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Abstract
This work presents theoretical evidence that the vacuferm technology can confer several advantages even when the fermentor is
operated in fed-batch mode with small cycle times aiming to avoid the accumulation of potentially inhibitory side products. More
specifically, a mathematical model for a fed-batch fermentor coupled with a vacuum flash tank for in situ ethanol recovery is
developed and the simplest possible operational strategy is optimized within the context of maximizing the volumetric produc-
tivity of the process. Using numerical values obtained from the literature, it is demonstrated that significant increase in the
volumetric productivity of ethanol (up to 33.5 kg EtOH m−3 h−1) can be achieved. Evidently, the results obtained indicate the
potential to employ the proposed methodology to operate existing industrial facilities with minor modifications and equipment
additions.
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1 Introduction

It is nowadays widely accepted that the gradual replacement of
non-renewable raw materials with renewable ones can contrib-
ute to the protection of the environment and to the development
of a sustainable society. Ethanol production in the USA, the
largest bioethanol producer, was about 50.5 Mt in 2018 with
more than 43 Mt of co-products output (distillers grain and
distillers oil) and a gross value of US$46 billion [1]. Besides
an alternative to fossil fuels, ethanol constitutes an important
platform chemical to formulate a wide spectrum of chemical

products. Ethanol can be produced by fermentation of various
carbon sources such as starchy crops and lignocellulosic mate-
rials with a maximum (theoretical) glucose to ethanol yield of
0.51 g g−1. Saccharomyces cerevisiae and Zymomonas mobilis
have been identified among the most promising microorgan-
isms capable of producing ethanol from sugars [2, 3]. Although
Z. mobilis shows better ethanol yield (up to 97% of theoretical)
than that of S. cerevisiae (90–93% of theoretical) and higher
productivity (three to five times) compared to S. cerevisiae, it is
not the predominant microorganism used. This is attributed to
its specific substrate spectrum and extracellular formation of
fructose oligomers (e.g. levans) and sorbitol making it only
suitable to produce ethanol from pure glucose [4]. It should
be also stressed out that Z. mobilis catabolizes the sugar sub-
strate through the Entner-Doudoroff glycolysis pathway.
Hence, in fermentations carried out by Z. mobilis, biomass pro-
duction is almost twofold lower, compared to the alcoholic
fermentation performed by S. cerevisiae. Research on ethanol
production is focussed on the development of new processes
and new strains to deploy the utilization of C5 and C6 sugars
from lignocellulosic biomass. For instance, engineered E. coli
and S. cerevisiae strains have been developed for the production
of ethanol from xylose with conversion yields of 0.48 g g−1 and
0.46 g g−1 [5], respectively.

Pretreatment of lignocellulosic resources is necessary in
order to break down its recalcitrant structure, facilitate
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enzymatic hydrolysis and increase the yield of C5 and C6
sugars production [6, 7]. Pretreatment involves the application
of physical processes (e.g. chipping, grinding and milling),
physico-chemical processes (e.g. autohydrolysis, steam explo-
sion) and chemical processes such as acid or alkaline hydro-
lysis [8, 9]. Application of pretreatment processes to render
cellulose and hemicellulose susceptible to the action of hydro-
lytic enzymes associates with the structure of lignocellulosic
material and varies with respect to the economic feasibility
and the environmental footprint. Evidently, C5 and C6 sugar
formations from lignocellulose exhibit several complexities as
opposed to starch conversion. The non-cook concept for
starch processing, although firstly reported in the 1940s, has
been considered at large scale only during the last decade. The
process comprises the use of raw starch degrading amylases,
implemented after feedstock milling, without previous high-
temperature cooking and liquefaction. As a consequence, cap-
ital and operational costs are significantly lower and overall
yields are higher due to the absence or almost absence of cross
reactions (e.g. Maillard reaction). This process concept is be-
ing considered as a major breakthrough in the starch-to-
ethanol industry and is known as granular starch hydrolysis,
raw starch hydrolysis, cold hydrolysis, native starch hydroly-
sis or sub-gelatinization temperature starch hydrolysis [10].

Apart from the aforementioned strategies to improve
bioethanol production economics, a large number of inge-
nious engineering ideas have also been presented in the open
literature. Most of them encompass the intensification of the
fermentor operation by performing partial in situ removal of
the produced ethanol from the fermentation broth. The aim is
to enhance the volumetric productivity bymitigating the prod-
uct inhibition which may otherwise become dominant in al-
coholic fermentations. Some of these technologies are illus-
trated in Fig. 1, comprising a small part of the technologies
reviewed by Cardona and Sanchez [11]. In the vacuferm pro-
cess [12, 13], shown in Fig. 1a, ethanol inhibition is eliminat-
ed by operating the continuous fermentor under vacuum so as
to boil away the ethanol produced. The volumetric productiv-
ities achieved with the vacuferm technology are an order of
magnitude greater than that of a simple continuous fermentor
whereas Cysewski and Wilke [13] report volumetric produc-
tivities greater than 80 kg EtOH m−3 h−1. However, the clas-
sical vacuferm technology exhibits several drawbacks: contin-
uous operation, operation of a potentially large fermentor un-
der vacuum (50 mmHg) and the need to compress the large
amounts of the produced CO2. In an effort to remove the need
to operate the fermentor under vacuum, a flash tank operated
under vacuum (Fig. 1b) or an external solvent extraction pro-
cess (Fig. 1c) can be used [14–16]. The fermentor is again
operated in continuous mode under atmospheric pressure
and the need to operate, a potentially large fermentor, under
vacuum is circumvented (note that CO2 is also removed di-
rectly from the fermentor in a separate stream). The use of

membranes in the external loop has been also extensively
studied [11, 17].

To summarize, despite the impressive volumetric produc-
tivities that can be achieved in fermentative ethanol produc-
tion using the concept of in situ ethanol removal, the technol-
ogy has not been adopted by the industry. In our opinion, this
is correlated to the fact that all experimental and theoretical
research has been concentrated on the continuous operation of
the fermentor. Risk attributed to genetic instability, cell accu-
mulation and lack of homogeneity along with problems asso-
ciated with the maintenance of sterility entail only few of the
reasons why the penetration of continuous bioprocesses has
been very limited in industry. Additional operational problems
associated with the use of membrane processes or the use of
expensive and toxic solvents make things even worse. In this
work, we demonstrate theoretical evidence that the vacuferm
technology can offer advantages even when the fermentor is
operated in fed-batch mode with small cycle times to ultimate-
ly avoid the accumulation of potentially inhibitory side prod-
ucts. More specifically, we develop a mathematical model for
a fed-batch fermentor coupled with a vacuum flash tank for in
situ ethanol recovery. On top of that, we develop and optimize
the simplest possible operational strategy targeting to maxi-
mize the volumetric productivity of the process. Remarkably,
the proposed methodology of this work elicits the potential
implementation to operate existing industrial facilities with
minor modifications and equipment additions. Evidently, it
can be speculated that the optimized operating regime will
also apply in ethanol conversion processes that implement
the utilization of C5 and C6 sugars deriving from the hydro-
lysis of lignocellulosic resources.

2 The fed-batch vacuferm process

2.1 Fed-batch vacuferm process—process description

The proposed fed-batch vacuferm process is presented in
Fig. 2. The bioreactor is operated at fed-batch mode where a
feed stream with carbon source and nutrients is continuously
fed to the bioreactor using the simplest possible feeding strat-
egy, i.e. constant feed with constant carbon source concentra-
tion. A liquid stream is constantly removed from the fermentor
and fed to the flash tank, which is operated at such a pressure
(vacuum) so as the temperature in the flash distillation to be as
close as possible to the temperature of the fermentor. This
pressure is determined by the composition of the incoming
liquid stream and the amount of vapour stream removed from
the flash unit. The vapour stream is enriched in ethanol since,
for compositions below the azeotropic point, ethanol is the
volatile component. The liquid holdup into the flash unit ex-
hibits an ethanol composition that can be significantly lower
that the composition of ethanol in the fermentor. A liquid
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stream is withdrawn from the flash unit and is then returned to
the fermentor. The possibility of using a bleed liquid stream
has been examined, but despite the increased complexity, no
tangible advantage was detected. The liquid stream flowrate
that returns to the fermentor is under ratio control with the

liquid stream that is fed to the flash unit while the vapour
stream flowrate is used in order to achieve a constant holdup
into the flash distillation unit. The vapour stream is com-
pressed to atmospheric pressure and condensed using a heat
exchanger before stored in a liquid storage tank.
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Fig. 2 The proposed fed-batch
vacuferm process
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2.2 Fed-batch vacuferm process—mathematical
modelling

All the variables employed in the development of the mathe-
matical model are listed in Table 1. The mathematical model
of the fed-batch vacuferm process consists of the total material
balance under the assumption of constant thermophysical
properties

dV F tð Þ
dt

¼ F0 tð Þ þ BV tð Þ−FV tð Þ ð1Þ

where VF is the volume of the broth, F0 is the volumetric
flowrate of the fresh feed, BV is the volumetric flowrate of the
liquid stream coming out of the flash unit and fed to the fer-
mentor and FV is the volumetric flowrate of the liquid stream
coming out of the fermentor and fed to the flash unit. The
material balance for the biomass is as follows

dV F tð ÞX tð Þ
dt

¼ μ S;Eð ÞX tð Þ V F tð Þ ð2Þ

where X is the concentration of biomass and μ the biomass
specific growth rate. The material balance of the product can
be written as

dV F tð ÞE tð Þ
dt

¼ ν S;Eð ÞX tð ÞV F tð Þ−FV tð ÞE tð Þ

þ BV tð ÞEB tð Þ ð3Þ

where E is the ethanol concentration, ν is the specific rate
of ethanol production and EB is the concentration of ethanol in
the liquid stream coming out from the flash unit and fed to the
fermentor. Finally, the fermentor model is completed by
adding the material balance of the substrate

dV F tð ÞS tð Þ
dt

¼ −
ν S;Eð ÞX tð ÞV F tð Þ

YE=S
þ F0 tð ÞS0 ð4Þ

where S is the substrate concentration, S0 is the substrate
concentration in the fresh feed and YE/S is the yield coefficient.
With respect to the biomass specific growth rate and the eth-
anol specific production rate, they can be described by the
following equations that involve product and substrate inhibi-
tion [18].

μ S;Eð Þ ¼ μm⋅ 1−
E tð Þ
Em

� �
⋅

S tð Þ

KS þ S tð Þ þ S tð Þ2
KI

ð5Þ

ν S;Eð Þ ¼ νm⋅ 1−
E tð Þ
E

0
m

� �
⋅

S tð Þ

K
0
S þ S tð Þ þ S tð Þ2

K
0
I

ð6Þ

where μm, νm, Em, KS, KI, E
0
m;K

0
S ; and K

0
I are constants.

The flash distillation unit is modelled by the total material
balance

dM tð Þ
dt

¼ F tð Þ−B tð Þ−D tð Þ ð7Þ

Table 1 List of symbols used in this study

Symbols Definition

B Molar flowrate of the outgoing liquid stream

BV Volumetric flowrate of the liquid stream
coming
out of the flash unit

D Molar flowrate of the outgoing vapour stream

E Ethanol concentration

EB Concentration of ethanol in the liquid stream
from the flash unit

F Molar flowrate of the feed stream

F0 Volumetric flowrate of the fresh feed

FV Volumetric flowrate of the liquid stream
coming
out of the fermentor

KE Equilibrium ratio of ethanol

M Molar holdup of the liquid in the flash unit

ME (MW) Mass of ethanol (water)

MWE (MWW) Molecular weight of ethanol (water)

P Pressure

Ps
i Tð Þ Saturation pressure of component i

R Ideal gas constant

S Substrate concentration

S0 Substrate concentration in the fresh feed

T Temperature

tf Fermentation time

v Specific rate of ethanol production

VF Volume of the broth

Vj Molar volume of component j

X Concentration of biomass

xE Mole fraction of ethanol in the liquid

YE/S Yield coefficient

z Mole fraction of ethanol in the feed stream

αij Constants from the literature

γi Activity coefficient of component i

Λij Temperature dependence of the parameters

μ Biomass specific growth rate

μm, vm, KS,

E
0
m;K

0
S ;K

0
I ,KI,

Constants
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whereM is the molar holdup of the liquid in the flash unit,
F is the molar flowrate of the feed stream, B is the molar
flowrate of the outgoing liquid stream and D is the molar
flowrate of the outgoing vapour stream. The material balance
of ethanol in the flash distillation unit can be written as

dM tð ÞxE tð Þ
dt

¼ Fz− Bþ DK xE; T ;Pð Þð ÞxE ð8Þ

where xE is the mole fraction of ethanol in the liquid, z is the
mole fraction of ethanol in the feed stream and KE is the
equilibrium ratio of ethanol calculated in the conditions of
the flash distillation unit. The equilibrium ratios as well as
the temperature in the flash are calculated using vapour-
liquid equilibrium calculations

∑
i∈ E;Wf g

Ki xE; T ;Pð Þxi−1 ¼ ∑
i∈ E;Wf g

γi xi; Tð Þ P
s
i Tð Þ
P

xi−1

¼ 0 ð9Þ

where the subscript W denotes water, Ps
i Tð Þ is the satura-

tion pressure of component i that is calculated using Antoine’s
equation [19] and is a function of temperature T only, P is the
pressure in the flash unit and γi is the activity coefficient of
component iwhich is calculated usingWilson’s equation [19].

γi xi; Tð Þ ¼ 1−ln ∑
j
x jΛij

 !
−∑

k

xkΛki

∑
j
x jΛij

ð10Þ

The temperature dependence of the parameters Λij is given
by

Λij ¼ V j

Vi
exp −

αij

RT

� �
; i≠ j ð11Þ

where R is the ideal gas constant, Vj the molar volume of
component j and αij constants that are available in the
literature.

The model is complete if we add the material balances for
the storage tank

dME tð Þ
dt

¼ MWEDKE xE; T ;Pð ÞxE ð12Þ

dMW tð Þ
dt

¼ MWWDKW xE; T ;Pð Þ 1−xEð Þ ð13Þ

whereME (MW) is the mass of ethanol (water) in the storage
tank and MWE (MWW) the molecular weight of ethanol
(water).

2.3 Fed-batch vacuferm process—operating policy

As the process is a dynamic process, an operating policy needs
to be devised so as to achieve the desired objective, i.e. to
maximize the volumetric productivity of ethanol. The process
has four manipulated variables denoted by control valves in
Fig. 2 which are the following

& The fresh feed flowrate F0

& The flowrate of the liquid withdrawn from the fermentor
FV

& The flowrate of the liquid returned to the fermentor BV
& The molar flowrate of the vapour stream withdrawn from

the flash unit D

It is important to note that the molar flowrate of the vapour
stream is used to control the liquid level in the flash distillation
unit and is not available for optimization. In addition, the
initial concentration of the carbon source in the fermentor
(S(0)) is considered as an optimization variable. As it is stated
in the introduction, our aim is to determine the simplest pos-
sible operating policy to increase the potential of industrial
application. It is decided to use an operating policy that is
characterized by constant (time invariant) manipulated inputs.
In order to determine the optimal values of the three dynamic
degrees of freedom as well as the initial concentration of the
substrate in the fed-batch reactor, we propose solving the fol-
lowing optimization problem

max
S 0ð Þ;F0;FV ;BV

V F t f
� �

E t f
� �þME t f

� �
t f max

t
V F tð Þ½ � ð14Þ

s.t. Eqs. (1)–(13) and bound constraint on optimization
variables, where tf is the fermentation time. This is a highly
non-linear and non-convex dynamic optimization problem
that features a multitude of local solutions. To avoid local
solutions and also convergence problems, we use a stochastic
optimization methodology known as simulated annealing
[20]. Simulated annealing has been proved an efficient sto-
chastic optimization methodology that can be used to solve
practical problems avoiding local solutions through an inge-
nious search algorithm. The final optimization problem was
solved in MATLAB (www.mathworks.com).

3 Results

In order to demonstrate the potential of achieving increased
values of ethanol volumetric productivity, using a fed-batch
vacuferm process, the numerical values for parameters
appearing in the mathematical model are selected from the
literature and are shown in Table 2 [13, 18]. Operation under
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lower temperature to alleviate ethanol inhibition can also be
considered [21]. A fermentor with active volume of 100 m3 is
selected. In order to determine the relative advantages of the
fed-batch vacuferm process, when compared to simple batch/
fed-batch operation, the optimization problem given by Eq.
(14) is first solved by setting the volumetric flowrate to the
flash unit equal to 0 (and thus effectively eliminating the flash
distillation unit). The remaining optimization variables (S(0),
F0) are then optimized, and the maximum volumetric produc-
tivity is 4.6975 kg EtOH m−3 h−1, achieved when S(0) =
149 kg m−3 and F0 = 0 (batch operation). It should be noted
that the initial biomass concentration considered is X(0) =
1 kg m−3 (the optimization with respect to X(0) will be
discussed shortly).

The optimization of the vacuferm process is then per-
formed and the maximum volumetric productivity is
11.059 kg EtOH m−3 h−1, achieved when S(0) ≈ 0 kg m−3

and F0 = 7.872 m3 h−1, FV = 33.733 m3 h−1 and BV =
26.413 m3 h−1. The time evolution of the substrate, biomass
and product concentration in the fermentor as well as the fer-
mentor volume are presented in Fig. 3. No substrate is charged
initially into the fermentor and the substrate concentration
response is similar to a semicircle with a maximum concen-
tration close to the value that is optimal for the batch opera-
tion. The storage tank contains 177,636.5 kg of EtOH and
water mixture that is 9.72% w/w in EtOH at the end of the
production cycle. The total ethanol produced is 22,128.45 kg
EtOH in 20 h of operation resulting in a volumetric produc-
tivity of 11.059 kg EtOH m−3 h−1. We observe that the

volumetric productivity achieved by the fed-batch vacuferm
process is 2.35 times (135% increase) the volumetric produc-
tivity that can be realized by the batch process. This is evi-
dently an impressive increase of the productivity of the pro-
cess, and further analysis is clearly justified.

Further on, the next step entails the inclusion of the initial
biomass concentration X(0) in the set of optimization variables
(or dynamic degrees of freedom). The optimization is subject-
ed to the following bound constraint on X(0)

1≤X 0ð Þ≤XU
0 ð15Þ

where XU
0 is an upper bound on the initial biomass con-

centration. The result of the optimization shows that, at the
optimal solution, the initial biomass concentration is always
equal to the upper bound. Figure 4 summarizes the results. As

Table 2 Model parameters

Parameter Value Units

VF(0) 100 m3

X(0) 1 kg m−3

S0 300 kg m−3

YE/S 0.47 kg kg−1

μm 0.4 h−1

Em 87 kg m−3

KS 0.476 kg m−3

KI 203.5 kg m−3

νm 1.4 h−1

E
0
m 114 kg m−3

K
0
S 0.666 kg m−3

K
0
I 303 kg m−3

VE 58.68 L m−3

VW 18.07 L m−3

αΕW/R 165.111 K

αΕW/R 479.758 K

M(0) 1 kmol

tf 20 h
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Fig. 3 Concentration of the substrate, biomass and product and broth
volume in the optimized fed-batch vacuferm achieving volumetric pro-
ductivity of 11.059 kg EtOH m−3 h−1 (X(0) = 1 kg·m−3)

Fig. 4 Maximum volumetric productivity that can achieved as a function
of the initial biomass concentration (X(0) = 1–10 kg m−3)

Biomass Conv. Bioref. (2021) 11:673–680678



it is seen from Fig. 4, the volumetric productivity is increased
significantly, as the initial biomass concentration is increased,
and becomes 7.133 times the productivity of the optimal batch
process. In a similar manner, this is again a rather impressive
result with respect to the simplicity of the process. The storage
tank contains 483,588.2 kg of EtOH and water mixture that is
12.8% w/w in EtOH at the end of the production cycle. The
total ethanol produced is 67,491.9 kg EtOH in 20 h of opera-
t ion , resu l t ing in a vo lumet r i c p roduc t iv i ty of
33.76 kg EtOH m−3 h−1. The time evolution of the substrate,
biomass and product concentration in the fermentor, as well as
the fermentor volume are shown in Fig. 5.

There are two points of concern. The first one is related to
the fact that all optimized operating policies require that
S(0) ≈ 0 kg m−3, i.e. no substrate is loaded initially into the
fermentor. This is due to the inhibitory effect of substrate and
the fact that the model used does not account for the adapta-
tion of the microorganism to the substrate. In an effort to
perform a more realistic simulation, we add a lower bound
constraint to the initial substrate concentration

S 0ð Þ≥SL 0ð Þ ð16Þ

where SL(0) is a lower bound on initial substrate concen-
tration, assumed 5 kg m−3.

The second point of concern associates to the high concen-
tration of biomass (177.12 kg m−3) at the end of fermentation
in the fermentation broth. Cysewski and Wilke [13] have also
reported very high biomass concentrations (approximately
125 kg m−3) in their experimental continuous vacuferm pro-
cess. Therefore, it is reasonable to assume that the biomass
concentrations calculated for the fed-batch vacuferm process
can be achievable in practice without serious operational prob-
lems. However, we perform a final optimization where the
optimization problem (Eq. (14)) is augmented by the bound

constraints (Eqs. (15) and (16)) and the following terminal
inequality constraints (observe that from the biomass material
balance, Eq. (2), it follows that the biomass concentration is,
under assumption that are satisfied easily, a monotonically
increasing function of time)

X t f
� �

≤125 kg m−3 ð17Þ

Simultaneous satisfaction of the constraints (Eqs. (15), (16)
and (17)) causes the maximum volumetric productivity to be
decreased to 30.2 kg EtOHm−3 h−1 which is obtained using an
initial biomass concentration of 9.97 kgm−3 (the final biomass
concentration is exactly 125 kg m−3) and an initial substrate
concentration of 5 kg m−3 (equal to the lower bound). The
volumetric productivity achieved under these practical con-
straints is 6.43 times the maximum volumetric productivity
that a batch or fed-batch system can accomplish.

A final issue that needs to be addressed is the robust-
ness of the volumetric productivity achieved, against in-
accuracies in implementing the optimal operating policy
in practice. To this end, it is assumed that the three oper-
ating variables (F0, FV and X(0)) follow normal probabil-
ity distribution functions (pdf), when implemented in
practice, with mean values (FV = 94.07 m3 h−1, F0 =
24.19 m3 h−1 and X0 = 9.66 kg m−3) equal to the optimal
values and standard deviations that are 1% of the mean
values (detailed distributions are supplied in the supple-
mentary information). Then, Monte Carlo (MC) simula-
tions are performed and the volumetric productivities
achieved are recorded and analysed. The results of the
MC analysis are summarized in Fig. 6, where the empir-
ical cumulative distribution function (cdf) of the volumet-
ric productivity is shown. From this figure, it can be ob-
served that the process can achieve volumetric productiv-
ities greater than 28 kg EtOH m−3 h−1 with approximate
probability 95%.

0 2 4 6 8 10 12 14 16 18 20
0

50

100

150

200

250

300

E

X

V

S

t (h)

X, E, S 
(kg/m

3
)

V 
(m

3
)

Fig. 5 Concentration of the substrate, biomass and product and broth
volume in the optimized fed-batch vacuferm achieving volumetric pro-
ductivity of 33.76 kg EtOH m−3 h−1 (X(0) = 10 kg m−3) Fig. 6 Empirical cdf of the volumetric productivity
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4 Conclusions

Continuous vacuferm processes have been discussed in great
detail in the open literature, and their potential for increasing
ethanol productivity has been demonstrated. However, contin-
uous operation exhibits several drawbacks that render the pro-
cess unfavourable, from the industrial implementation point of
view. To this end, a novel fed-batch vacuferm process is de-
scribed and the simplest possible operating policy is devel-
oped and subsequently optimized in this work. Significant
improvement can be also achieved by deploying the proposed
fed-batch vacuferm technology, thus conferring a higher po-
tential to be accepted by the industry. It is of paramount im-
portance to also note that existing batch ethanolic fermenta-
tion units can be modified to incorporate the proposed in situ
ethanol removal process and thus to significantly enhance
their volumetric productivity. The proposed scheme is expect-
ed to substantially reduce the cost of manufacture, thereby
entailing a proportional reduction in the unitary production
cost of bioethanol. On top of that, it is expected that the pro-
posed operating strategy could be also applied in ethanolic
bioconversions implementing renewable resources as onset
material and further enhance the feasibility of the process.
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