyces cerevisiae, by keeping a constant
temperature, which is possible to control without heat exchangers (9). The
vaporized stream leaving the flash vessel is sent to a rectification column
with a part of the liquid stream, and the other part of the liquid returns to
the fermentor. This return is made to maintain the ethanol concentration in
the fermentor at a value at which it can act as an antiseptic. According to
practical knowledge in industrial units, this alcohol concentration is about
40 kg/m3, which has low inhibitory effect for alcoholic yeast but is highly
inhibitory for most contaminating microorganisms (9).

To determine the feed rate and feed concentration of the fermentor,
mass balances on the global process are necessary. Some approximations
are made (10):

1. The concentrations of substrate and product leaving the centrifuge
in the light and heavy phases are equal to the concentrations leaving
the fermentor.

Fig. 1. Extractive alcoholic fermentation.
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2. The concentration of biomass in the cell recycle stream is fixed. To
maintain this fixed concentration, the flow rate of the water that
dilutes the ferment (FW) is adjusted. The cell recycle stream flow rate
(Fr) is maintained at the value fixed by the cell recycle rate (R) by
varying the flow rate of the purge (Fp). The purge permits cell reno-
vation and the withdrawal of secondary products accumulated into
the fermentor.

Mathematical Model of the Fermentor and the Flash Vessel

The balance equations in the fermentor are as follows.

dX
d t

 = rx – D(X – XF) (1)

dS
dt

 = D(SF – S) – rS (2)

dP
d t

 = rp – D(P – PF) (3)

dT
d t

 = D(TF – T) + 
∆HrS

ρCp

(4)

in which X, S, and P are the biomass, substrate, and product concentra-
tions, respectively; T is the fermentor temperature; rx, rs, and rp are the
kinetic rates of growth, substrate consumption, and product formation,
respectively, given by Eqs. 5–7; XF, SF, and PF are the biomass, substrate,
and product feed concentrations, respectively; TF is the feed temperature;
∆H is the reaction heat; ρ is the medium density; Cp is the heat capacity;
and D is the dilution rate.

The fermentor volume is assumed constant. In practice, it could be
controlled by a conventional control level. This procedure appears to work
well in industrial conditions for conventional cascade fermentors, as
reported by Andrietta (10).

The kinetic rates were obtained for S. cerevisiae and are given by
Silva et al. (9):

rX = µ max[S/( KS + S)] [1 – (P/ Pmax)]
n X (5)

rS = (rX/ YX/S) (6)

rp = rX(YP/S/ YX/S) (7)

Table 1 gives the kinetic parameters used.
The yield coefficients (YX/S and YP/S) are not expressed as a function of

the temperature but were obtained from industrial data (11) and are valid
in the operational range considered.
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The values of the constants in the energy balance equation (Eq. 4) are
given by Silva et al. (9):

∆H = 2.167 · 105 J/kg; ρ = 1000 kg/m3; Cp = 4.183 · 103 J/(kg · K).

The mass balances over the flash tank are given by

FE = FV + FL (8)

FExEi = FVyi + FLxi (9)

The vapor-liquid equilibrium of the ethanol-water mixture was calculated
by Eq. 10, the value of pi

sat was calculated by Antoine’s equation (the assumption
was made that the light phase was a binary mixture of ethanol-water), and
the value of γi was calculated using the (nonrandom two-liquid model) (9).

Ki = (yi/xi) = γi(pi
sat/ p) (10)

A program written in Fortran was developed to solve the mathemati-
cal model equations. Equations 1–4 were integrated using an algorithm
based on the fourth-order Runge-Kutta method.

Dynamic Behavior of the Extractive Alcoholic Fermentation Process
To choose a control structure that enables an efficient control of the

alcoholic fermentation process, its open-loop dynamic behavior must be
studied. The output variables of this process are as follows:

1. Biomass concentration in the fermentor (X)
2. Substrate concentration in the fermentor (S)
3. Product concentration in the fermentor (P)
4. Temperature in the fermentor (T)

It is important that these variables be controlled.
The input variables considered for manipulation are as follows:

1. Cell recycle rate (R)
2. Fermentor feed rate (F0)
3. Flash recycle rate (r)

Table 1
Kinetic Parameters for Eqs. 5–7

Parameter Expressions or value Reference

µmax Z exp[-E/(Rg T)] 11
Pmax 638.1 exp(-0.05741 T) 12
n 3 11
YX/S 0.033 11
YP/S 0.445 11
Ks 1.6 11
E 1.54 · 104 11
Z 4.5  · 1010 11
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And these are the variables considered as possible load disturbances:

1. Feed substrate concentration (S0)
2. Feed temperature (T0)

The objective in a dynamic behavior study is to determine how the
output variables of the process change with time influenced by changes in
the inputs (manipulated variables and possible load disturbances). This can
be done by changing the values of the various input variables (one by one)
and observing the change of the output variables with time. Another
approach is the use of the concepts of factorial design. In this case, it is also
possible to have information about the effect of the interactions between the
studied input variables in the outputs. A two-level factorial design can be
used in a dynamic behavior study, because only a preliminary investigation
is necessary to determine whether some factors (inputs) affect the outputs.

In a two-level factorial design, a high and a low level are defined
(coded values of +1 and –1, respectively) in relation to a standard level
(level 0 or central point) to each input variable (factor). Then, experiments
are performed for each possible combination. Thus, to study the effects of
n input variables, the number of experiments to be performed is 2n.

In the present study, computer simulations were performed instead of
experiments. The mathematical model was used to describe the process
behavior. Table 2 gives the low and high settings (levels) for each input
variable. They were calculated as variations of ±10% around the steady
state, except for the cell recycle rate (R), whose higher value was restricted
by operational requirements. The steady-state values are as follows: S0 =
180 kg/m3; R = 0.35; F0 = 100 m3/h; r = 0.45; and T0 = 303 K.

Because the dynamic behavior of the process is being studied, the
output variables must be calculated as a function of time. Thus, for each
simulation, all the output variables were calculated from 0 to 10 h. This final
time was chosen because after 10 h a new steady state had been reached in
all simulations. The methodology for the calculation of the main effects as
well as the interaction effects in a complete factorial design can be found in
Box et al. (13). The main effect can be interpreted as the difference (for the
output variable) between the low and the high settings for the respective
input variable. A program in Fortran was developed to calculate the main
and interaction effects.

Figure 2 presents the main effects of the input variables on the biomass
concentration as a function of time. The interaction effects between the
input variables on this output variable are negligible.

Table 2
Low and High Settings for Input Variables

S0 (kg/m3) R F0 (m
3/h) r T0 (K)

–1 162 0.315   90 0.405 27
  1 198 0.355 110 0.495 33
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Fig. 2. Main effects of the input variables on biomass concentration.

Figure 3A presents the main effects of the input variables on the sub-
strate concentration. In this case, the effects of interaction between some of
the input variables have a significant effect on the output variable, as seen
in Fig. 3B. This means that the main effect of the input variable (factor) on
the output variable depends also on the values of the other factors. In this
case, the main effects in Fig. 3A were used, but it should be clear that they
are approximated mean values.

Figure 4 presents the main effects of the input variables on product
concentration, and Fig. 5 presents the main effects of the input variables on
temperature. The effects of interaction between the inputs on these output
variables are negligible.

By using the data in Figs. 2–5, we constructed a table of the effects of
the input variables on the output variables (see Table 3). In Table 3, the black
area means that the input influences the output, the white area means that
the influence is negligible, and the gray area means that the input has a
weak influence in the output. Table 3 can be used to determine the best
structures for an efficient control of the process. For example, it is easy to
see that the only output variable affected by F0 is the substrate concentra-
tion. Thus, a loop that manipulates F0 and controls S can be considered
decoupled from the other loops. If a disturbance deviates the substrate
concentration from its set point, controlling this output through the
manipulation of the feed rate F0 does not affect the other output variables,
which is a desirable characteristic. From Table 3 the following conclusions
can be made:

1. The biomass concentration can be controlled by the manipulation of
R, and disturbances in S0 affect this output.

2. The substrate concentration can be controlled by the manipulation
of R, F0, or r, and disturbances in S0 affect this output significantly.

3. The product concentration can be controlled by the manipulation of
R or r, and disturbances in S0 affect this output.
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Fig. 3. (A) Main effects of the input variables on substrate concentration; (B) inter-
action effects between the input variables on substrate concentration.

Fig. 4. Main effects of the input variables on product concentration.
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4. The control of temperature with the manipulations considered in
this study is difficult, since only r has a weak influence in this output.
However, this is not a problem, because the proposed scheme main-
tains the temperature constant without the necessity of a control
system (9). Disturbances in T0 affect this output.

Dynamic Matrix Control
The basic concepts of the DMC algorithm were originally presented by

Cutler and Ramaker (14) and can be found in Luyben (15) and Dechechi (16).
This control algorithm has great potential for industrial application. The
basic idea is to use a time-domain step-response model of the process to
calculate the future changes in the manipulated variables that will minimize
some performance index. The DMC is discussed here for the SISO case. This
procedure can be extended for the MIMO case with little conceptual effort.

The output of an SISO system can be computed from its step-response
model (bi) as follows:

yol,i = y0
meas  + (bi + 1 – k – b1 – k) (∆mk)

old∑
k = 0

–NP + 1

(11)

Table 3
Effects of Input Variables on Output Variables

Fig. 5. Main effects of the input variables on temperature.
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in which yi is the value of the output y at sampling time i (in the future);
mk is the value of the manipulated variable at sampling time k (in the past);
and y0

meas is the measured value of y at the actual sampling time.
The DMC algorithm minimizes the square of the deviation between the

predicted output in closed loop and the set-point values at NC future sampling
periods by solving the constrained least squares minimization problem:

J = (yset point – ycl,i)
2∑

i = 1

NP

 + f 2 [(∆mk)
new]

2
∑

k = 1

NC

(12)

in which J is the performance index to be minimized; ∆m is the vector of the
NC future changes in the manipulated variable to be calculated; f is the
suppression factor or tuning parameter that penalizes the objective func-
tion for changes in the inputs ∆m; NP is the prediction horizon; and NC is
the control horizon.

The minimization of Eq. 12 using the least squares method results in
Eq. 13:

(∆m) = [ATA + f2I]–1 ATy (13)

in which

y = yset point – yol (14)

The matrix A in Eq. 13 is the dynamic matrix and is composed by the step-
response coefficients.

The DMC controller has three parameters that can be adjusted to a
good performance of the controller: NP, NC, and f. In this study, the DMC
algorithm was implemented in a Fortran program.

Results
Dynamic Matrix Control SISO

The first case studied is the DMC SISO, used to control the substrate
concentration in the fermentor (S). The manipulated variable is the feed
rate of the fermentor (F0). This control structure was chosen based on the
study results of dynamic behavior. Since the feed rate (F0) influences only
the substrate concentration, it is a good variable to be manipulated to con-
trol that output variable.

In all the tests with the DMC control, the steady-state conditions were
as follows: X = 34.5 kg/m3; S = 1.5 kg/m3; P = 39.2 kg/m3; T = 306 K. The
volume of the fermentor was 383 m3.

In the first test of the performance of the controller, dynamic changes
were made in the feed substrate concentration (S0); Figure 6A shows these
changes. Figure 6B shows the open-loop response and the result when the
DMC controller was used. It can also be seen from Fig. 6b that the controller
maintained the controlled variable near to the set-point value in the pres-
ence of the load disturbances considered.

The performance of the DMC controller for the servo problem was
tested by making a step change of ±50% in the set-point value. Figure 7
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Fig. 6. (A) Dynamic changes in the feed substrate concentration; (B) output sub-
strate concentration vs time in the presence of the changes shown in (A).

Fig. 7. Output substrate concentration vs time for step change of ±50% in the set-
point value.
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Fig. 8. (A) Output substrate concentration vs time for step change of ±10% in feed
substrate concentration; (B) output ethanol concentration vs time for step change of
±10% in feed substrate concentration.

presents the results for the controlled variable when the process was oper-
ated with the DMC controller. It can be seen that the DMC controller pre-
sented good performance for the servo problem.

Dynamic Matrix Control MIMO

Based on the study results of dynamic behavior, the control structure
chosen for the DMC MIMO control of the process was as follows:

1. Controlled variables: substrate and product concentrations in the
fermentor (S and P)

2. Manipulated variables: feed rate (F0) and flash recycle rate (r)

The choice of the controlled variables was made based not only on the
importance of these variables for the performance of the process but also on
the possibility of controlling these variables with the available manipula-
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tions. Table 3 shows that the control of the biomass concentration can
adequately be made by manipulating the cell recycle rate (R). Because this
manipulation is restricted by process requirements (the maximum value this
variable can reach is 0.355, for the considered operational conditions), control-
ling the biomass is quite difficult for this process. Control of the fermentor
temperature is also quite difficult with the manipulations available, because
the flash recycle rate (r) has only a weak influence in this output variable.

There are three possible manipulated variables. The feed rate and flash
recycle rate were chosen, because the restriction in the cell recycle rate makes
its use for manipulation difficult. In the first test of the performance of the
DMC MIMO controller, step changes of ±10% were made in the feed sub-
strate concentration (S0). Figure 8A,B presents the open-loop responses and
the results when the DMC controller was used for the two output variables.

The controller performance for the servo problem was tested by mak-
ing step changes in the set points of the two controlled variables. Figure 9A
shows the results for step changes of ±50% in the substrate concentration

Fig. 9. (A) Output substrate concentration vs time for step changes of ±50% in
substrate concentration set point; (B) output ethanol concentration vs time for step
changes of ±50% in substrate concentration set point.
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Fig. 10. (A) Output product concentration vs time for step changes of ±20% in
product concentration set point; (B) output substrate concentration vs time for step
changes of ±20% in product concentration set point.

set point. Figure 9B depicts the behavior of the product concentration for
the same set-point change. It can be seen that the controller presents good
performance for the servo problem. Figure 9B shows that changes made in
the manipulated variables leading the substrate concentration to its new
set-point value affect the product concentration, but that the MIMO con-
troller is able to maintain this controlled variable at its set point.

Figure 10A presents the results for step changes of ±20% in the prod-
uct concentration set point. Figure 10B shows the behavior of the substrate
concentration for the same change. It can be seen that the DMC MIMO
controller presents good performance for this test.

Discussion
The industrial operation of the alcoholic fermentation process in a

continuous mode requires the development and implementation of an
efficient control strategy, able to keep the main process variables in its set
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points in spite of load disturbances and/or set-point changes. The DMC
controller has great potential for industrial application, because this algo-
rithm is considered robust and easily implemented.

To choose the best structures for an efficient control of the alcoholic
fermentation process, its dynamic behavior must be studied. The concepts
of factorial design were successfully used to achieve this goal. The DMC
algorithm, SISO and MIMO, with the control structures chosen, was shown
to have great potential for controlling the process in the presence of all the
disturbances tested. However, an oscillatory behavior on the manipulated
variables (not shown) was observed, mainly for the MIMO case. This means
that a best set for the controller parameters should be found (specifically
changes in the suppression factor). But, this was not extensively studied in
this study, because the main objective was to present a suitable control
strategy for an industrial ethanol fermentation.

In this simulation study, the measurements were assumed to be per-
fect, with high accuracy. A high accuracy in concentration (e.g., better than
0.1 kg/m3) was difficult to obtain with the equipment available. However,
some analytical techniques have shown a significant evolution in the past
few years (e.g., near infrared technique), which create expectancy that this
high accuracy will be available in reasonable costs and not require highly
trained personnel. Additionally, this is a case study from simulation, and
the global results obtained by the control system would not be changed
much if a lower accuracy were admitted, only the range of variation
around the steady state could be wider.

The control strategy proposed in this study could be substituted by a
feedforward scheme. However, the use of a feedback strategy is adequate,
because it takes actions at the inputs after all possible variations occur in the
fermentation medium (this includes changes in other parameters, e.g., the
viability of the yeast, although it was not considered in this work). Besides,
a feedforward scheme may add problems related to the need to measure a
larger number of input variables, which would be reflected in the entire
cost of the control system.
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Nomenclature

A = Dynamic matrix in the DMC algorithm
b = Coefficients in the step-response model

Cp = Heat capacity (J/[kg · K])
D = F/V = Dilution rate (h–1)

E = Activation energy (J/mol)
f = Weighting factor in the DMC algorithm

F = Feed stream flow rate (m3/h)
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Fc = Cell suspension flow from centrifuge (m3/h)
Fc1 = Cell suspension flow to treatment tank (m3/h)
FE = Light phase flow rate to flash tank (m3/h)
FL = Liquid outflow from the vacuum flash tank (m3/h)

FLR = Liquid phase recycling flow rate (m3/h)
FLS = Liquid phase flow to rectification column (m3/h)
Fp = Purge flow rate (m3/h)
Fr = Cell recycling flow rate (m3/h)
FV = Vapor outflow from the vacuum flash tank (m3/h)
Fw = Water flow rate (m3/h)
F0 = Fresh medium flow rate (m3/h)

I = Identity matrix
J = Performance index

Ki = Equilibrium constant
Ks = Substrate saturation constant (kg/m3)
n = Product inhibition power

NC = Control horizon in the DMC algorithm
NP = Prediction horizon in the DMC algorithm

p = Pressure (Pa)
pi

sat = Vapor pressure (Pa)
P = Product concentration in the fermentor (kg/m3)

PF = Product concentration in the feed stream (kg/m3)
PLR = Product concentration in the light phase from centrifuge (kg/m3)

Pmax = Product concentration when cell growth ceases (kg/m3)
Pr = Product concentration in the recycle (kg/m3)
PV = Product concentration in the vapor phase from flash tank (kg/m3)

r = FLR/FL = Flash recycle rate
rp = Kinetic rate of product formation (h–1)
rs = Kinetic rate of substrate consumption (h–1)
rx = Kinetic rate of growth (h–1)

R = Fr/F = Cell recycle rate
RG = Gas constant (8.314 J/[mol · K])

S = Substrate concentration in the fermentor (kg/m3)
SF = Substrate concentration in the feed stream (kg/m3)

SLR = Substrate concentration in the light phase from centrifuge (kg/m3)
Sr = Substrate concentration in the recycle (kg/m3)
S0 = Inlet substrate concentration (kg/m3)
T = Temperature in the fermentor (K)

TF = Feed stream temperature (K)
TLR = Light phase temperature (K)
Tr = Recycle temperature (K)
Tw = Water temperature (K)
T0 = Inlet temperature of the fresh medium (K)
xEi = Component i concentration in the light phase (mol %)
xi = Component i concentration in the liquid (mol %)
X = Biomass concentration in the fermentor (kg/m3)



Simulated Extractive Alcoholic Fermentation 593

Applied Biochemistry and Biotechnology Vol. 84–86, 2000

Xc = Cell concentration in the heavy phase from centrifuge (kg/m3)
XE = Cell concentration in the light phase flow rate to flash tank (kg/m3)
XF = Cell concentration in the feed stream (kg/m3)

XLR = Cell concentration in the light phase from centrifuge (kg/m3)
Xr = Cell recycling concentration (kg/m3)
y = Controlled variable
yi = Component i concentration in the vapor (mol %)

YP/S = Yield constant (kg product/kg substrate)
YX/S = Yield constant (kg cell/kg substrate)

Z = Constant (s–1)
γi = Activity coefficient of component i

∆H = Reaction heat (J/kg)
∆m = Variation in the manipulated variable
µmax = Maximum specific growth rate (h–1)

ρ = Density (kg/m3)
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