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Abstract—A high-efficiency, integrated bioethanol production process was developed in this study, using Miscanthus
as lignocellulosic biomass. The continuous process involved a twin-screw extruder, a pretreated biomass washing/dewa-
tering process, and a saccharification/fermentation process. In addition, the integration process was designed for the
reuse of pretreatment solution and the production of highly concentrated bioethanol. Pretreatment was performed with
0.72 M NaOH solution at 95 °C using an 80 rpm twin-screw speed and a flow rate of 90 mL/min (18 g/min of raw bio-
mass feeding). Following washing and dewatering steps, the pretreated biomass was subjected to simultaneous sacchari-
fication and bioethanol fermentation processes. The maximum ethanol concentration, yield from biomass, and total
volume obtained were 59.3 g/L, 89.9%, and 60 L, respectively, using a pretreated biomass loading of 23.1% (w/v) and an
enzyme dosage of 30 FPU/g cellulose. The results presented here constitute an important contribution toward the pro-

duction of bioethanol from Miscanthus.

Keywords: Miscanthus, Twin-screw Extruder, Reuse of Pretreatment Solution, Integration Process, Simultaneous Sac-

charification and Fermentation (SSF)

INTRODUCTION

Given the global rise in energy demand and concerns regard-
ing increased greenhouse gas emissions, lignocellulosic biomass is
being increasingly recognized as having great potential for biofuel
and biomaterial production in biorefineries [1,2].

Miscanthus is a key lignocellulosic biomass crop with relatively
low maintenance requirements and high yield/energy content, and
it thus plays an important role in the sustainable production of renew-
able fuels and chemicals via biochemical conversion [3,4]. Miscanthus
can grow to a height of 4m [5], and the height of the plant is de-
pendent on the species and growth conditions. The biomass yield
of Miscanthus depends on the season in which it is harvested [6].
In northern Europe, M. sinensis hybrids have yielded up to 25 t/ha,
whereas in middle and southern Europe, M. giganteus yields up to
38 t/ha and M. sinensis hybrids yield up to 41 t/ha [7].

Lignocellulose normally consists of cellulose, hemicellulose, and
lignin. Cellulose and hemicellulose can be converted to sugars through
biological and chemical reactions, and these sugars can be fermented
to ethanol or other valuable chemicals [8]. However, lignin inhib-
its the function of cellulase, thereby blocking cellulose hydrolysis
[9]. Thus, pretreatment is one of the key steps in the bioconver-
sion of lignocellulosic materials. The goal of any pretreatment pro-
cess for bioethanol production is to remove structural and com-
positional obstacles to hydrolysis, to improve the rates of enzyme
digestion, and to increase the yields of fermentable sugars from sub-
strates [10]. Pretreatment is required to modify the chemical struc-
ture of the lignocellulosic biomass components and make them more
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accessible to enzymes that convert carbohydrate polymers into fer-
mentable sugars [3,11]. A successful pretreatment must satisfy the
following conditions: (i) it improves sugar formation or the ability
to subsequently form sugars by hydrolysis, (ii) it prevents the deg-
radation of carbohydrates, (iii) it prevents the formation of fermen-
tation by-products, and (iv) it is cost-effective [12]. Several pretreat-
ment strategies have been investigated, including those involving
hydrothermal [13], dilute acid [14], ammonia fiber expansion [15],
aqueous ammonia percolation [16], steam explosion [17], and com-
plex treatments [18]. In addition, pretreatment methods using NaOH,
which effectively removes lignin, have been studied recently [19].
Because of this capacity for lignin removal, NaOH pretreatment
was selected for further study here in the development of a contin-
uous process.

Twin-screw extrusion technology is commonly used in the poly-
mer and food industries and has many advantages as a highly cost-
effective production process. Twin-screw extruders can be applied
to continuous processes and have practical uses for large-scale pro-
duction, as they can be easily temperature-controlled and provide
high-efficient pulverization (through high shear forces), high through-
put capacity, and adaptability to many different processes through
modifications [20,21]. Therefore, pretreatment using twin-screw
extrusion is being studied for various pretreatment methods and
biomass types, such as for Miscanthus with NaOH pretreatment
[22], wheat bran and soybean hull with thermo-mechanical treat-
ment [23], and woody biomass with hot-compressed water pre-
treatment [21].

Pretreated biomass requires washing and dewatering steps prior
to enzymatic hydrolysis or processing by simultaneous saccharifi-
cation and fermentation (SSF). To enhance cost-effectiveness, a wash-
ing and dewatering process was developed to enable reuse of the
pretreatment solution. This equipment was designed to connect
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the pretreatment and SSF processing equipment, so that both pro-
cesses were combined into a continuous, integrated process.

The purpose of this study was to enhance the economic efficiency
of bioethanol production by reusing pretreatment solutions involved
in the integration process. The immediate goal was to reduce the
cost of the pretreatment process and minimize the generation of
wastewater by recycling the solvent used for pretreatment. Although
pretreatment processes using NaOH are efficient, the solute is expen-
sive. In this regard, the reuse of NaOH can increase the economic
efficiency by reducing the cost of pretreatment and the amount of
wastewater produced. The second goal was to enhance the eco-
nomic efficiency by reducing the energy costs for distillation. When
the ethanol concentration after fermentation is less than 7% (v/v),
extensive energy must be consumed in subsequent distillation pro-
cesses. However, it is difficult to produce ethanol with a concentra-
tion greater than 7% (v/v) from lignocellulosic biomass through
conventional fermentation processes [24]. Thus, in the present study;
high-concentration bioethanol was produced using a continuous
integration process involving SSE

INTEGRATION PROCESS (FIG. 1 & 2)

1. Pretreatment Reactor

A continuous, twin-screw ChangHae Ethanol Multi ExTruder
(CHEMET; Changhae Ethanol Co., Jeonju, Korea) was used for
pretreating lignocellulosic biomass. The CHEMET has a single-head

Fig. 2. Picture of bioethanol integration process.

configuration and a screw diameter of 28 mm (length : diameter
ratio=36: 1). The range of screw types involved included normal
feed, reverse feed, normal short-helix feed, reverse short-helix feed,
and mixing-element screws. The screw arrangement could be varied
to suit the specific characteristics of the biomass. The CHEMET
was manufactured for a maximum daily throughput of 30 kg, a tem-
perature of 200 °C, and a twin-screw speed of 150 rpm. The tem-
perature was controlled by high-pressure steam.
2. Chang Hae Ethanol Scant reAgent Feeder (CHESAF) and
Drum-filter Reactor

Washing and dewatering pretreated biomass is a necessary step

PUMP

Fig. 1. Diagram of instrumentation used for efficient bioethanol production in a continuous integrated process.

1. Biomass feeder

2. CHEMET (ChangHae Ethanol Multi ExTruder)

3. 1% NaOH solution tank

4. CHESAF (ChangHae Ethanol Scant reAgent Feeder)

January, 2016

5. Washing water tank

6. Drum filter

7.2™ NaOH solution tank

8. SSF (Simultaneous saccharification & fermentation) tank
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that should be performed before the biomass is fed into an SSF tank.
Washing and dewatering is required to clean the biomass and sta-
bly adjust the pH to an optimum for subsequent enzymatic treat-
ment and, thus, for high-concentration bioethanol production. The
CHESAF is composed of parts that control dewatering, washing,
and reagent feeding with the prevention of back flow. Dewatering
was achieved with a screw press that decreases the biomass volume
as a screw shaft is advanced. The feeder was made from a conical-
type screw that prevents back flow from the saccharification and
fermentation tank. The CHESAF is very simple and efficient, as the
dewatering, washing, dewatering, and feeding steps are performed
within a single unit. The diameter of the screw and rotating speed
are 100 mm and 1-5 rpm, respectively, in the CHESAE

The drum filter was mounted in the bottom of the CHESAF to
separate liquid and solid materials from the slurry of dewatered
biomass. The separated liquid was collected for subsequent recov-
ery of the NaOH-containing pretreatment solution, and the solid
material was re-inputted to minimize biomass loss. The drum fil-
ter is contained in a drum with a 300-mm outside diameter, which
can be rotated at 1-11 rpm. The filter was made from aramid fibers,
which offer stability against alkali and organic compounds, ther-
mal resistance, and a permeability of 20 ml/cm’. The drum filter
required a minimum of 10 L slurry for proper operation and was
able to digest 20 L of slurry in 1 h.
3. SSF Reactor

The SSF reactor was prepared for simultaneous saccharification
fermentation. The reactor was constructed from SS304 stainless
steel, with dimensions of 400 mm (inside diameter)x800 mm (length)
and a 100-L internal volume. Reaction temperatures in the SSF reac-
tor were controlled with a hot water tank. The reactor was also de-
signed to perform sterilization using high-pressure steam. The SSF
reactor was designed with an entrance point for pretreated biomass
feeding, a pH sensor; a level gauge, and a reagent nozzle in the under-
body of the tank, as well as a hand hole, a washing line, an inocu-
lation spot, and a vent in top of the reactor. The pH sensor located
in the underside of tank enabled efficient pH measurements with
pretreated biomass, indicating whether the pH should be adjusted.
Agitation was performed with a 2-blade pitched paddle to facili-
tate vigorous mixing of highly viscous materials.

MATERIALS AND METHODS

1. Materials

Miscanthus was obtained from the Bioenergy Crop Research Cen-
ter in Muan, Korea and was used as feedstock. Miscanthus was milled
and sieved to a particle size of less than 2 mm and then stored in a
plastic container at room temperature. Cellulase (Cellic® CTec2,
Novozymes Korea Ltd.) and hemicellulase (Cellic® HTec2, Novo-
zymes Korea Ltd.) were used in the SSF process. All reagents (except
for NaOH) used in this study were of analytical grade. NaOH (Duk-
san Chemical Co. Ltd., Korea) was of industrial grade (97% purity).
2. Pretreatment for Reuse of Pretreatment Solution

The study was performed under the following conditions to enable
the reuse of pretreatment solution and to minimize the amount of
wastewater generated. Pretreatment conditions used were estab-
lished in our previous study [25]. Briefly, 0.72 M NaOH was used

as the pretreatment solution. The biomass-feeding rate was set at
18 g/min, the amount of pretreatment solution at 90 ml/min, and
the ratio of solids to liquids at 1 : 5. Pretreatment was performed at
95 °C, and the rotation speed was set to 80 rpm. The biomass resi-
dence time was 4 minutes under these conditions.

Thirty liters of 0.72M NaOH pretreatment solution was pre-
pared for reuse experiments. The dewatered slurry was separated
into liquid and solid components by filtration in drums, and the
recovered liquid was transferred to a second NaOH solution tank
by a vacuum pump. When the volume of the collected liquid reached
15 L, the NaOH concentration was adjusted to 0.72 M NaOH by
adding the appropriate quantity of NaOH, and the resulting solu-
tion was transferred back to the first NaOH solution tank for reuse.
Because the drum filter requires a minimum of 10 L of solution
for stable operation, we planned on collecting >15 L of filtered lig-
uid; thus, the pretreatment solution was manufactured at a 30-L
scale at the initial stage. The same pretreatment process was used
in cases where the pretreatment solution was reused.

3. SSF Process for the Production of Highly Concentrated Bio-
ethanol

Fourteen liters of water was added to the SSF tank to enable the
smooth control of pH during processing, and sterilization was per-
formed at 100 °C for 30 min to prevent contamination. The pre-
treated biomass was inputted at a rate of 1.70 kg/h in the SSF reac-
tor. In addition, 3.0 M sulfuric acid was used to adjust the pH to
5.0, which was optimal for enzymatic activation. Enzymes were
added at concentrations of 30 FPU/g cellulose (Cellic® CTec2) and
15% Cellic® HTec2 (this value was based on the amount of Cellic®
CTec2 loaded). Subsequently, 3 L yeast (Saccharomyces cerevisiae
CHY 1011) was added to the SSF tank, which was prepared as de-
scribed below. Finally, the working reaction volume was adjusted
approximately 60 L. SSF reactions were performed for 72 h under
operating conditions of 32°C (controlled with a hot water tank)
and 90 rpm.

The S. cerevisiae inocula were prepared by growing strain CHY
1011 on solid YPD-agar medium containing 10 g/L yeast extract,
20 g/L protease peptone, 10 g/L dextrose, and 20 g/L agar. The solid
culture was incubated at 32 °C for 48 h. For subculturing, a single
colony was transferred to YPD medium containing 10 g/L yeast
extract, 20 g/L protease peptone, and 100 g/L dextrose and grown
at 32 °C with agitation (120 rpm) for 12 h. SSF tanks were inocu-
lated with 3 L of YPD medium containing S. cerevisiae prepared as
just described.

4. Analytical Methods

The total solid, acid-soluble lignin, and acid-insoluble lignin
contents of Miscanthus were determined by using standard bio-
mass analytical procedures (National Renewable Energy Laboratory;
USA) [26]. The carbohydrate content of Miscanthus was estimated
by measuring the amount of sugars derived from hemicellulose
and cellulose. The composition of hydrolysates produced by enzy-
matic hydrolysis and fermentation was determined by measuring
glucose, xylose, and ethanol concentrations by high-performance
liquid chromatography (HPLC).

The HPLC system (Waters, USA) was equipped with a Bio-Rad
Aminex HPX-87P column, a guard column, an automated sam-
pler; a gradient pump, and a refractive index detector. The flow rate
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Table 1. Major components of Miscanthus

Component [%]
Cellulose 38.6
Hemicellulose 17.9
Acid-insoluble lignin 232
Acid-soluble lignin 2.2
Ash 2.6
Other components 15.5

of the mobile phase (deionized water) was 0.6 mL/min, and the
HPLC column temperature was 85 °C. Prior to HPLC injection,
all samples (derived from solids or hydrolysates) were neutralized
with calcium carbonate, centrifuged at 5,000 xg for 10 min, and
filtered through 0.2-um syringe filters.

RESULTS AND DISCUSSION

1. Characteristics of Miscanthus

The chemical composition of Miscanthus varies according to
growth location, season, and harvesting method, and composition
determinations also vary according to the analysis procedure. The
composition of Miscanthus used in this study is shown in Table 1.
Based on HPLC carbohydrate analysis, the sugar and lignin frac-
tions were 56.5% and 25.4% (w/w), respectively. The major com-
ponent of both Miscanthus fibers and plant cell walls was glucan
(38.6%). Xylan, as the major hemicellulose constituent, constituted
up to 16.5% of Miscanthus. Arabinan accounted for only a small
portion (1.4%) of the biomass, whereas galactan and mannan were
not detected. Glucan and xylan can be converted to ethanol through
the use of organisms that can ferment hexose and pentose.
2. Pretreatment and Reuse of Pretreatment Solution

Pretreatment was conducted by using a twin-screw extruder to
produce bioethanol from Miscanthus. Table 2 shows results related
to the reuse of pretreatment solution, as well as the composition of
the pretreated biomass used in this process. After the completion
of each pretreatment step, the concentration of NaOH in the pre-
treatment solution was relatively constant at 0.27-0.31 M. Thus, the
remaining 37.5-43.1% of the NaOH added initially could be reused

70

Concentaration [g/L]

80

Time [h]

Fig. 3. Ethanol and glucose concentrations produced from pretreated
Miscanthus at 23.1% (w/v) biomass loading with Cellic® CTec
IT (30 FPU/g cellulose) and Cellic® HTec II (based on 15%
weight of Cellic® CTec II) enzymes, using the SSF process
(O- Glucose and @- Ethanol).

for a potential cost reduction with the pretreatment reagent of at
least 37.5%. In addition, wastewater production was reduced in par-
allel with the reuse of pretreatment solution, enabling significant
cost reductions in terms of wastewater disposal as well. Therefore,
the pretreated biomass composition was analyzed after reusing the
pretreatment solution.

As shown in Table 2, a glucan composition of 55.2% was observed
after the initial pretreatment process. After the first reuse of the
pretreatment solution, the glucan composition in the processed
biomass was 51.7%, indicating that the pretreatment efficiency may
be reduced slightly when reusing the pretreatment solution. How-
ever, after the second reuse, the glucan component was relatively
constant, with an average glucan yield of 51.6% during the second
through the seventh reuse steps. The overall process was very effi-
cient when considering the costs of pretreatment reagent and waste-
water treatment.

3. SSF Process
The pretreated biomass from the CHESAF had an average mois-

Table 2. Results related to the reuse of pretreatment solution and biomass compositions after pretreatment

Reuse of pretreatment solution

Composition of biomass after pretreatment

NaOH [M]  Added NaOH [g]  Volume [L] Glucan [%]  Xylan [%]  Lignin [%]  Solid recovery [%]
Initial 0.72 890.7 30 55.2 13.5 15.2 56.3
1 0.27 2784 15 51.7 14.8 15.4 55.6
2 0.31 253.6 15 50.7 15.0 17.3 572
3 0.29 266.0 15 50.5 15.1 17.2 56.4
Step of reuse 4 0.28 272.2 15 53.0 17.2 15.6 55.9
5 0.28 272.2 15 52.6 16.8 15.9 56.1
6 0.27 2784 15 51.6 17.0 15.7 55.4
7 0.28 272.2 15 514 17.1 154 56.2
Average (after reuse) 51.6 16.1 16.1 56.1

January, 2016
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ture content of approximately 63% (w/w). This biomass was injected
into the side of the bottom part of the SSF tank through the CHESAF
apparatus. Injected biomass was transformed into glucose after en-
zymatic hydrolysis, which in turn was converted into ethanol by
added yeast. Fig. 3 shows the concentrations of glucose and etha-
nol detected during the SSF process. Early glucose concentration
peaked at 35 g/L and decreased rapidly thereafter, which likely reflects
a faster rate of glucose metabolism by yeast to generate ethanol
than that of glucose production performed by enzymatic digest-
ibility. The highest concentration of ethanol produced was 64.0 g/
L. Nevertheless, this concentration of ethanol was not generated
solely from the pretreated biomass. Some ethanol was also gener-
ated from glucose of enzyme stock solution and inoculation. Table
3 shows experimental parameters involved in the SSF process, as
well as the theoretical and experimental yields of ethanol.

To perform correctly; the tip of the pH sensor must be oriented
downward and submerged in the liquid analyzed. Thus, 14L of
distilled water was added to the reactor at an early stage to facili-
tate submersion of the pH sensor and accurate pH measurements.
The volume was ultimately increased to 60 L with 3 M sulfuric
acid to adjust the pH to 5 after the pretreated, washed biomass was
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Table 3. Summary of the SSF process
Parameter of SSF Value
Initial volume of water added [L] 14.0
Inoculation volume [L] 3.0
Volume of enzymes added [L] 1.5
Wet biomass after pretreatment [kg] 40.3
Acid (3 M H,SO,) added [L] 2.5
Working volume [L] 60
Theoretical ethanol concentration [g/L] 66.0
(excluding ethanol from glucose of the
inoculation and enzyme stock solution)
Final ethanol concentration [g/L] 64.0
Ethanol concentration [g/L] 59.3
(excluding ethanol from glucose of the
inoculation and enzyme stock solution)
Yield [%] 89.9
Productivity [g/L-h] 1.21
(Approach time to 95% of maximum ethanol conc.)
Total conversion ratio [%] 0.14

(Dry biomass to ethanol)

8. Water
9. Enzymes
1. Raw Miscanthus 10. H,S0,
2. NaOH solution 5. Washing water 11. Inoculation
~~~~~~~ "
{ . l l
i
| 4 7
CHEMET +—  CHESAF SSF —> 13. Fermented mash
i
! T
1
! R ! '
3. Loss 6. Reuse NaOH solution 12. CO,
[kg)
Component 1 2 3 4 5 6 7 8 9 10 11 12 13
Total flow 259 | 309 | 14| 454 | 655| 1318 408 140 15| 25| 3.0 35| 583
Cellulose 9.0 2.2 6.8 6.8
Hemicellulose 42 2.0 22 2.2 2.2
Lignin 59 38 2.1 2.1 2.1
Others 42 33 0.9 1.9 0.1 4.8
Water 2.6 30.0 326 65.5 129.6 274 14.0 1.8 2.6 45.5
Glucose 0.3 0.3
NaOH 0.9 0.9 2.2 0.5
H2804 0.7
Enzymes 1.2
Ethanol 3.7
co2 3.5

Fig. 4. Material balance of bioethanol production with the continuous integrated process.

1. The component analysis of raw biomass
2.0.72 M NaOH solution 30 L
3. Component of raw biomass [kg]x (17 Solid ratio after pretreatment [%] x compf)nent of pretreated biomass [%])
component of raw biomass [%]
4.4=(1+2)-3
5. Liquid volume after 1* separation=added washing water=2.7 L/h
6. Total volume of recycling pretreatment solution
7. Pretreated biomass (moisture 63%) feeding rate=1.7 kg/h, assuming no loss in the CHESAF
8. Initial water volume for protecting pH sensor
9. Thirty FPU/g cellulose (Cellic® CTec2) and 15% Cellic® HTec2
10. Amount of 3 M H,SO, for adjusting pH
11. Inoculation (~5% total volume)

—
[\S)

. Inverse operation from produced ethanol mass
. Final production of bioethanol using integrated process

[u—
w
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Table 4. The previous study of bioethanol production from various biomass

Raw biomass  Pretreatment methods ~ Maximum ethanol conc. [g/L] ~ Maximum ethanol yield [%]  Source

Reed H,;PO,-acetone 50.5 98.7 Hui et al., 2009 [28]

Corn stover Wet oxidation 52 83 Varga et al., 2004 [29]
Wheat straw  Dilute sulfuric acid 57 80 Mohagheghi et al., 1992 [30]
Miscanthus NaOH pretreatment 59.20 83.9 Han et al, 2011 [31]
Miscanthus NaOH pretreatment 59.30 89.9 This study

put in with enzymes and yeast. In theory, 66.0 g/L of ethanol from
pretreated biomass with a concentration at 23.1% can be gener-
ated. Although the final concentration of ethanol measured was
64.0 g/L, it should be noted that 59.3 g/L was actually produced in
the reactor (when ethanol derived from glucose of enzyme stock
solution and inoculation is excluded), marking an 89.9% yield. This
result suggests that the production of cellulosic bioethanol could
be commercially feasible, as the yield rate showed similar or higher
levels than that of starch-based ethanol production [27]. Table 4
shows the previous study of bioethanol production with SSF pro-
cess from various biomass. Compared with the previous study; this
study shows enhanced results.

4. Material Balance of Bioethanol Production with the Contin-
uous Integrated Process

Pretreating Miscanthus with NaOH solution facilitated the effi-
cient production of bioethanol. Based on this outcome, a material
balance was achieved. Fig. 4 shows a process flowchart and describes
the material balance of bioethanol production from Miscanthus
cellulosic biomass, using the integrated process. As shown in Fig.
3, 3.7 kg of ethanol and 3.5 kg of CO, were made from 25.9 kg of
milled Miscanthus (containing 10% moisture), which equates to a
unit production base of 0.14. Stated differently; at this rate, 140 kg
of ethanol can be produced from 1 ton of Miscanthus.

Table 5 summarizes the effects of reusing the pretreatment solu-
tion. The amounts of water and NaOH needed to prepare pretreat-
ment solution for experiments performed in this study were 94.8 L
and 2.80 kg, respectively. Without reusing the pretreatment solu-
tion, the amount of water and NaOH required would have been
1944 L and 3.8 kg, respectively. Thus, by reusing the pretreatment
solution, 99.6 L of water and 1.0 kg of NaOH were saved in the pro-
cess. This process also offers the advantage that wastewater is reduced.
If the pretreatment solution were not reused, then the production

Table 5. Effects of reusing the pretreatment solution

Reuse Process Pretreatment Wastewater
water [L] solvent [kg] [L]
No “194.4 3.8 °158.4
Yes b94.8 98 None or reusable

“Pretreatment solution: 5.4 L/h * 24 h=129.6 L; Wash water: 2.7 L/h *
24h=64.8L

"Wash water: 2.7 L/h * 24 h=64.8 L; Initial pretreatment solution: 30 L
‘0.72 M NaOH solution 129.6 L (purity 0.97)

“Refer to Table 2

“Thirty-six litres of process water was added to the SSF tank with
pretreated biomass

January, 2016

of ethanol would be increased slightly; however, when consider-
ing the costs savings associated with reduced pretreatment solu-
tion and wastewater treatment, reusing the pretreatment solution
is overall more effective and economical. This study shows prom-
ising effects, despite its being performed at the bench scale. Our
results suggest that the viable commercial production of bioetha-
nol from cellulosic biomass is just around the corner.
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