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Abstract
The expensiveness of bioethanol has made it unattractive and uncompetitive for alternative energy sources. Therefore, several ways
to reduce the production cost of bioethanol become interesting topics, e.g. increasing its productivity. This research investigated
the performance sensitivity of a laboratory scale of integrated aerobic–anaerobic baffled reactor (IAABR) towards the residence
time. The ethanol productivity was monitored to know the optimum residence time. The difference residence times were varied
between at 19.2 h and 26.7 h by using difference volume of fermenters i.e. 10 and 100 l, respectively. Molasses as a medium was
fed into a reactor containing one compartment of aerobic fermentation and three compartments of anaerobic fermentation. Total
sugar and bioethanol concentration were measured for each compartment to determine the production yield to sugar consumption
and bioethanol productivity. The fermentation process was conducted at 30 °C, medium pH (4-5), and feed sugar concentration
of 170 g/l. The results showed that the optimum residence time in this investigation range is 19.2 h. The ethanol productivity was
recorded at 4.63 g/l.h and the production yield to sugar was obtained at 46 % (equivalent to 86 % of theoretical yield) with average
feeding of molasses at 0.52 l/h.
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1 Introduction
The depletion of petroleum resources is a serious problem
for the future. Moreover, the rate of depletion is accelerated with growing volume of vehicle and machinery
equipment. Additionally, this high petroleum consumption is also accelerated by the growth of various products from petroleum-based, such as plastics. This problem must be considered to maximize added value and
to control the speed of depletion. Using petroleum for
chemical derivative other than energy is the best option
to maximize the value of petroleum. Meanwhile, fulfilling the demand of energy, a renewable energy resource
is encouraged. Bioethanol, as a renewable resource of
energy, is the most developed renewable energy to date
for gasoline substitution (petroleum-based fuel) [1].

In fact, Indonesia is facing an obstacle in bioethanol
utilization because of the bioethanol price is more expensive than that of petroleum. Therefore, reducing bioethanol
price becomes a significant contribution to accelerating
the application of bio-based fuel. One of which is productivity improvement in the fermentation. Two aspects have
been studied i.e. fermentation using immobilized cell or
free cell and fermentation using batch, fed-batch, or continuous method.
The traditional raw material (i.e. molasses) for ethanol production is still interesting to study but in immobilized cell system. It could be blended with Olive oil
mill wastewaters (OOMWs) and resulted ethanol productivity of 2.8 g/l.h when processed using immobilized
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Saccharomyces cerevisiae [2]. Ghorbani et al. [3] also
studied immobilized S. cerevisiae to improve conversion
of cane molasses into ethanol and it resulted productivity
of 2.39 g/l.h. However, it must be recognized that development of immobilized cells has some constraints, so it
should be something interest to develop higher performance process with suspended cell system.
Bioethanol productions from starch or lignocellulosic
feedstocks were usually done by simultaneous saccharification and fermentation (SSF) or separate hydrolysis and fermentation (SHF). It was investigated through
fermentation using immobilized cell or free cell and yet
attractive to study further. It is reported that immobilized cell and SSF method could produce higher productivity than the SHF method using free cell. Liu and Lien
[4] reported bioethanol productivity of 0.21 g/l.h by SSF
method using co-immobilized cell and 0.06 g/l.h by SHF
method using co-suspension of free cell. Other research
of bioethanol production from lignocellulosic feedstocks
also showed better performance for semi SSF than that of
SHF method. Semi SSF required 24 hours shorter than
SHF to achieve an equal bioethanol concentration [5].
However, the SHF process using polyvinyl alcohol (PVA)
immobilized Zymomonas mobilis showed better productivity when used to produce bioethanol from lignocellulosic feedstock, i.e., 3.04 g/l.h higher than SSF process
which was 1.31 g/l.h [6].
Other investigation aspects of bioethanol productivity
improvement were the process configuration, i.e., batch,
fed batch, or continuous process. The best batch process
(commercial process at PT Indoacidatama Tbk.) resulted
in 10% (v/v) bioethanol for 57 hours fermentation period
or equivalent to productivity of 1.38 g/l.h bioethanol [7].
However, the productivity must be improved due to the
associated price of IDR14,000 (before taxes), which was
much higher than the gasoline price of IDR. 7650. The
other process strategies, fed batch or continuous, were
noticed to be more productive. This is the reason why
many recent studies were exploring fed batch and continuous process to increase fermentation productivity.
Liu and Lien [4] could successfully increase productivity of SHF method from 0.21 g/l.h (flask culture) to
0.91 g/l.h (continuous culture in vertical mass flow bioreactor). In the same research, the best productivity of
1.33 g/l.h was obtained in an integrated continuous bioreactor and repeated batch method using sodium alginate
immobilized cell. Unfortunately, sodium alginate gel

bead had short life time which is only 12 days of running
and it will swell and damage the characteristics of immobilized cell. Whereas immobilization cost is expensive.
The advantage of continuous culture compared to the
batch culture was also shown by other fermentation processes. In acetone-butanol-ethanol production, continuous culture and repeated batch culture were already
carried out and it resulted in 0.63 g/l.h (continuous) and
0.57 g/l.h (repeated batch) [8]. The highest productivity
was achieved when the fermentation was carried out by
combining continuous culture with repeated batch culture.
This research investigated the effect of residence
time towards bioethanol productivity of continuous process using integrated aerobic–anaerobic baffled reactor
(IAABR). We utilized an uncontrolled process in order to
minimize the operational cost of fermenter (reactor).
2 Experimental setup
2.1 Medium
Starter medium composition (in g/l): Yeast extract 10, NH4Cl
0.13, CaCl2.H2O 0.06, MgSO4.7H2O 0.12, and glucose 10.
Production medium was cane molasses containing total
sugar of 51 % w/w and diluted using tap water to total
sugar of 170 g/l. It was boiled for 30 minutes and the pH
was adjusted to 4-5.
2.2 Microorganism
Fermiol® (Saccharomyces cerevisiae strain No DY 7221
DSM collection) was used as culture starter. It was stored
in a cool (5 to 15 °C) and dry place.
2.3 Equipment
The unit of fermentation equipment included feed storage,
product storage, and integrated aerobic–anaerobic baffled
reactor (IAABR). The unit of fermentation apparatus is
shown in (Fig. 1).

Fig. 1 Unit of fermentation apparatus
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2.4 Experiment
The experiments were divided into two process phases,
i.e. batch process and continuous process. The batch process was initiated by filling the reactor with 10 l of molasses medium, pH of 4 – 5 and temperature of 30 °C. The
first compartment (A) was inoculated with 250 mL inoculum starter of S. cerevisiae and incubated for 21 hours
aerobically. The continuous process started after the batch
process on the flowrate of feeding 0.52 l/h (equivalent to
residence time of 19.2 hours). The compartment A was
always kept in aerobic phase with agitation of 100 rpm.
The sampling was taken periodically and analyzed to
measure the concentration of total sugar and bioethanol.
The results was come from duplicate and presented in the
average value. Further, this result was compared to our
previous research with difference volume of reactor [9].
2.5 Analysis
Total sugar was measured by Dubois method [10].
Bioethanol was measured by density method and verified
by GC (gas chromatography) method.
3 Results and discussion
Molasses was considered as the carbon source. This substrate has been established as carbon substrate in fermentation industries e.g. bioethanol industry. Meanwhile,
S. cerevisiae was the ethanol producer for molasses
medium. The usage of molasses medium and S. cerevisiae
was able to avoid any problems caused by the uncertainty
of incompatibility between microbe and medium. Hence,
this research is purposely to evaluate the performance of
IAABR on producing bioethanol.
Performance of bioreactor is indicated by four parameters i.e. capacity of sugar (substrate) feeding rate (l/h),
bioethanol produced (% w/w), productivity (g/l.h), and
yield of bioethanol to sugar or efficiency of bioethanol
produced from sugar (%). To evaluate bioethanol production process, the profile of residual sugar (Fig. 2) and
related bioethanol production were determined (Fig. 3).
Data shown in Fig. 2 and Fig. 3 are the average value of
experiment results and uncertainty level of each chart is
represented by standard deviation. Average values of the
standard deviation for Fig. 2 are 7.1, 8.1, 9.9 and 4.5 for
chart A, B, C and D respectively. Meanwhile, values of 5.7,
8.8, 10.0 and 9.7 are the standard deviation for Fig. 3 and
sequentially for chart A, B, C and D.

3.1 Sugar feeding rate and consumption
The initial profile of residual sugar as presented in compartment A (Fig. 2) shows that the drastic decrease was
observed from 15 to 21 hours of fermentation. This
interval time corresponded to the batch fermentation to
develop yeast inoculum for continuous bioethanol production. Hereafter, distributing inoculum was done into four
compartments A, B, C, and D. This activity required about
three hours and the continuous process step were started
at fermentation time of 24 hours. The residual sugar at the
initial continuous process was detected between 43-46 g/l.
The continuous process was performed by feeding
molasses medium gravitationally to examine the lower production cost. The uncontrolled feeding process resulted in
fluctuation of residual sugar concentrations along the process and in all of the compartments. However, the average
residual sugar in each of compartment tended to decrease
from compartment A to D, i.e., 45.2, 44.2, 37.9, and 37.9 g/l,
respectively. The residual sugar in compartment D was
high enough. High sugar concentration indicated two possibilities, i.e. the feeding rate was too fast or the sugar feeding concentration was too high. Hence, further exploration
to get better process condition was necessary.
The total fermentation time was 351 h including the
batch phase of 21 h, the transition phase of 3 h, and the
continuous phase of 327 h. From overall fermentation
time, the production process was only in the continuous
phase. The average flow rate of feeding was 0.52 l/h, while
the sugar feeding concentration was 170 g/l. As a consequence, the feeding sugar for 327 h was 27.141 g. This was
much higher rather than the commercial batch process of
8050 g sugar for 351 h fermentation time (7 batch cycles
of 10 l medium containing 115 g sugar/l). However, it was
necessary to optimize because the residual sugar coming
out from the compartment D was still high, i.e. 37.9 g/l,
indicating a significant amount of sugar as waste.
3.2 Bioethanol production and productivity
For The main parameter of yeast capability was the
achieved concentration of bioethanol achieved by this
process. The high concentration of ethanol was limited
by the ethanol tolerance of the yeast, i.e. 9-13% (w/w)
[11]. The profile of bioethanol (Fig. 3) showed that compartment A was the fastest to achieve the steady state,
followed by B, C, and D. The average bioethanol in
compartment A was 78.85 g/l achieved at 49 hours, in
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Fig. 2 Sugar concentration (g/l) in the compartment A, B, C, and D during continuous phased (Standard deviation: A: 7.1 ; B: 8.1 ; C: 9.9 ; D: 4.5)

Fig. 3 Bioethanol concentration in each compartment of A, B, C, and D during continuous fermentation (Standard deviation: A: 5.7 ; B: 8.8 ; C: 10.0 ; D: 9.7)
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compartment B was 81.94 g/l achieved at the time of
73 hours, in compartment C was 84.54 g/l achieved at
the time of 97 hours, and 92.55 g/l in compartment D
at the time of 121 hours. The production of bioethanol
started to fall down at 313 hours of production time.
Bioethanol production for 14 days fermentation was
13.44 kg. This indicated that yield of bioethanol to total
sugar was 0.41 (w/w) or equivalent to 76.2 % theoretical
yield of ethanol/sucrose (the theoretical yield is 0.538 g
ethanol/g sucrose), while productivity of bioethanol for
14 days fermentation was 4.63 g/l.h. The commercial
batch process in PT Indoacidatama Tbk converted cane
molasses medium containing 150 g/l total sugar into 10 %
v/v bioethanol for 57 hours fermentation time [7]. This
represented that productivity of bioethanol for the batch
proses was 1.38 g/l-h and the yield was 97.8 % theoretical yield ethanol/sucrose. Comparing continuous process
in IAABR to the batch process showed the superiority of
IAABR productivity. However, the commercial batch process was better in the higher yield ethanol/sugar.

Based on this stoichiometric of reaction, theoretical
yield of sucrose to bioethanol is 53.8 % (w/w). If the actual
yield was 41 %, this indicated that the actual yield of the
process was 76.2 % of theoretical yield.
The performance of IAABR resulted from this study
is attractive to be developed in bioethanol production.
The concentration of bioethanol in broth was 11.8 % (v/v).
The bioethanol productivity of IAABR was 4.63 g/l.h or
3.4 times higher than that of the industrial batch process
(Table 1). Further optimization is necessary to improve
the performance of IAABR.
Table 2 shows the various bioethanol production processes. Generally, the production of bioethanol through
continuous process gives higher productivity than that
of batch process. This study gave 2-3 times higher productivity. Equally compared, Bouallagui et al. [12] gave
higher productivity as the results of higher dilution rate.
However, this condition created lower ethanol concentration in the effluent compared to this experiment. The concern would be essential due to the energy requirement in
purification process. Compared to Tang et al. [13], that
was using comparable dilution rate, the productivity of
this study was lower. One of the reasons was that because
they were using genetically hybrid yeast with improved
activity while this research used untreated yeast. It
showed that the performance of yeast greatly affected
the productivity of ethanol. In addition, this finding was

3.3 Productivity of bioreactor
The theoretical yield of bioethanol-sucrose could be calculated by the stoichiometric reaction of sucrose-glucose
conversion to ethanol (Eq. (1)).
(1)

C12 H 22 O11 + H 2 O → C6 H12 O6 → 2C5 H 5 OH + 2CO 2 �

Table 1 Bioethanol Productivity in each compartment IAABR
Compartment Feed

Bioethanol (g/l)

Productivity (g/l.h)

A

78.86

3.73

B

81.94

3.74

C

84.54

3.81

D

92.55

4.63

Table 2 Productivity of bioethanol production using batch and continuous process
Reactor

Carbon source/ sugar

Working
Volume, l

Microorganism

Life
Time, h

1

Batch fermentor

molasses/150 g/l

Commercial
plant

S. cerevisiae

57

78.90

1.38

[7]

2

Spinner bottle

glucose/20 %

0.3

S. cerevisiae KD2

50

94.68

1.89

[14]

3

Shaken flask

glucose/40 g/l

0.25

S. cerevisiae BY4742

48

65.36

1.35

[15]

4

Erlenmeyer flask

Sweet sorghum
juice/240 g/l

0.35

Immobilized S.
cerevisiae NP02

70

109.34

1.52

[16]

5

Lab. scale-IAABR

molasses/256 g/l

10

S. cerevisiae

19.2

92.55

4.63

This study

6

CSTR

molasses/50 g/l

1

S. cerevisiae

2

11.60

5.8

[12]

7

CSTR

molasses

2

S. cerevisiae KF-7

1.25

30.00

24.0

[13]

8

Pilot scale-IAABR

molasses/256 g/l

100

S. cerevisiae

26.7

62.70

2.31

[9]

9

Shaken flask

molasses/140 g/l

-

S. cerevisiae

52

68.50

1.32

[17]

No

Bioethanol, Productivity,
g/l
g/l.h

Ref.
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opening the future of IAABR development to use various
kind of yeast to increase its productivity.
The IAABR was evidently prospective for mass production scale. The study showed that the productivity
of IAABR was higher than that of any batch process.
Moreover, IAABR embodied simple reactor design that
conclusively reduced capital investment. In addition,
IAABR could work properly without pH control thus minimized the production cost.
Table 2 also showed briefly our previous result when
using the pilot scale of IAABR. The pilot scale volume
of IAABR is 100 l with an average feeding of molasses at
3.75 l/h. It means that the residence time of pilot scale is
26.7 h. Compared to the laboratory scale which had residence time of 19.2 h, the ethanol productivity of the pilot
scale is lower. It may be explained that the longer residence time gives a longer opportunity of ethanol to accumulate in the compartment of reactor. This longer accumulation of ethanol causes the inhibition of fermentation

due to the molasses concentration is lower. And it may
be also as reported by Skupin and Metzger [18] that there
was an inhibitory effect of product (ethanol) concentration to the microorganism cells metabolism.
4 Conclusion
The experiments showed that an uncontrolled continuous
process of bioethanol production was properly run in the
IAABR. The feeding rate of 0.52 l/h (residence time of
19.2 h) containing sugar of 170 g/l resulted bioethanol
concentration 11.8 % (v/v). This result was related to
the bioethanol productivity of 4.63 g/l.h or equivalent
to 3.4 times of commercial batch process. It also had
higher result than the pilot scale with residence time of
26.7 h resulting productivity of 2.31 g/l.h. Meanwhile the
yield of bioethanol to sugar was 41 % (w/w) which was
equivalent to 76.2 % of theoretical yield ethanol/sucrose.
The IAABR was operated for 14 days of fermentation
without contamination.
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