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ABSTRACT 

To save the cost and input energy for bioethanol production, a consolidated continuous solid-state fermentation (CCSSF) 
system composed of a rotating drum reactor, a humidifier and a condenser has been developed. In this research, the fea-
sibility of using this system for production of ethanol from food wastes was carried out. The ethanol conversion of 
bread crust and rice grain (uncooked rice) as substrates reached up to 100.9% ± 5.1% and 108.0% ± 7.9% (against 
theoretical yield), respectively. Even for bread crust, a processed starchy material which contained lower carbohydrate 
content than rice grain, the amount of ethanol obtained in a unit of CCSSF per year was higher due to easy sacchari- 
fication and fermentation. The salt contained in potato chips directly affected yeast activity resulting to low ethanol 
conversion (80.7% ± 4.7% against theoretical yield). 
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1. Introduction 

Ethanol production from biomass is the focus of much 
interest worldwide because bioethanol is a renewable 
fuel contributing to the reduction of the global warming 
effect and negative environmental impact generated by 
the worldwide utilization of fossil fuels. Waste biomass 
such as corn stover, waste wood, and waste foods is very 
attractive since it is cheap raw material for ethanol pro- 
duction [1]. Food waste is a kind of organics solid waste 
discharged from households, restaurants and food proc- 
essing factory [2]. In Japan, the estimated amount of food 
waste generated annually is approximately 45.1 million 
tons (2010). The major conventional recycling method 
has been to employ food wastes as animal feed and fer- 
tilizer yielding approximately 8.6 million tons [3]. How- 
ever, large amounts of wastewater are generated when 
desalting the food waste for fertilizer production, and 
animal feeds produced from this material often create hy- 
giene problems for feeding animals [4]. The rest of food 
wastes, approximately 35.7 million tons, are sent to inci- 
neration or landfill. Nevertheless, a landfill is not a suit- 
able choice for handling these wastes, since space is lim- 
ited in Japan and uncontrolled fermentation of organic  

wastes in landfill causes emission of greenhouse gases, 
such as methane and carbon dioxide. The incineration of 
food waste is also impractical because of high water 
content and the possibility of dioxin generation [5]. 
Therefore, it is imperative to overcome the technological 
and systematic dilemma of the conventional recycling 
method for food waste and simultaneously develop an 
environment-friendly recycling method that can convert 
food wastes to high value product as ethanol fuel.  

With an aim to develop a recycling system for food 
waste, Yan et al. [6] conducted a study to evaluate the 
critical variables that affect saccharification rate which is 
the rate limiting step in ethanol production from food 
wastes. Cekmecelioglu and Uncu [7] also tried to reduce 
the production cost by improving the pretreatment me- 
thod of food wastes. 

Generally, ethanol production utilizes the separate hy- 
drolysis and fermentation (SHF) process, which includes 
a series of steps such as liquefaction, saccharification and 
fermentation [8-10]. A challenging perspective of our 
previous study was to apply a one-step process called the 
“consolidated continuous solid-state fermentation (CC- 
SSF)” system which was composed of a rotating drum 
reactor, a humidifier and a condenser. The process com- 
bines enzymatic hydrolysis, ethanol fermentation and re- *Corresponding author. 
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covery of ethanol into a single operation. It could save 
overall fermentation time and the capital investment for 
reactors. Another advantage of CCSSF system is that the 
continuous repetitive fermentation allows for the yeast 
and enzyme to be reused. Furthermore, the CCSSF sys- 
tem uses minimum amount of water which reduces the 
volume and cost for waste treatment [11]. 

Typically, food waste is characterized by a high or- 
ganic content since it contains soluble sugar, starch, lip- 
ids, proteins, cellulose and other compounds that make it 
a source of potential fermentative substrates [12]. In this 
experiment, three kinds of starchy food wastes were stud- 
ied as model cases 1) bread crust; a processed starchy 
material that has low carbohydrate content and high 
amounts of moisture, 2) potato chips; a processed food 
material with high salt content and, 3) rice grain; non- 
processed starchy material (as a model of off-spec rice 
grain). Since the CCSSF system uses minimum amounts 
of water, the concentration of organic compounds in food 
wastes would be concentrated and might affect the activ- 
ity of yeast and saccharifying enzyme. In this study, the 
feasibility of ethanol production using food wastes was 
investigated in a lab scale reactor. The ethanol produc- 
tion from each food waste per unit of CCSSF was com- 
pared. Furthermore, the effect of salt (as NaCl) on yeast 
and saccharifying enzyme was evaluated. 

2. Materials and Methods 

2.1. Yeast 

A commercial dry yeast, Super Camellia (Nisshin, Tokyo) 
was used. 

2.2. Samples of Food Waste 

Bread crust, potato chips and rice grain (Japanese rice) 
used in this study were obtained from the market in 
Osaka prefecture, Japan. Bread crust was chopped into 
small pieces (about 5 × 5 mm), while potato chips were 
ground using ceramic mortar and pestle (particle size  
< 2 mm). Rice grain was ground into small particles 
(particle size  < 355 m) using a blender (wonder 
blender Model WB-1, Osaka chemical Co. Ltd., Osaka). 

2.3. CCSSF System 

The system consisted of a rotating drum reactor, a Liebig 
condenser and a humidifier [11]. The temperature of the 
reactor, condenser and humidifier were controlled at 
32˚C, −10˚C and 37˚C, respectively. 

2.4. Ethanol Fermentation 

The fermentation mixture was composed of 3 g of the 
commercial dry yeast, 64.5 ml of water, 2645 GAU of  

StargenTM 002 (contains Aspergillus kawachi alpha-amy- 
lase expressed in Trichoderma reesei and a glucoamylase 
from Trichoderma reesei, Genencor; one glucoamylase 
unit (GAU) produces 1 g of reducing sugar calculated as 
glucose per hour from soluble starch substrate at pH 4.5, 
48˚C). During fermentation, the pH of the fermentation 
mixture was maintained at 4.5 - 5.0 by adding 28% am- 
monium water (Wako Pure Chemical Industries, Ltd., 
Osaka), and the reactor was rotated at 5 rpm to prevent 
the sedimentation of fermentation mixture. When the 
ethanol content in the fermentation mixture reached a set 
value (40 g·kg-mixture−1), the circulation of the head- 
space gas to the condenser and the humidifier was initi- 
ated and ethanol content was maintained within a range 
of 30 - 50 g·kg-mixture−1 by changing the flow rate of the 
pump manually in accordance with the control protocol 
reported by Moukamnerd et al. [11]. Appropriate amount 
of the materials was added every 6 or 8 without with- 
drawing the residue. Since ethanol produced by fermen- 
tation acts as an antimicrobial agent, the fermentations 
were carried out under non-sterilized condition [13]. 

2.5. Analyses 

For determination of carbohydrate content, 0.5 g of food 
waste was hydrolyzed with 72% sulfuric acid (Wako 
Pure Chemical Industries, Ltd., Osaka) and the carbohy- 
drate content was measured by phenol-sulfuric acid me- 
thod using glucose as standard [14]. Dry weight was ana- 
lyzed by oven-drying the materials at 80˚C for 24 h. The 
ethanol and glucose contents were determined using a 
biosensor (Biosensor BF5, Oji Scientific Instruments Co., 
Ltd., Hyogo). The salt (NaCl) content was measured us- 
ing a salt meter (Pocket PAL-ES1, Atago Co., Ltd., To- 
kyo). The specific rate of ethanol production from glu- 
cose was determined as follows. The fermentation mix- 
ture (about 0.2 g) harvested from the reactor was resus- 
pended in 5 ml of YPD medium (10 g·L−1 yeast extract, 
20 g·L−1 polypeptone and 30 g·L−1 glucose). The suspen- 
sion was transferred to a 15-ml plastic tube equipped 
with a check valve followed by degassing by an aspirator. 
The tube was incubated for 80 min at 32˚C and the etha- 
nol concentration in the suspension was measured every 
20 min. Fermentative activity was expressed as the spe- 
cific rate of ethanol production from glucose (g·g-dry- 
cell−1·h−1). 

3. Results 

3.1. Raw Materials 

In this study, three kinds of food waste materials namely 
bread crust, potato chips and rice grain were used. Table 
1 summarizes the result of CCSSF for the three sub- 
strates used. Rice grain was mainly consisting of carbo- 
hydrate (0.76 ± 0.05 g·g-raw-material−1) whereas bread  
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Table 1. Ethanol production from food wastes. 

 Bread crust Potato chips Rice grain

Carbohydrate contenta 
(g·g-raw-material−1) 

0.47 ± 0.02 0.52 ± 0.03 0.76 ± 0.05

Moisture contenta (%) 31.6 ± 1.6 2.8 ± 0.1 14.4 ± 0.4

Amount of ethanol    

Condenser (g) 36 27 50 

Humidifier (g) 8 6 8 

Reactor (g) 10 5 2 

Total (g) 54 38 60 

Ethanol in condenser (%) 37 35 40 

Ethanol conversiona,b (%) 100.9 ± 5.1 80.7 ± 4.7 108.0 ± 7.9

Amount of residue (g) 167 148 67 

Moisture of residue (%) 76 68 64 

Fermentation period (h) 30 32 51 

aAverage values and standard deviation of three independent fermen- 
tations are shown (n = 3); bAgainst theoretical yield (0.57 g-ethanol 
g-carbohydrate−1). 
 
crust and potato chips contain protein, fat and salt. 

3.2. Repetitive Fermentation 

Since one of the advantages of the CCSSF system is that 
the running cost for saccharifying enzymes and yeast can 
be reduced by repetitive addition of raw material, repeti- 
tive fermentation was conducted for each food waste. 
Ethanol content was maintained in the range of 30 - 50 
g·kg-mixture−1 because the fermentative activity of yeast 
decreased markedly at an ethanol content above 50 
g·kg-mixture−1 whereas the concentration of recovered 
ethanol increased. Figure 1 shows representative time 
courses of two or more CCSSF for bread crust, potato 
chips and rice grain. The arrows indicate the timing of 
addition of raw material which was different depending 
on saccharification rate of each raw material.  

For the CCSSF of bread crust (Figure 1(a)), 40 gram 
of bread crust was added to the reactor every 6 h for 5 
times, and the fermentation needed to stop after the fifth 
batch since the reactor was filled with residue. A total of 
200 g of bread crust produced 54 g of ethanol within 30 h. 
Total ethanol production corresponded to 100.9% ± 5.1% 
of ethanol conversion (against theoretical yield). The 
ethanol was continuously recovered and condenses to a 
clear solution with 37% (w/v) of ethanol concentration. 

Figure 1(b) shows the CCSSF of potato chips, with a 
total input of 160 g of potato chips yielding 38 g of etha- 
nol within 32 h. The produced ethanol corresponded to 
80.7% ± 4.7% of ethanol conversion. The concentration 
of recovered ethanol was 35% (w/v). 

The time course of CCSSF for rice grain is shown in 
Figure 1(c). The starting material of total 127 g of rice  

 
(a) 

 
(b) 

 
(c) 

Figure 1. (a) CCSSF of bread crust; (b) Potato chips and (c) 
Rice grain. 
 
grain was added into the reactor separately every 6 h. 
Within 51 h, 60 g of ethanol was produced and the etha- 
nol conversion was 108.0% ± 7.9%. The concentration of 
recovered ethanol reached up to 40% (w/v). 

In the CCSSF of potato chips, glucose started to ac- 
cumulate after three batches, whereas no glucose accu- 
mulation was observed in both case of bread crust and 
rice grain. The residues from fermentation of bread crust, 
potato chips and rice grain were 167, 148 and 67 g with 
moisture of 76%, 68% and 64%, respectively (Table 1). 

The time-course changes in the fermentative activity 
of yeast during fermentation were investigated and 
shown in Figure 2(a). The fermentative activity in the 
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CCSSF of potato chips was drastically reduced after 
three batches, while the reduction was more gradual us- 
ing rice grain and increased in the case of bread crust. 
During fermentation, the amount of salt (as NaCl) in- 
creased in case of bread crust and potato chips as shown 
in Figure 2(b). When NaCl concentration in the fermen- 
tation mixture exceeded 20 g·L−1, the fermentative ac-
tiveity of yeast decreased significantly, resulting in ac- 
cumulation glucose (Figure 1(b), closed triangles).  

3.3. Effect of Salt Content 

The effects of salt on yeast and saccharification enzyme 
was evaluated since salt is always contained in food 
wastes. The effect of salt on ethanol fermentation was as- 
sessed by comparing the glucose and ethanol production 
within 24 h of incubation (Figure 3). No significant ef- 
fect of salt on saccharifying enzyme was observed (Star- 
gen 002), however, it directly affected the yeast activity. 
The ethanol production rate decreased when salt content 
was increased. 

4. Discussion 

4.1. CCSSF Conditions 

Yeast is more tolerant to low-moisture conditions com- 
pared with other microorganisms. The commercial yeast 
used in the present study maintains a sufficient fermenta- 
tive activity for CCSSF even at a moisture content of 
40% (Data not shown). Although it is possible to perform 
CCSSF at moisture content less than 40%, it would be- 
come difficult to mix the fermentation mixture homoge- 
neously, resulting in a non-homogeneous ethanol content 
that leads to further decrease in fermentative activity. 
Therefore, CCSSF should be performed at a moisture 
content of approximately 50% for homogeneous mixing, 
whereas the present CCSSF was conducted at 60% mois- 
ture content to ensure reproducible sampling. 

4.2. Influences of the Composition of Raw  
Material on Fermentation 

There was no glucose accumulation observed even after 
the third addition of bread crust and rice grain (Figure 1), 
indicating that the rate of glucose consumption by yeast 
cells could be maintained higher than the rate of glucose 
production by the saccharifying enzymes. However, the 
glucose level was found to increase in the case of potato 
chips after three batches. This increase would be due to a 
reduction in the activity of yeast. To clarify the reason 
for the accumulation of glucose, the effects of salt (NaCl) 
concentration on the activity of the yeast and the enzyme 
were investigated. As shown in Figure 3, the fermenta- 
tive activity decreased with an increase in the NaCl con- 
centration, whereas the enzyme activity was not affected. 

 
(a) 

 
(b) 

Figure 2. Fermentative activity of yeast and salt concentra- 
tion during fermentation of bread crust (closed circle), po- 
tato chips (open circle) and rice grain (closed triangles). 
 

 

Figure 3. Effect of NaCl on yeast and saccharifying enzyme. 
Closed circle, glucose production rate; open circle, ethanol 
production rate. 
 

Previous studies reported that gradual increase of NaCl 
in the growth medium for yeasts can cause a cell growth 
arrest depending on the NaCl concentration [4,15-18]. In 
addition, the reduction of water activity, even with salt 
concentrations as low as 5 g·L−1 can still affect cell 
growth [19]. When CCSSF was carried out with mini- 
mum moisture content, the water activity was low, and 
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therefore, the effect of salt was more pronounced than in 
liquid fermentation. These imply that although concen- 
tration of NaCl in CCSSF system is low, it could inhibit 
sugar uptake causing the period of ethanol fermentation 
to be prolonged. Therefore, the results suggest that when 
the fermentation mixture accumulated more than a cer- 
tain level of NaCl that would affect yeast activity, and 
the reaction need to be stopped. On the other hand, a salt 
tolerant yeast strain should be utilized in order for the 
system to achieve higher efficiency of ethanol fermenta- 
tion from food wastes. 

4.3. The Amount of Ethanol Produced by a Unit  
of CCSSF System 

For estimation of the profit for each food waste, it is nec- 
essary to know the amount of ethanol that can be pro- 
duced by one unit of CCSSF system in a year. In a 
CCSSF system, the amount of ethanol [20], E (kL·year−1), 
that can be produced by one unit of CCSSF system in a 
year is given as: 

2 1e

g e

MwD
E M X Y

d Mw 
       

Where Mwg and Mwe are the molecular weights of 
glucose unit in carbohydrate and ethanol corresponding 
to 162 g-carbohydrate·mol−1 and 46 g-ethanol·mol−1, res- 
pectively; e is the specific gravity of ethanol equiva- 
lent to 0.79 kg·L−1; M is capacity of CCSSF system 
(kg·batch−1); D is operation period (day·year−1); d is fer- 
mentation time (day·batch−1); X is the carbohydrate con- 
tent of the material (g-carbohydrate·g-raw-material−1); 
and Y is ethanol yield (against theoretical yield). 

To calculate the amount of ethanol produced by a unit 
of CCSSF system, the actual size of CCSSF system is 
assumed to be 3 m in diameter and 6 m in height. This 
diameter is the maximum width that can be transported 
by land in Japan. Based on the given dimensions, the in- 
ner volume of the reactor will be about 40 m3. The ca- 
pacity of the CCSSF system, M, was temporarily set at 5 
× 103 kg·batch−1. The operation period per year, D, was 
assumed to be 300 days in a year considering the main- 
tenance period. The time required for a batch of fermen- 
tation, d, was calculated based on the experimental data. 
Similarly, the carbohydrate content, X and the ethanol 
yield, Y, were estimated from experimental data (Table 
2). 

The amount of ethanol produced by a unit of CCSSF 
in a year, E, from bread crust, potato chips and rice grain 
were calculated to be 527, 345 and 341 kL·year−1, re- 
spectively. Even bread crust and potato chips were con- 
tained lower carbohydrate levels than rice grain, higher 
ethanol production by a unit of CCSSF in a year could be 
obtained. Jain et al. [21] reported that cooking rice af- 

Table 2. Estimated values for the parameters. 

fects the amylose content in starch by influencing the 

Para

 

meter Bread crust Potato chips Rice grain

M  −1) (103 kg·batch 5 5 5 

D (day·year−1) 3  300 300 

X (g- ate 
0. 0.

E (kL·y tem−1)

00

d (day) 1.0 1.3 2.7 

carbohydr
g-raw-material−1) 

Y  (-) 

47 0.52 76 

1.00 0.80 1.08 

ear−1·sys 527 345 341 

 
accharification rate. To increase the ethanol production 

5. Conclusion 

ction from food wastes was success- 
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