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Abstract. Process integration approach can be utilized for increasing technical and economical 
performance of fuel ethanol production. When using lignocellulosic biomass as a feedstock, it is 
necessary to carry out a pretreatment step in order to breakdown lignocellulosic complex into its 
three main components: lignin, cellulose and hemicellulose. Then, in the hydrolysis step, cellulose 
is converted into fermentable glucose using microbial cellulases (saccharification). Unfortunately, 
cellulases are inhibited by glucose. To increase glucose yield, integration of different reaction 
steps in one unit can overcome this problem. To attain this goal, simultaneous saccharification and 
fermentation (SSF) process is being researched in the last years. In this combined process, 
produced glucose is immediately consumed by the yeast for producing ethanol. Fermentation and 
separation can be integrated for bioprocess intensification. In this way, ethanol can be 
continuously removed from the culture broth through pervaporation. This removal allows reducing 
natural inhibition of biomass growth caused by high concentration of alcohol in the medium. 
Therefore, higher productivity of ethanol can be achieved. In this work, modeling of simultaneous 
saccharification and fermentation process coupled with pervaporation is presented for batch 
reactor and in a continue stirred tank reactor CSTR. The analysis of this hybrid processes is 
carried out through a modeling and simulation of enzymatic hydrolysis process, biomass 
formation and ethanol biosynthesis. This description is complemented with simple model of 
pervaporation of diluted aqueous solutions of ethanol. A comparison with a typical non-integrated 
configuration is made through the evaluation of ethanol yield and cellulose conversion. Modeling 
of this integrated process demonstrated the possibility of reducing product inhibition effect and increasing 
ethanol yield, which is a crucial issue considering the higher cost of biomass ethanol in comparison with 
other feedstocks like sugar cane and starch. 
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1. Introduction 
 
During the past century the net carbon dioxide production has increased exponentially because of the 

tremendous expansion in the transportation sector resulting in notable changes in the Earth’s ecosystem. Since 

the majority of CO2 is produced by the transportation sector, it would be convenient that this sector utilize 

alternative fuels like those derived from biomass (Kádár, et al. 2004). Ethanol is one of the candidate fuels, 

which could substitute fossil fuels. Ethyl alcohol is a high performance fuel in internal combustion engines, 

burns relatively cleanly, especially when the amount of gasoline with which it is blended decreases. In addition, 

evaporative and toxicity-weighted air toxics emissions are consistently lower for ethanol than for gasoline 

(Lynd, 1996). 

 

                                                           
* To whom all correspondence should be addressed. 
Address: Department of Chemical Engineering, National University of Colombia at Manizales,  
Cra. 27 No. 64-60, Of. F505, Manizales - Colombia.  
E-mail: ccardona@nevado.manizales.unal.edu.co 



 
2nd Mercosur Congress on Chemical Engineering 

4th Mercosur Congress on Process Systems Engineering 
 
 

 2

Plant biomass currently provides a feedstock for the production of fuels and commodity chemicals. Besides, 

widespread energy production from cellulosic biomass could transform agriculture, providing a potent response 

to the overcapacity that has undermined the health of rural economies throughout last hundred years (Lynd, 

2004). 

The conversion to ethanol from lignocellulosic biomass includes two processes: hydrolysis of cellulose fiber 

to cellobiose and other soluble products by exoglucanase and endoglucanase enzyme activities present in the 

cellulases preparation, conversion of cellobiose to glucose by β-glucosidase enzyme activity, and conversion of 

glucose to ethanol by yeast fermentation (Lynd et al, 2001). The enzymatic hydrolysis process can be combined 

with the microbial fermentation process into one unit for accomplishing the so-called Simultaneous 

Saccharification and Fermentation (SSF) process that is described elsewhere (South et al., 1993). 

Integrating an ethanol recovery operation with fermentation and hydrolysis steps may maintain the ethanol 

concentration in the fermentation broth at a level, which is minimally inhibitory to the fermentating organism. 

Among these operations, pervaporation unit coupled with the fermentor will recover ethanol and facilitate the 

fermentation by keeping the ethanol concentration below inhibitory levels for the microorganisms, thus, 

reducing cost of product and increasing ethanol productivity. In addition, pervaporation does not have negative 

effect on microorganisms and does not alter nutrient content in the feed (Fadeev et al, 2003). 

In previous works, saccharification and fermentation processes have been integrated (Kádár et al, 2004; 

South et al, 1995; Wyman et al, 1992; Cardona and Sánchez, 2004). Fermentation and pervaporation have been 

integrated as well (Groot et al, 1991; Nomura et al, 1992; O’Brien et al 2004). However, any report about the 

integration of the three processes together has not been found. 

The aim of this work was to study the possibility of integrating simultaneous saccharification and 

fermentation process with pervaporation in order to increase productivity.  

 
2. Methods 

 
2.1. Modeling of Simultaneous Saccharification and Fermentation Process in Batch Regime 

For the simulation of the batch SSF process, the rate equations were extracted from South et al. (1995). 

Equations (1) and (2) correspond to the enzymatic hydrolysis of cellulose and cellobiose, respectively. 

Equations (3), (4) and (5) represent cell production, glucose uptake and formation, and ethanol biosynthesis, 

respectively: 
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In Eq. (1) the last two terms represent the inhibition by cellobiose and ethanol; these terms influence all the 

rate equation directly or indirectly. Similar expressions can be observed in Eq. (2) for the inhibitory effect of 

glucose on the β-glucosidase activity. In Eq. (3), the expression for biomass formation rate has a lowering term 

due to high ethanol concentrations present in the broth. For this case, a cellulose conversion (x) of 0.70 was 

preset. The general expression for each of i components (Cellulosa (S), Celobiose (C), Biomass (X), Glucose 

(G), and Ethanol (P)) is: 

 
( )

(6)                                                                                                                                                          i
i r

dt
Cd

=

  
In all the cases, we consider a lignocellulosic substrate with a cellulose loading of 60 g.L-1 and initial 

concentrations of cellobiose, biomass, glucose and ethanol of 0, 1, 8.5 and 0 g.L-1, respectively. The selected 

kinetic model involved the use of Trichoderma reesei cellulases and fermentation by Saccharomyces cerevisiae 

(South et al, 1995).  

The system of five non-linear ordinary differential equations was solved by fourth-order Runge-Kutta 

method using Matlab (MathWorks, Inc., USA) with the initial values mentioned above and for a process time of 

72 hours. Ethanol productivity and product yield were calculated for this type of regime. The parameters values 

used for the solution of the kinetic model are shown in Table 1. These values were also utilized for the 

evaluation of all the models evaluated in this work. 

 
2.2. Modeling of SSF Process coupled with Pervaporation in Batch Regime 

In this case we extract continually a stream of pervaporate ethanol Q, that cause a diminish of the total 

volume in the reactor and for this reason we use the next type balances for all of the i components, except for 

ethanol: 

 
( )

(7)                                                                                                                                                      i
i Vr

dt
VCd

=

          
In the case of ethanol, the concentration in the reactor was affected by the continuous removal of this 

component so; we use the following balance equations including an expression for the volume change by the 

time: 

 

 ( ) (8)                                                                                                                                       PP VrQP
dt
VPd
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(9)                                                                                                                                                         Q
dt
dV

−=

 
To model the simultaneous saccharification and fermentation process coupled with pervaporation (SSF+PV), 

an equation describing a separation factor α as a result of the pervaporation was added to the described system 

of equations: 

 
[ ]
[ ]FeedWaterEthanol

PermWaterEthanol
/
/

=α                           (10) 

 
where Ethanol is the concentration of ethanol and Water the concentration of water (in g.L-1) and subindices 

Perm and Feed correspond to the permeate and feed, respectively. 

The formulation of α was taken from Nomura et al. (2002) for a silicate membrane. These authors reported 

also different values of this separation factor for water-ethanol mixtures (α=41), solutions containing yeast 

(α=38), salts (α=62) and fermentation broth (α=88). 

 
Table 1. Parameters used in the generation of the models for the simulations 

Symbol value Symbol Value 

α 88 c 0.18125 h-1 

K 2.8624 h-1 kc 0.020 g.U-1.h-1 

kG 0.05 g.L-1 kC/G 0.62 g.L-1 

kS/C 5.85 g.L-1 kS/P 50.35 g.L-1 

KS 1.49 L.U-1 Km 10.56 L.U-1 

N 5.30 x 0.70 

YX/G 0.09 YP/G 0.47 

µmax 0.4 h-1 Sς  98.3 U.g-1 

Source: South et al. (1995). 

 
2.3. Modeling of Simultaneous Saccharification and Fermentation Process in a CSTR 

For solving the model of a SSF process in a CSTR, the mass balance for each of the i substances involved in 

the process (cellulose, cellobiose, biomass, glucose and ethanol) was considered according to Eq. (11): 

 
(11)                                                                                                                                        0=+− iVriWC

oiFC

 

Taking into consideration that Eq. (1)-(5) describe the formation or consumption rate of each component, a 

system of five non-linear algebraic equations with five unknowns was obtained by applying Eq. (11). For 

solving it, Newton-Raphson algorithm was used with the same initial concentrations utilized for the SSF process 

in batch regime. Equation (1) includes a term for cellulose conversion (x) that in the original paper of South et 

al. (1995) is a function of mean residence time of particulate matter of cellulose. In this work, the conversion 
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was set to a value of 0.70 considering the use of a CSTR for carrying out both transformations (cellulose 

hydrolysis and ethanol fermentation) and, therefore, assuming an intensive mixing of reactioning volume. 

 
2.4. Modeling of SSF Process coupled with Pervaporation in a CSTR 

The schema used to simulate the SSF process coupled with pervaporation appears in Figure 1. The CSTR has 

two outlet streams, one of which is directed to microfiltration unit where biomass and other non-soluble 

components are removed and recycled to the reactor. The soluble components (mainly glucose, cellobiose and 

ethanol) are sent to the pervaporation unit where main part of the ethanol is selectively removed through silicate 

membrane and the retentate is recycled to the reactor. In the stream W are present all of the components of the 

culture medium, including biomass. 

 

 
Fig. 1.  Schema of SSF + PV process in a CSTR. 

 
Taking into account this schema, the mass balance equations were formulated assuming that the stream of 

permeate Q only contains ethanol and water. Therefore, the global material balances are the same than those 

used for SSF process in a CSTR, except for ethanol balance that now includes a term considering the separation 

achieved in the pervaporation unit: 

 
0=+−− Pqo VrQPWPFP                (12) 

 
Ethanol and biomass productivities and product yield were evaluated considering the variation in the mean 

residence time (or dilution rate) and in the fraction of outlet stream that is sent to the pervaporation unit. For the 

base case, the value of feed stream was of 100 L.h-1 and the mean residence time was of 72 h. 
 

3. Results 
 

The results for batch SSF process can be observed in Figure 2.  The final cellulose concentration was 28.6 

g.L-1 and the reached ethanol concentration at the end of fermentation was 17.5 g.L-1. The amounts of cellobiose 

and glucose when the cultivation was finished were near zero that shows the efficiency of the combined process 

and the neutralization of the inhibitory effects of glucose on cellulases.  In the case of separate enzymatic 

hydrolysis process, the accumulating glucose in the medium leads to reduced conversion of cellulose and 

hydrolyzates with lower concentrations of fermentable sugars (Sun and Cheng, 2002). However for this case, the 

accumulation of ethanol in the medium can inhibit the growth rate and, therefore, the ethanol production rate 

according to the kinetic expressions on which the model was based. 
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Fig. 2. Behavior of batch SSF process during fermentation time for fuel ethanol production from cellulose. 

 
The simulation of the batch SSF process coupled with pervaporation (α=88) for the same initial 

concentrations and a residence time identical to that of the batch process gave a final ethanol concentration in 

the fermentation broth of 0.5 g.L-1 as a consequence of the removal of product in the pervaporation module. The 

concentration of ethanol in the permeate varied with the time due to the changes in the broth volume and 

reached such relatively high values of 83 g.L-1 at the end of the process (see Figure 3). The cellulose 

consumption was 45.3% higher  (considering the volume change) that in the case of batch SSF without 

pervaporation that indicates the favorable effect of product removal on the diminishing of inhibition effect of 

ethanol on cellulose uptake rate, growth rate and product biosynthesis rate. The biomass had a similar profile in 

the batch SSF process without and with pervaporation, but had a better growth in the former case, because of the 

minor ethanol concentration in the broth. 

The results obtained for continuous SSF process with a mean residence time of 72 h showed that the 

cellulose had a more complete conversion and that the ethanol was produced in higher amounts. The 

concentrations of cellulose and ethanol in the outlet stream were of 10.7 and 24.9 g.L-1, respectively. The 

biomass concentration in the exiting stream was of 5.6 g.L-1, which is comparable with that of the corresponding 

batch process. The concentrations of the other involved components in the effluent of the fermentor were near to 

zero, demonstrating the good performance of the SSF process. In this case, the concentration of cellulose in the 

feed stream was of 60 g.L-1. 
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Fig. 3. Behavior of batch SSF coupled with pervaporation during fermentation time. 

 
When the analysis for the continuous SSF process coupled with pervaporation according to the schema 

shown in Figure 1 was done, the concentration of ethanol in the permeate increased significantly reaching 248.3 

g.L-1 whereas the ethanol concentration in the fermentation broth was of 4.1 g.L-1. This low concentration does 

not have inhibition effects on the bioprocess for this regime of fermentation. In addition, the cellulose 

concentration in the broth was of 3.9 g.L-1 revealing an important increase in the substrate conversion. The 

biomass concentration was higher that in all the other cases (7.2 g.L-1). The concentration of cellobiose and 

glucose in the broth were negligible. In this case, a flow rate of permeate of 12 g.L-1 and a separation factor of 

88 were considered and the concentration of cellulose in the feed stream was of 60 g.L-1. The results were 

obtained for a mean residence time of 72 h and a feed flow rate of 120 L.h-1. Comparing the obtained data with 

those of the previous configuration, we can observe a better production of ethanol, a greater consumption of 

cellulose, an improved production of biomass and similar results for cellobiose and glucose.  

If the permeate flow rate is changed, an increase in the productivity can be observed due to the higher 

removed amounts of ethanol and to the corresponding reduced inhibition by product. On the other hand, 

productivity decreases with the increase of residence time and the subsequently raise in the reactor volumes. The 

cellulose conversion was highly affected by the residence time as expected, but a reduce conversion was 

observed for the case when pervaporation was not included in the configuration. These results are shown in 

Figure 4. 
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Fig. 4. Productivity and cellulose conversion for SSF process with and without pervaporation (PV) for various values of 

permeate flow rates (Q) expressed as a fraction of feed flow rate (F). 

 

4. Discussion and Concluding Remarks 
 
Four models for comparing the consumption of cellulosic biomass and the production of ethanol were solved 

and analyzed considering configurations with and without pervaporation and for batch and continuous regimes. 

From the results we can observe that better conversion to ethanol of cellulose is obtained when the 

pervaporation is included in the SSF process. This can be explained by a lower ethanol concentration in the 

fermentation broth, that makes  the inhibitions terms in rates equation to be lesser, increasing the cellulose and 

cellobiose hydrolysis, the growth of biomass and the consume of glucose and, consequently, the production of 

ethanol. For the two configurations involving pervaporation, the selective separation effect of the membrane 

module allowed the effective removal of the product from the reaction-fermentation zone. 

Although the utilized pervaporation model is a simple representation, it is a good estimative for analyzing the 

behavior of a simultaneous saccharification and fermentation process together with this separation method.  The 

proposed models allowed to observe how the inhibition effects by ethanol influence the production of itself, and 

how its continuous removal causes a considerably increases of the cellulose conversion and, for this reason, an 

extra production of ethanol.  

The productivities for the evaluated configurations are presented in Table 2. We analyzed the produced per 

hour, considering in batch cases a break of 12 h to discharge, clean and charge the equipment. The better 

configuration is SSF + PV in a CSTR. The calculated ethanol yields evaluated as the grams of produced ethanol 

from one gram of consumed cellulose, showed better results again for the simultaneous saccharification and 

fermentation process coupled with pervaporation in a CSTR. In contrast, the minimum yield corresponded to the 

batch SSF. 
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Table 2. Productivities and ethanol yields for different configurations of alcoholic fermentation 

using cellulose as feedstock. 

Configuration Productivity (g.L-1.h-1) Ethanol yield (g.g-1) 
Batch SSF 0.1822 0.556  

Batch SSF+ PV 0.1895 0.422 

Continuous SSF 0.3451 0.506 

Continuous SSF + PV 0.4791 0.442 

 
The ethanol in the permeate must be passed through separation equipment (i.e. distillation) to retire the 

excess of water to obtain an appropriate ethanol for fuel use. In this point, it is important to remark that the 

increased concentration of ethanol allows the reduction of energy costs during the distillation of permeate in 

comparison with the ones corresponding to the distillation of fermentation broth where the ethanol concentration 

is very low (approximately 25 g.L-1 for a continuous SSF process according to our simulations). 

this work allows comparing these four systems and obtaining results that can be used for future studies 

involving more meticulous models of pervaporation developed from rigorous mass, momentum and energy 

balances and disregards many common assumptions such as: plug dow, constant pressure, constant temperature, 

binary mixture, steady-state conditions and constant physical properties. In addition, the proposed approach for 

the modeling of this process can be used for the design of laboratory and pilot plant experiments. 

The proposed configuration of simultaneous saccharification and fermentation coupled with pervaporation in 

a CSTR has advantage over other batch and continuous systems in terms of productivities and product yield. 

Therefore, this process becomes attractive considering that the use of biomass to produce ethanol is not 

economical feasible yet (Lynd, 1996), and should be taken into consideration due to the significant qualitative 

and quantitative improvements demonstrated through modeling of this complex bioprocess.  

 
Nomenclature 

 
B Input stream to the pervaporator, l/h 
Bg  β-glucosidase concentration in solution, U/l 
c Conversion independent component in rate function, h-1 
C Cellobiose concentration, g.L-1 
Ci  Concentration of the i-th component  
Co Initial cellobiose concentration, g.L-1 
D Recirculation flux from pervaporator to reactor, l/h 
EL Concentration of cellulose-cellulase complex, U/l 
F Feed reactor stream , l/h 
G Glucose concentration, g.L-1 
Go Initial glucose concentration, g.L-1 
k Hydrolysis rate constant, g.L-1 
kc Rate constant for hydrolysis of cellobiose to glucose, g/(U h-1) 
kG Monod constant, g.L-1 
kC/G Inhibition of cellobiose hydrolysis by glucose, g.L-1 
kS/C Inhibition of cellulose hydrolysis by cellobiose, g.L-1 
kS/P Inhibition of cellulose hydrolysis by ethanol, g.L-1 
KS Adsorption constant for cellulosic fraction of biomass, l/U 

Km Adsorption constant for β-glucosidase for cellobiose, g.L-1 
n Exponent of the declining substrate reactivity, dimensionless 
P Ethanol concentration, g.L-1 
Po Initial ethanol concentration, g.L-1 
Q Output stream for pervaporation, g.L-1 
ri Rate of formation of compound i, g/(l h-1) 
S Cellulose component of the biomass substrate remaining, g.L-1 
S Initial Cellulose component of the biomass substrate, g.L-1 
V Reaction volume, l 

W Residual flow l/h 
x Fractional reactor cellulose conversion, dimensionless 
X Cell concentration, g.L-1 
Xo Initial cell concentration, g.L-1 
YX/G Cell yield per substrate consumed, dimensionless 
YP/G Ethanol yield per substrate consumed, dimensionless 
α Separation factor in pervaporation 
 Specific capacity of cellulosic component for cellulose, U/g 
µmax Maximum cell growth rate, h-1 

 
Sub-index 
i Any of the substances involved in the fermentation yeast 
o Initial concentration in batch processes or feed concentration in continuous processes 
p Product (ethanol)  

Sς
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