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1. Introduction 

1.1 Motivation and environmental aspects 

The combustion of fossil fuels is responsible for 73% of carbon dioxide emissions into the 
atmosphere and therefore contributes significantly to global warming. Interest in the 
development of methods to reduce greenhouse gases has increased enormously. In order to 
control such emissions, many advanced technologies have been developed, which help in 
reducing energy consumption, increasing the efficiency of energy conversion or utilization, 
switching to lower carbon-content fuels, enhancing natural sinks for carbon dioxide, capture 
and storage of carbon dioxide, reducing the use of fossil fuels in order to decrease the 
amount of carbon dioxide and minimizing the levels of pollutants. In the last few years, 
research on renewable energy sources that reduce carbon dioxide emissions has become 
very important. Since the 1980s, bioethanol has been recognized as a potential alternative to 
petroleum-derived transport fuels in many countries. Today, bioethanol accounts for more 
than 94% of global biofuel production, with North America (mainly the US) and Brazil as 
the overall leading producers in the world (about 88% of the world bioethanol production in 
2009). 
Generally, biofuel production can be classified into three main types, depending on the 
converted feedstocks used: biofuel production of first, second and third generation. 
Bioethanol production of the first generation is either from starchy feedstocks, e.g. seeds or 
grains such as wheat, barley and corn (North America, Europe) or from sucrose-containing 
feedstocks (mainly Brazil). The feedstocks used for bioethanol production of the second 
generation are lignocellulose-containing raw materials like straw or wood as a carbon 
source. Biofuel production of the third generation is understood as the production of 
lipolytic compounds mainly from algae.  
The feedstocks of bioethanol production of the first generation could also enter the animal 
or human food chain. Therefore, bioethanol production of the first generation is regarded 
critically by the global population, worrying about food shortages and price rises. Other 
reasons which lead to research and developments in bioethanol production of the second 
generation are: a shortage of world oil reserves, increasing fuel prices and reduction of the 
greenhouse effect. In addition to this, the renewable energy directive (EC 2009/28 RED) 
demands a reduction for Europe of 6% in the greenhouse gases for the production and use 
of fuels. This reduction is only possible if biofuels are added to diesel fuel or gasoline by the 
year 2020. It also seems that the target for greenhouse gas reduction for Europe can only be 
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achieved if the biofuels are mainly from biothanol of the second generation. Outside Europe 
(Brasil, USA) the targets can be achieved using first generation biofuels. Hence, research and 
development on the production of bioethanol of the second generation needs to be 
intensively promoted, particularly in the European countries. 

1.2 State of science and technology 

Bioethanol production of the first generation from sugar cane and from wheat or corn is well 
established in Brazil as well as in the US and Europe. The world´s ethanol production in 
more than 75 countries amounted in 2008 to more than 77 billion litres of ethanol (Sucrogen 
bioethanol, 2011).  
Bioethanol production of the second generation can use lignocelluloses from non-food crops 
(not counted in the animal or the human food chain), including waste and remnant biomass 
e.g. wheat straw, corn stover, wood, and grass. These feedstocks are composed mainly of 
lignocellulose (cellulose, hemicelluloses and lignin). 
The process of bioethanol production of the first generation is well established and shown in 
Fig. 1. 
 

 
Fig. 1. Flow chart showing bioethanol production from starchy raw materials 

The process of bioethanol production from wheat normally consists of five major process 
steps: 
1. Milling of the grain 
2. Liquefication at high temperatures 
3. Saccharification (enzymatic degradation of starch) 
4. Fermentation with yeast 
5. Distillation (rectification) of ethanol 
The production of bioethanol from lignocelluloses follows more or less the same principle 
and is composed of the following sub-steps: milling, thermophysical pretreatment 
hydrolysis, fermentation, distillation and product separation/processing (Fig. 2).  
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Fig. 2. Flow chart showing bioethanol production from lignocelluloses 

The cellulose in the lignocellulose is not accessible to enzymes. Therefore, lignin and/or 
hemicelluloses have to be removed in order to make the enzymatic degradation of the 
cellulose possible. Ideal pretreatment should lead to better performance during bioethanol 
production from lignocelluloses. 
The pretreament should cause the hydrolysis of hemicelluloses, high recovery of all 
carbohydrates, and high digestibility of the cellulose in enzymatic hydrolysis. No sugars 
should either be degraded or converted into inhibitory compounds. A high solid matter 
content and high concentration of sugars should be possible. The process should have low 
energy demands and require low capital and operational cost.  
The pretreament methods can be classified roughly into three types: thermophysical 
methods, acid-based methods and alkaline methods. Thermophysical methods like steam 
pretreament, steam explosion or hydrothermolysis solubilise most of the cellulose and 
hemicelluloses. There is only a low level of sugar conversion. Cellulose and hemicelluloses 
have to be converted enzymatically into C6 sugars (mainly glucose) and to C5 sugars 
(mainly xylose). Acid-based methods use mineral acids like sulphuric acid and phosphoric 
acid. Hemicelluloses are degraded to sugar monomers, cellulose has to be converted to 
glucose enzymatically. Alkaline methods like ammonia fibre explosion leave some of the 
hydrocarbons in the solid fraction. Hemicellulases acting both on solid and dissolved 
hemicelluloses are required as well as the celluloytic enzymes. 
Lignocellulose containing substrates are mainly composed of cellulose (40-50%), 
hemicellulose (25-35%) and lignin (15-20%). Cellulose is a glucose polymer, hemicellulose is 
a heteropolymer of mainly xylose and arabinose, and lignin is a complex poly-aromatic 
compound. The different pretreatment methods are necessary to loosen the close bonding 
between cellulose, hemicellulose and lignin. Wheat (Triticum aestivum L.) straw is composed 
of 45% cellulose, 26% hemicellulose and 19% lignin. Maize (Zea mays) straw is composed of 
39% cellulose, 30% hemicellulose and 17% lignin.  
The high percentage of hemicelluloses and the resulting pentoses, e.g. xylose from the 
hydrolysis of the polymer, are a further challenge to a cost-competitive bioethanol process 
with lignocelluloses as carbon source.  
Yeasts used for the conversion of sugars into ethanol (mostly Saccharomyces spec.) usually 
only convert glucose into ethanol. C5 sugars like xylose are only converted into ethanol at 

www.intechopen.com



 
Bioethanol 

 

156 

low rates by very few yeast (Pichia spec.) strains. Research programs are underway either to 
adapt yeasts for the use of both C5 and C6 sugars or to modify Saccharomyces genetically to 
obtain yeast that produces ethanol simultaneously from C5 and C6 sugars.  
Nevertheless, because of its ready availability and low costs, lignocellulosic biomass is the 
most promising feedstock for the production of fuel bioethanol. Large-scale commercial 
production of bioethanol from lignocellulose containing materials has still not been 
implemented. 

2. Potential of second generation bioethanol 

The world-wide availibility of feedstock has to be taken into account if bioethanol from 
lignocelluloses is to contribute significantly to the world fuel market. A report by Bentsen & 
Felby (2010) shows existing agricultural residue of 1.6 Gt/year cellulose and 0.8 Gt/year 
hemicelluloses (figures do not include Africa and Australia). This gives a theoretical 
quantity of 1.24 Gm3 bioethanol from cellulose (690 l/t using Saccharomyces spec.) and 
0.480 Gm3 (600 l/t using Zymomonas spec.) from hemicelluloses. For comparison: the 
worldwide production of crude oil is estimated to reach not more than 4.8 Gm3 pa  
(83 million bbl/day) and is supposed/predicted to decline to under 2.4 Gm3 pa (41.5 million 
bbl/day) by 2040 (Zittel, 2010). The potential of bioethanol from agricultural residues seems 
to be high. But not all residues will be available and the conversion rates will not be 100%. 
Therefore, it is thought that lignocellulose-containing materials have to be produced on 
agricultural land possibly in combination with the production of feedstocks like wheat, corn 
or sugar cane. These crops would serve as feedstocks for bioethanol production of the first 
generation. 
The yield per hectare is conservatively estimated at 3000 l and 1500 l per hectare of 
agricultural land for bioethanol of the first and second generation, respectively. A 
replacement of 41.5 million bbl/day of crude oil would require an area of land of around  
5 million km2.  
Using DDGS (distillers dried grain solubles) as protein-rich animal feed, taking into account 
an increase in productivity in agriculture and using intermediate crops as feedstock, the 
required area could be reduced to  under 2.5 million  km2. This represents approximately 3% 
of the world’s land (Bentsen & Felby, 2010).  

3. The production of bioethanol from lignocelluloses 

3.1 Pretreatment 

Lignocellulose containing biomass has to be pretreated prior to hydrolysis to improve the 
accessibility of the biomass. For this pretreatment, several processes are available: 
mechanical treatment for size reduction (e.g. chopping, milling, grinding), hydrothermal 
treatment (e.g. uncatalysed steam treatment with or without steam explosion, acid catalysed 
steam treatment, liquid hot water treatment) and chemical treatment (e.g. dilute acid, 
concentrated acid, lime, NH3, H2O2). Diverse advantages and drawbacks are associated with 
each pretreatment method (Mosier et al., 2005; Hendriks & Zeeman, 2009; Chen & Qui, 2010; 
Talebnia et al., 2010).  
Steam explosion is a widely-employed process for this pretreatment. This process combines 
chemical effects due to hydrolysis (autohydrolysis) in high temperature water and acetic 
acid formed from acetyl groups, and mechanical forces of the sudden pressure discharge 
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(explosion). The steam explosion process offers several attractive features when compared 
to other technologies. These include less hazardous process chemicals and significantly 
lower environmental impact (Alvira et al., 2010). Typical operation conditions for steam 
explosion treatment of straw – temperature and duration of treatment – are summarised in 
Table 1.  
 
Biomass Temperature 

in °C 
Duration of pretreatment
in minutes 

Catalyst Reference 

Wheat straw 220 2.5 none Tomás-Pejó et al., 2009 
Wheat straw 190 8 none Ballesteros et al., 2004 
Wheat straw 190 10 H2SO4 Jurado et al., 2009 
Wheat straw 200 10 none Sun et al., 2005 
Wheat straw 200 4.5 none Chen et al., 2007 
Barley straw 210 5 none Garcia-Aparicio et al., 2006 
Barley straw 210 5 H2SO4 Linde et al., 2007 
Corn stover 200 10 none Yang et al., 2010 
Corn stover 200 5 H2SO4 Varga et al., 2004 
Rice straw 220 4 none Ibrahim et al., 2011 

Table 1. Typical operation data for steam explosion of straw 

According to Overend and Chornet (1987), the severity of the pretreatment can be 
quantified by the severity factor R0. The severity factor combines the temperature of the 
pretreatment (T in degree Celsius) and the duration of the pretreatment (t in minutes) thus: 

 0
0

( ) 100
exp .

14.75

t
T t

R dt


   (1) 

The severity factor is based on the observation that it is possible to trade duration of 
treatment and the temperature of treatment so that equivalent final effects are obtained. 
However, it is not intended to give mechanistic insight into the process. 

3.2 Hydrolysis 

Clearly, the hydrolysis step is affected by the type of pretreatment and the quality of this 
process - particularly by the accessibility of the lignocellulose. 
Lignoculluloses can be solubilised by enzymatic or chemical hydrolysis (mainly with acids). 
Both the pretreatment and hydrolysis are performed in a single step during acid hydrolysis. 
Two types of acid hydrololysis are usually applied: concentrated and dilute acid hydrolysis 
(Wyman et al., 2004, Gray et al., 2006, Hendriks & Zeeman, 2009). 
Cellulase enzymes from diverse fungi (e.g. like Trichoderma, Aspergillus) (Dashtban et al., 
Sanchez, 2009) and bacteria (e.g Clostridium, Bacillus) (Sun & Cheng, 2002) can release sugar 
from lignocellulose at moderate temperatures (45-50°C) with long reaction times (one to 
several days) (reviewed in Brethauer & Wyman, 2010; Balat, 2011). 
Three different enzymes work synergistically - the endo-┚-1,4-glucanases (EC 3.1.2.4), exo-┚-
1,4-glucanases (EC 3.2.1.91) and ┚-glucosidase (EC 3.2.1.21) – to generate glucose molecules 
from cellulose (Lynd et al., 2002). In addition, enzymes like hemicellulases and ligninases 
improve the hydrolysis rate and raise the content of the fermentable sugar (Palonen & 
Viikari, 2004; Berlin et al., 2005).  

www.intechopen.com



 
Bioethanol 

 

158 

Diverse factors inhibit the activity of the cellulase and thereby decrease the rate of 
hydrolysis and the effectiveness of the hydrolysis step: end-product inhibition, easily 
degradable ends of molecules are depleted, deactivation of the enzymes, binding of 
enzymes in small pores of the cellulose and to lignin (Brethauer & Wyman, 2010; Balat, 
2011).  
Hemicellulose is a highly complex molecule and  multi-enzyme systems are needed like 
endoxylanase, exoxylanase, ┚-xylanase, ┙-arabinofuranosidase, ┙-glucoronidase, acetyl 
xylan esterase and ferulic acid esterase (all produced by diverse fungi e.g. Aspergillus and 
bacteria e.g. Bacillus) for the enzymatic hydrolysis (reviewed in Balat, 2011). 

3.3 Fermentation 

The microorganisms for the ethanolic fermentation process for lignocellulose-containing 
hydrolysates should ferment both hexoses and pentoses (if both cellulose and hemicellulose 
are solubilised) to achieve efficient bioethanol production. Unfortunately, no known natural 
microorganisms can efficiently ferment both pentoses and hexoses, which are generated 
during hydrolysis from lignocelluloses (Ragauskas et al., 2006). The perfect microorganism 
for fermentation should exhibit several properties: sugar tolerance, ethanol and 
thermotolerance, resistance against diverse inhibitors, fermentation of hexoses and pentoses 
and stability during industrial application.  
Diverse microorganisms like Saccheromyces cervisiae, Pichia stipitis, Escherichia coli and 
Zymomonas mobilis are typically applied in the bioethanol process from lignocellulose. Both 
generally used microorganisms, the yeast Saccheromyces cervisiae and the bacterium 
Zymominas mobilis, can convert hexoses into bioethanol offering high ethanol tolerance and 
ethanol yields. Genetically modified yeast strains from Saccheromyces cervisiae converting 
both pentoses and hexoses into bioethanol have been generated (reviewed in Vleet & 
Jeffries, Bettiga et al., Matsushika et al., 2009). Zymomonas mobilis was also genetically altered 
converting xylose into ethanol (reviewed in Girio et al., 2010, Balat, 2011). 
Pentoses (xylose, the main sugar from hemicellulose) can be utilized from the yeast strains 
Pichia stipitis, Pachysolen tannophilus and Candidae shetatae. The main disadvantage of these 
yeast strains is their low ethanol tolerance and ethanol yield. Bacteria like Escherichia coli and 
Klebsiella oxytoca take up hexoses and pentoses but lead to very low ethanol yields. 
Successful genetic modifications have been performed in these bacteria leading to higher 
ethanol yields (reviewed in Girio et al., 2010; Balat, 2011).  
Enzymatic hydrolysis and fermentation can be carried out simultaneously (SSF). This 
process has several advantages: lower enzyme concentrations, higher sugar yields (no end 
product inhibition of cellulase), higher product yields, shorter process times and lower risk 
of contamination. The main disadvantage is the different optimal conditions for the 
hydrolysis and fermentation reactions (reviewed in Balat, 2011). Performing enzymatic 
hydrolysis and fermentation separately is known as SHF. Each step has to be carried out 
under optimal reaction conditions but the end product inhibition of the cellulase reduces the 
rate of hydrolysis and this type of process is costlier (reviewed in Balat, 2011). 

3.4 Distillation 

With conventional distillation at atmospheric pressure, the maximum achievable ethanol 
concentration is 90-95%, because in the system ethanol-water there is an azeotrope at 95.6% 
(w/w) ethanol, boiling at a temperature of 78.2°C. For the production of anhydrous ethanol 
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further dehydration of the concentrated ethanol is required. This can be achieved by 
employing azeotropic distillation, extractive distillation, liquid-liquid extraction, adsorption, 
membrane separation or molecular sieves (Hatti-Kaul, 2010; Huang et al., 2008).  
Separation of ethanol from water is an energy-intensive process. The energy required for 
production of concentrated ethanol by distillation also depends very much on the feed 
concentration (Zacchi & Axelsson, 1989). The search for solutions for the reduction of the 
energy required is a field of intensive research. Membrane separation processes need much 
less energy for ethanol separation but are not in operation on an industrial scale. First results 
from a pilot plant using the SiftekTM membrane technology show a reduction of the energy 
required for dehydration of about 50% (Côté et al., 2010). Process and heat integration 
techniques also play an important role in energy saving in the bioethanol process (Alzate & 
Toro, 2006; Wingren et al., 2008). Maximum energy saving in the distillation of about 40% is 
possible by applying mechanical vapour recompression (Xiao-Ping et al., 2008). Solar 
distillation of ethanol is under investigation for distillation of bioethanol in smaller plants 
(Vorayos et al., 2006). The production of solid biofuel or biogas for thermal energy supply 
also reduces the net energy requirement of bioethanol production (Eriksson & Kjellström, 
2010; Šantek et al., 2010). 

3.5 Use of residues for energy supply 

The stillage from distillation can be separated in a liquid-solid separation step into two 
fractions. The solid fraction is usually used for solid fuel production. The liquid fraction is 
either fed to an anaerobic digestion process, generating biogas with a methane concentration 
of about 60% (Prakash et al., 1998) or is used for solid fuel production together with the 
solid fraction after evaporation of most of the water. In this case the concentrated liquid 
fraction is mixed with the solid fraction before drying and pelletizing.  
Biogas is used for heat generation or combined heat and power generation for the 
bioethanol process, whereas solid biofuels can also be sold on the market. 

4. Our results for bioethanol production from steam explosion pretreated 
straw 

4.1 Steam explosion pretreatment 
4.1.1 Operation of steam explosion reactor 

The bulk density of the straw in the steam explosion reactor depends very much on the 
condition of the straw and the feeding method. When filling the pilot reactor with chopped 
straw manually, a bulk density of about 60 kg m-3 was achieved. Loading baled straw would 
lead to a bulk density of approximately 150 kg m-3 (bulk density of straw bales according 
Jenkins (1989): 100 – 200 kg m-3). The bulk density of straw pellets is 500 kg m-3 and higher 
(Theerarattananoon et al., 2011). For reliable discharge of the treated straw from the reactor 
in the explosion step, addition of water to the dry straw is usually required. The thermal 
energy requirement of the steam explosion treatment is met by steam directly fed into the 
reactor. In small steam explosion units, steam is also optionally used for jacket heating of the 
reactor. In adiabatic operation, the thermal energy is required for heating up the biomass 
and the added water. The steam in the vapour phase of the reactor is lost through a vent 
during the sudden pressure discharge of the reactor. The steam required for heating up the 
biomass and the added water mst,1 (in kg) can be calculated thus: 
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The mass of straw mS and the mass of the added water mW are in kg. The specific heat 
capacity of straw cp,S and the specific heat capacity of water cp,W  are in kJ kg-1 K-1. The 
temperature difference between pretreatment temperature and feed temperature for straw 
ΔTS and water ΔTW are in K. The enthalpy of vaporization for water ΔhV at pretreatment 
temperature and the net reaction enthalpy ΔhR of the pretreatment process are in kJ kg-1. 
The venting loss of steam mst,2 (in kg) can be calculated thus: 
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The bulk density of the straw in the reactor ρS,b as well as the density of straw ρS, the density 
of water ρW and the density of steam ρst, all at operation temperature and pressure, are in  
kg m-3. The factor for the volumetric use of reactor volume is ηV.  
An increase in steam consumption of 10% can be estimated because of non-adiabatic 
operation of the steam explosion system and steam leakages (Sassner et al., 2008). The total 
steam consumption is therefore calculated thus: 

  ,1 ,21.1 .st st stm m m   (4) 

A reduction in the cost of pretreatment can be achieved by minimisation of the specific 
steam demand. Ahn et al. (2009) determined the specific heat capacity of wheat straw with a 
water content of 4.3 g water/g dry sample to be 1.630.07 kJ kg-1 K-1. The specific heat 
capacities of other types of straw were in the same range. The specific heat capacity of water 
is about 2.5 times higher than the specific heat capacity of straw. Therefore, the total water 
content of the input material is a main influencing factor on the thermal energy 
consumption of steam explosion pretreatment. Minimizing the rate of water addition to the 
straw is a way to reduce the steam consumption. Preheating of the added water using waste 
heat e.g. from the condenser of the distillation or increasing the bulk density of the straw in 
the reactor are also ways to reduce the steam consumption (Fig. 3).  
A reduction in steam temperature would reduce the steam demand too, but at the same time 
reduce the effect of steam explosion treatment. 
For the discharge of the treated straw from the reactor in the explosion step a certain 
fraction of the reactor volume has to remain filled with uncondensed steam. The remaining 
steam- filled fraction of the reactor volume under various operation conditions is shown in 
Fig. 4.  
The steam explosion pretreatment of straw pellets is restricted by the pore volume available 
for the addition of water and condensing steam. From this point of view, a type of 
compacted straw with a density between 150 kg m-3 and 500 kg m-3 would be preferable.  

4.1.2 Steam explosion experiments 

The pretreatment of the straw was carried out in a steam explosion pilot unit using a reactor 
with a reaction volume of 0,015 m³. Explosion was carried out into a cyclonic separator to 
separate the treated straw from the vapour phase. The vapour was then condensed in a 
regenerative cooler. The maximum steam temperature of the steam generator was 200°C  
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Fig. 3. Specific steam demand in steam explosion pretreatment of straw; general operating 
data: assumed volumetric use of reactor volume: 0.95; density of straw: 1290 kg m-3 (Shaw & 
Tabil, 2005); net reaction enthalpy neglected; individual operating data (as shown in the 
legend): temperature of treatment, bulk density of straw, temperature of added water; 
literature data: thermal energy demand without indication of water content (Zhu & Pan, 
2010).  

 

 
Fig. 4. Remaining steam-filled fraction of the reactor volume under various operating 
conditions; individual operating data (as shown in the legend): temperature of treatment, 
bulk density of straw, temperature of added water 

(equivalent to a steam vapour pressure of 1.55 MPa). The operation temperature in the 
reactor is reached via a temperature ramp. In most experiments the mass of added water 
was 1.0 kg per kg of straw. The operation temperature was generally 200°C and the duration 
of the treatment was usually 10 minutes. This results in a severity factor of 9500 (log (R0) = 
3.98). 
The bulk density of the straw in the reactor was 60 kg m-3 for chopped straw. When straw 
pellets (mixture of Triticale (Triticosecale Wittmack) and wheat straw) were pretreated, the 
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bulk density increased to 520 kg m-3. However, in these cases the volumetric use of reactor 
volume had to be reduced. Also the ratio of added water was lower. 
The steam consumption in the pilot tests was more than two times the calculated value due 
to only partial thermal insulation of the reactor. In the case of a cold start of the system, 
steam consumption was even higher. 
Figs. 5a and 5b show an example of wheat straw before and after pretreatment. The 
scanning electron microscope (SEM) images show wheat straw with intact bundles of fibres 
before preatrement (Fig. 5a) and the same material after pretreatment (Fig. 5b), where the 
morphological structure has been broken down. This material is now accessible to the 
cellulytic enzyme complex. 
 

 
Fig. 5a. Wheat straw untreated (SEM) 

 
Fig. 5b. Wheat straw treated (SEM) 

4.1.3 Recycling of low ethanol concentration solutions into the steam explosion 
reactor 

The outcome of an economic study shows that the most important factor for economic 
bioethanol production is maximum ethanol output (von Sivers & Zacchi, 1996). A possibility 
to increase the ethanol output would be the recycling of effluents with low ethanol 
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concentration, e.g. the stillage from the distillation, which contains about 1% ethanol 
(Cortella & Da Porto, 2003) or low concentration effluents from membrane separation steps 
via the steam explosion reactor. In this case, the added water would be replaced by the 
effluent to be recycled. During the steam treatment, vapour-liquid equilibrium of the 
ethanol-water system will be reached. Due to the fact that ethanol is more volatile than 
water, the concentration of ethanol in the vapour phase will be much higher than in the 
liquid phase. The vapour-liquid equilibrium of the ethanol-water system at 1.5 MPa is 
shown in Fig. 6.  
 

 
Fig. 6. Vapour-liquid equilibrium of the ethanol-water system at 1.5 MPa, calculated with 
the Wilson equation (Gmehling & Brehm, 1996) 

When the reactor is vented, the exploded biomass is separated from the vapour phase in a 
cyclonic separator. In the separator secondary vapour is also produced by evaporation 
cooling of the wet biomass. The vapour phase has to be condensed by cooling at the 
separator outlet to recapture the ethanol. The collected condensate can be added to the feed 
of the distillation column.  
In a first series of experiments on the recycling of ethanol-containing effluent, the added 
water in the feed to the steam explosion reactor was replaced by a solution containing 
10% (w/w) ethanol. Analyses of the pretreated wet straw are shown in Table 2. The 
samples were taken from the treated straw heap in the separator immediately after the 
explosion step and transferred into a gastight bottle. With the exception of ethanol no 
significant differences were found when 10% ethanol (w/w) solution was used. The 
ethanol content of 31.6 g/kg feed straw (d.b.) in the treated straw from the experiment 
with the addition of 10% ethanol solution (w/w) is equivalent to 31.6% of the added 
ethanol; the remaining 68.4% is expected to be in the condensate. It was not possible to 
verify this due to limitations in the drainage of such small amounts of condensate from 
the installed regenerative cooler. 
Treated straw samples taken from the separator about five minutes after the explosion step 
showed a significantly lower ethanol content. The average ethanol content in these samples 
was 13.5 g/kg of feed straw (d.b.), whereas the concentrations of the other components were  
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Added water 
1 kg/kg wheat 
straw 

Ethanol Formic acid Acetic acid HMF Furfural 

Water 3.7 3.8 16.8 0.3 1.9 
10% ethanol 
(w/w) 

31.6 6.1 20.1 0.2 1.0 

Table 2. Analyses of steam-exploded wheat straw (pretreatment conditions: 200°C, 10 min); 
all values in g/kg feed straw (d.b.); averages of two pretreatment experiments; wet straw 
samples were leached with deionised water, analysis of the filtrate by HPLC  

very much the same. This can be explained by the evaporation of ethanol during the cooling 
of the treated straw. For example, the recycling of a 1% ethanol (w/w) solution would result 
in a condensate with about 5% ethanol (w/w) considering also the dilution of the liquid 
phase in the reactor by condensation of steam. 
However, recycling of low ethanol concentration effluents could be limited by inhibitors 
contained in the effluent. Further tests with real effluents are therefore required. 

4.2 Hydrolysis and fermentation 
4.2.1 Description of the experiments 

Bioethanol production from wheat straw was investigated. Several improvements, 
particularly one washing step and the recirculation strategy, were made. The washed wheat 
straw was named inhibitor-controlled wheat straw. These improvements increase both the 
sugar concentration and the bioethanol yield by up to 7%(vol). Also, the lignocellulose-
containing substrate corn stover was tested for its potential in bioethanol production. 
Furthermore, recirculation of bioethanol was performed to ultimately raise the end 
concentration of bioethanol. Therefore, ethanol was added during the pretreatment process 
and a possible effect on the hydrolysis and fermentation steps was examined.  
The enzyme mixture Accellerase TM1000 from Genencor® was used with enzyme activities 
of 775 IU cellulase (CMC)/g solids and 138 IU beta-glucosidase/g solids. Suspensions with 
various dry substances (10-20%) were produced with the pretreated substrate in citrate 
buffer (50 mM, pH 5.0) and incubated at 50°C for 96 hours in a shaking incubator (100 rpm). 
The hydrolysis of pretreated substrate was repeated three times in a recirculation process. 
Sample analysis was performed with HPLC. Diverse salts were added to the straw 
hydrolysate for fermentation. A wild-type strain of Saccharomyces cerevisiae was used 
exclusively for all experiments. The fermentation process was conducted at 30°C in a 
shaking incubator for one week (110 rpm). 

4.2.2 Results 

The glucose concentration obtained after hydrolysis from wheat straw pretreated with 
different levels/degrees of severity (conditions ranging from 160°C, 10 minutes to 200°C,  
20 minutes) is demonstrated in Fig. 7. The pretreatment at 200°C over 20 minutes (severity 
factor 18000; log(R0)=4.26) achieved the highest sugar concentration, converting about 100% 
cellulose during the hydrolysis. Recirculation strategies with wheat straw were developed, 
where the sugar solution of a first hydrolysis reaction was recycled twice to fresh straw and 
the subsequent hydrolysis reaction. The glucose concentration was further increased by a 
recirculation process to fresh washed solids and subsequent hydrolysis from 30 g/l to 143 g/l 
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Fig. 7. Glucose concentration after hydrolysis of pretreated wheat straw  

(20% solids, third hydrolysis). After fermentation with Saccharomyces cerevisiae, an ethanol 
concentration of 7.5%(vol) was obtained. In Fig. 8, the final glucose concentrations after 
recirculation processes with inhibitor-controlled wheat straw as well as bioethanol yields 
after fermentation are shown.  
 

 
Fig. 8. Produced glucose concentration and bioethanol yields after fermentation of inhibitor 
controlled wheat straw 

Corn stover was pretreated at 190°C for 10 minutes. Initially, 10% of the dry substance 
corn stover was hydrolyzed and fermented. Here, the sugar concentration was 32 g/l 
glucose and 10 g/l xylose yielding 1.9% bioethanol (Table 3). The dry substance was 
increased to 15% and 20%, yielding considerably higher sugar and bioethanol 
concentrations (Table 3). 
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 10 % dry substance 15 % dry substance 20 % dry substance 
Glucose (g/l) 32 47 58 
Xylose (g/l) 10 16 20 
EtOH (%(vol)) 1.9 2.8 3.9 

Table 3. Sugar concentration and ethanol content from corn stover (10, 15 and 20 % solids) 

Wheat straw was moistened with water before steam explosion pretreatment. Ethanol was 
added during pretreatment (10 minutes at 200°C) to test for a possible effect on the 
hydrolysis and fermentation step. The wet straw was hydrolyzed with the enzymes and 
fermented with yeast. Additional ethanol during the pretreatment process did not influence 
the sugar and bioethanol content (Table 4). 
 

 Standard pretreatment Pretreatment with 10% ethanol (w/w) 
Glucose (g/l) 41 40 
Xylose (g/l) 20 19 
EtOH (%(vol)) 2.1 2.2 

Table 4. Sugar concentration and ethanol yields after fermentation of standard pretreatment 
and pretreatment with ethanol (from 10 % dry substance) 

Alternatively, pellets from mixed straw were used to increase the dry substance already 
during the pretreatment step. It was possible to increase the glucose concentration from wet 
straw pellets to 60 g/l resulting in 2.5%(vol) bioethanol (from 10 % dry substance).  

5. Other concepts for the use of lignocellulosic feedstocks 

Diverse concepts for the use of lignocellulose-containing plants for bioethanol production 
are available. In the simplest concept, only the glucose is fermented to bioethanol, with the 
by-products xylose solution and lignin pellets. The xylose sugars can be used as barrier 
films, hydrogels, paper additives (Söderqvist et al., 2001; Lima et al., 2003; Grönholm et al., 
2004) or in xylitol production (reviewed in Chen et al., 2010). At the moment, the utilization 
of lignin is unsatisfactory; therefore, the lignin pellets are used as solid biofuel.  
The economy of bioethanol production from lignocellulose-containing materials can be 
improved in a cost-effective concept by simultaneous fermentation of both sugars (glucose 
and xylose) to bioethanol by diverse microorganisms. In the last twenty years, diverse 
microorganisms were genetically modified to ferment both glucose and xylose, with good 
results (reviewed in Hahn-Hägerdal et al., 2007; Matsushika et al., 2009; Jojima et al., Kim et 
al., Mussatto et al., Weber et al, Young et al., 2010). Furthermore, diverse adaptation 
programs, mutagenesis and breeding were performed to produce yeasts and other 
microorganisms with improved xylose fermentation (reviewed in Hahn-Hägerdal et al., 
2007; Matsushika et al., 2009; Mussatto et al., 2010). However, in several countries 
production with GMO is only possible under strict standards and acceptance of GMO in 
these countries is poor. 
In a biorefinery concept, co-production of biofuels, bioenergy and marketable chemicals 
from renewable biomass sources take place simultaneously. Diverse biorefinery concepts for 
wheat straw were developed such as: bioethanol from glucose, biohydrogen from xylose 
and the residual effluents from bioethanol and biohydrogen processes being used for biogas 
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production (Kaparaju et al., 2009). The biorefinery concept including higher-value chemical 
by-products and autonomous power supplies will enhance economic competitiveness of 
second generation plants and, therefore, will make this type of plant economical in the near 
future. 

6. Outlook 

Research on bioethanol production from lignocellulose-containing substrates has made 
great progress over the last decades. As shown by other authors and our own results, the 
theoretical yield of bioethanol from cellulose (690 l/t cellulose, 283 l/t straw) is almost 
achievable. The yield of bioethanol from hemicelluloses still has to be increased. Compared 
to bioethanol production of the first generation, cost-effectiveness also has to be improved. 
No commercial bioethanol plant using lignocellulose-containing residues as feedstock is in 
operation in 2011. However, diverse pilot plants are in operation and the first demonstration 
plants have been completed and running succesfully.  
The production of biofuels such as bioethanol is often criticized because of the negative 
impact of the feedstock on biodiversity. The competition of the raw materials for use either 
as biofuel or for food production is also a major obstacle to increasing bioethanol production 
capacity. Therefore, lignocellulose-containing residues offer a possibility to satisfy part of 
the increasing demand for fuel by means of biofuel. 
Diverse scenarios are possible - only using first generation fuel, resulting in dramatic 
increases in world prices for feedstock crops. The stimulation of the second generation 
results in reduced pressure on world prices for feedstock crop. It is the authors’ opinion that 
the higher demand for biofuels will necessarily lead to the use of lignocelluloses as 
feedstock to produce biofuels. In order to replace fossil fuels to a larger extent, not only 
agricultural residue must be used as feedstock. Agriculture has to be geared towards food as 
well as towards energy production. This will only be possible in the context of a coordinated 
international effort.  

7. Acknowledgment 

This work was supported by the following projects: FH Plus in Coin SteamExplo 818383; 
Bioethanolproduktion aus Lignocellulosen mit Steamexplosion (Fabrik der Zukunft, Projekt 
814953); REGIO 13/ EFRE regional production of energy and by the country of Upper 
Austria and FH OOE basic financing - bioenergy.  

8. References 

Ahn, H.K.; Sauer, T.J.; Richard, T.L. & Glanville, T.D. (2009). Determination of thermal 
properties of composting bulking materials. Bioresource Technology, Vol.100, No.17, 
(September 2009), pp. 3974-3981, ISSN 0960-8524 

Alzate, C.A.C. & Toro, O.J.S. (2006). Energy consumption analysis of integrated flowsheets 
for production of fuel ethanol from lignocellulosic biomass. Energy, Vol.31, No.13, 
(October 2006), pp. 2447-2459, ISSN 0360-5442 

Alvira, P.; Tomás-Pejó, E.; Ballesteros, M. & Negro, M.J. (2010). Pretreatment technologies 
for an efficient bioethanol production process based on enzymatic hydrolysis: A 

www.intechopen.com



 
Bioethanol 

 

168 

review. Bioresource Technology, Vol.101, No.13, (July 2010), pp. 4851-4861, ISSN 
0960-8524 

Balat, M. (2011). Production of bioethanol from lignocellulosic materials via the biochemical 
pathway: A review. Energy Conversion and Management, Vol. 52, No. 2, (Februar 
2011), pp. 858-875, ISSN 0196-8904 

Ballesteros, M.; Oliva, J.M.; Negro, M.J.; Manzanares, P. & Ballesteros, I. (2004). Ethanol from 
lignocellulisic materials by a simultaneous saccharification and fermentation 
process (SFS) with Kluyveromyces marxianus CECT 10875. Process Biochemistry, 
Vol.39, No.12, (October 2004), pp. 1843-1848, ISSN 1359-5113 

Bentsen, N. S. & Felby, C. (2010). Technical potentials of biomass for energy services from 
current agriculture and forest in selected countries in Europe, The Americas and 
Asia. Forest&Landscape Working Papers, No. 55, (2010), pp. 31, Forest & Landscpae 
Denmark, Frederiksberg, ISBN 9878779035072 

Berlin, A.N.; Bengtsson, O.; Hahn-Hägerdal, B. & Gorwa-Grauslund, M.F. (2005). Evaluation 
of novel fungal cellulase preparations for ability to hydrolyze softwood substrates-
evidence for the role of accessory enzymes. Enzyme and Microbiology Technology, 
Vol. 37, No.2, (July 2005), pp. 175-184, ISSN 0141-0229 

Bettiga, M.; Bengtsson, O.; Hahn-Hägerdal, B. & Garwa-Grauslund, M.F. (2009) Arabinose 
and xylose fermatation by recombianant Saccheroymces cerevisiae expressing a 
fungal utilization pathway. Microbial Cell Factories Vol. 8, 40, (July 2009), ISSN: 
1475-2859 

Brethauer, S. & Wyman, C.E. (2010). Review: Continuous hydrolysis and fermentation for 
cellulosic ethanol production. Bioresource Technology, Vol. 101, No. 13, (July 2010), 
pp. 4862-4874, ISSN 0960-8524 

Chen, H. & Lui, L. (2007). Unpolluted fractionation of wheat straw by steam explosion and 
ethanol extraction. Bioresource Technology, Vol.98, No.3, (February 2007), pp. 666-
676, ISSN 0960-8524 

Chen, H. & Qui, W. (2010). Key technologies for bioethanol production from lignocellulose. 
Biotechnology Advances, Nol. 28, No. 5, (September/October 2010), pp. 556-562, ISSN 
0734-9750 

Chen, X.; Jiang X.-H.; Chen, S. & Qin W. (2010). Microbial and Bioconversion Production of 
D-Xylitol and Its Detection and Application. International Journal of Biological 
Sciences, Vol. 6, No. 7, (December 2010), pp. 834-844, ISSN 1449-2288 

Cortella, G. & Da Porto, C. (2003) Design of a continuous distillation plant for the 
production of spirits originated from fermented grape. Journal of Food Engineering, 
Vol.58, No.4, (August 2003), pp. 379-385, ISSN 0260-8774 

Côté, P.; Noël, G. & Moore, S. (2010). The Chatham demonstration: From design to operation 
of a 20 m³/d membrane-based ethanol dewatering system. Desalination, Vol.250, 
No.3, (January 2010), pp. 1060-1066, ISSN 0011-9164 

Dashtban, M.; Schraft H. & Qin, W. (2009). Fungal bioconversion of lignocellulosic residues: 
Opportunities and perspectives. International Journal Biological Science, Vol. 5, No.4, 
(September 2009), pp. 578-595, ISSN 1449-2288 

EC OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL (2009) DIRECTIVE 
2009/28/of 23 April 2009 on the promotion of the use of energy from renewable 
sources. Official Journal of the European Union L 140/61, 5.6.2009 

www.intechopen.com



 
Bioethanol Production from Steam Explosion Pretreated Straw 

 

169 

Eriksson, G. & Kjellström, B. (2010). Assessment of combined heat and power (CHP) 
integrated with wood-based ethanol production. Applied Energy, Vol.87, No.12, 
(December 2010), pp. 3632-3642, ISSN 0306-2619 

Garcia-Aparicio, M.P.; Ballesteros, I.;  Gonzáles, A.; Oliva; J.M.; Ballesteros, M. & Negro, M.J. 
(2006). Effect of Inhibitors Released During Steam-Explosion Pretreatment of Barley 
Straw on Enzymatic Hydrolysis. Applied Biochemistry and Biotechnology, Vol.129, 
No.1-3, (March 2006), pp. 278-288, ISSN 0273-2289 

Girio, F.M.; Fonseca, C.; Calvalheiro, F.; Duarte, L.C.; Marques, S. & Bogel-Lukasik, R. 
(2010). Hemicelluloses for fuel ethanol: A review. Bioresource Technology, Vol. 101, 
No. 13, (July 2010) pp. 4775-4800, ISSN 0960-8524 

Gmehling, J. & Brehm, A. (1996). Grundoperationen, Georg Thieme Verlag Stuttgart 
Gray, K.A.; Zhao, L. & Emptage, M. (2006). Bioethanol. Current Opinion Chemical Biology, 

Vol. 10, No. 2 (April 2006), pp. 141-146, ISSN 1367-5931 
Grönholm, M.; Eriksson, L. & Gatenholm P. (2004). Material properties of plasticized 

hardwood xylans for potential application as oxygen barrier films, 
Biomacromolecules, Vol. 5, No. 4, (July-August 2004), pp. 1528-1535, ISSN 1525-7797 

Hahn-Hägerdal, B.; Karhumaa, K.; Fonseca, C.; Spencer-Martins, I. & Gorwa- Grauslund, 
M.F. (2007). Towards industrial pentose-fermenting yeast strains. Applied 
Microbiology and Biotechnology, Vol. 74, No. 5, (April 2007), pp. 937-953, ISSN 0175-
7598 

Hatti-Kaul R. (2010). Biorefineries - a path to sustainablility?. Crop Science, Vol. 50, No.2, 
pp.152-156, (January 2010), ISSN 0011-183X 

Hendriks, A.T.W.M. & Zeeman, G. (2009). Pretreatments to enhance the digestability of 
lignocellulosic biomass. Bioresource Technology, Vol.100, No.1, (January 2009), pp. 
10-18, ISSN 0960-8524 

Huang, H.-J.; Ramaswamy, S., Tschirner, U.W. & Ramraro, B.V. (2008). A review of 
separation technologies in current and future biorefineries. Separation and 
Purification Technology, Vol.62, No.1, (August 2008), pp. 1-21, ISSN 1383-5866 

Ibrahim, M.M.; El-Zawawy W.K.; Abdel-Fattah, Y.R.; Soliman, N.A. & Agblevor, F.A. (2011). 
Comparison of alkaline pulping with steam explosion for glucose production from 
rice straw. Carbohydrate Polymers, Vol.83, No.2, (January 2011), pp. 720-726, ISSN 
0144-8617 

Jenkins B.M. (1989) Physical properties of biomass. In: Biomass handbook, O. Kitani & C.W. 
Hall, (Eds.), 860-891, Gordon and Breach, ISBN 2881242693, New York, USA  

Jojima, T.; Omumasaba, C.A.; Inui, M. & Yukawa, H. (2010). Sugar transporters in efficient 
utilization of mixed sugar substrates: current knowledge and outlook. Applied 
Microbiology and Biotechnology, Vol. 85, No. 3, (January 2010), 471-480, ISSN 0175-
7598 

Jurado, M.; Prieto, A.; Martínez-Alcalá, Á.; Martínez, Á.T. & Martínez, M.J. (2009). Laccase 
detoxification of steam-exploded wheat straw for second generation bioethanol. 
Bioresource Technology, Vol. 100, No. 12, (December 2009), pp. 6378-6384, ISSN 0960-
8524 

Kaparaju, P.; Serrano, M.; Thomsen, A.B.; Kongjan, P. & Angelidaki, I. (2009). Bioethanol, 
biohydrogen and biogas production from wheat straw in a biorefinery concept. 
Bioresource, Vol.100, No.9, (May 2009), pp. 2562-2568, ISSN 0960-8524 

www.intechopen.com



 
Bioethanol 

 

170 

Kim, HJ.; Block, D.E. & Mills, D.A (2010). Simultaneous consumption of pentose and hexose 
sugars: an optimal microbial phenotype for efficient fermentation of lignocellulosic 
biomass. Applied Microbiology and Biotechnology, Vol. 88, No.5, (November 2010), pp. 
1077-1085, ISSN 0175-7598 

Lima, D.U.; Olimeira, R. C. & Buckeridge, M.S. (2003). Seed storage hemicelluloses as wet-
end additives in papermaking. Carbohydrate Polymers, Vol.52, No.4, (June 2003), pp. 
367-373, ISSN 0144-8617 

Linde, M.; Galbe, M. & Zacchi, G. (2007). Simultaneous saccharification and fermentation of 
steam-pretreated barley straw at low enzyme loadings and low yeast concentration. 
Enzyme and Microbial Technology, Vol.340, No.5, (April 2007), pp. 1100-1107, ISSN 
0141-0229 

Lynd, L.R.; Weimer, P.J.; van Zyl W.H. & Pretorius, I.S. (2002). Microbial cellulose 
utilization: Fundamentals and biotechnology. Microbiology and Molecular Biology 
Reviews, Vol. 66, No. 3, (September 2002), pp. 506-577, NO. 3, ISSN 1098-5557 

Matsushika, A.; Inoue, H.; Kodaki, T. & Sawayama, S. (2009) Ethanol production from 
xylose in engineered Saccharomyces cerevisiae strains: current state and perspectives. 
Applied Microbiology and Biotechnology, Vol. 84, No. 1, (Nov 2009), pp. 37-53, ISSN 
0175-7598 

Mosier, N.; Wyman, C.; Dale, B.; Elander, R.; Lee, Y.Y.; Holtzapple, M. & Ladisch, M. (2005), 
Features of promising technologies for pretreatment of lignocellulosic biomass. 
Bioresource Technology, Vol.96, No.6, (April 2005), pp. 673-686, ISSN 0960-8524 

Mussatto, S.I.; Dragone, G.; Guimaräes, P.M.; Silva, J.P.; Carneiro, L.M.; Roberto, I.C.; 
Vicente, A.; Domingues, L. & Teixeira, J.A. (2010) Technological trends, global 
market, and challenges of bio-ethanol production. Biotechnology Advances, Vol. 28, 
No. 6, (November-December 2010), pp. 817-830, ISSN 0734-9750 

Overend, R.P. & Chornet, E. (1987). Fractionation of Lignocellulosics by Steam-Aqueous 
Pretreatments. Philosophical Transactions for the Royal Society of London, Series A, 
Vol.321, No.1561, (April 1987) pp. 523-536 

Palonen, H. & Viikari, L. (2004). Role of oxidative enzymatic treatments on enzymatic 
hydrolysis of softwood. Biotechnology and bioengineering, Vol. 86, No. 5 (June 2004), 
pp. 550-557, ISSN 0006-3592 

Prakash, R.; Henham, A. & Bhat, I.K. (1998). Net energy and gross pollution from bioethanol 
production in India. Fuel, Vol.77, No.14, (November 1998), pp. 1629-1633, ISSN 
0016-2361 

Ragauskas, A.J. (2006). The Path Forward for Biofuels and Biomaterials. Science, Vol.311, 
No.5 (June 2006), pp. 484-489, ISSN 0036-8075 

Sanchez, C. (2009). Lignocellulosic residues: Biodegradation and bioconversion by fungi. 
Biotechnology Advances Vol. 27, No. 2, (March-April 2009), pp. 185-194, ISSN 0734-
9750 

Šantek, B.; Gwehenberger, G.; Šantek, M.I.; Narodoslawsky, M. & Horvat, P. (2010). 
Evaluation of energy demand and the sustainability of different bioethanol 
production processes from sugar beet. Resources, Conservation and Recycling, Vol.54, 
No.11, (September 2010), pp. 872-877, ISSN 0921-3449 

Sassner, P.; Galbe, M. & Zacchi, G. (2008). Techno-economic evaluation of bioethanol 
production from three different lignocellulosic materials. Biomass and Bioenergy, 
Vol.32, No.5, (May 2008), pp. 422-430, ISSN 0961-9534 

www.intechopen.com



 
Bioethanol Production from Steam Explosion Pretreated Straw 

 

171 

Shaw, M.D. & Tabil, L.G. (2005). Compression Studies of Peat Moss, Wheat Straw, Oat Hulls 
and Flax Shives. Powder Handling and Processing, Vol.17, No.6, 
(November/December 2005), pp. 344-350, ISSN 0934-7348 

Söderqvist Lindblad, M.; Ranucci, E. & Albertsson, A.-C. (2001). Biodegradable polymers 
from renewable sources. New hemicellulose-based hydrogels. Micromolecular Rapid 
Communications, Vol. 22, No. 12, (March-April 2001), pp. 962-976, ISSN 1022-1336 

Sucrogen bioethanol. (2011). http://ethanolfacts.com.au/globaloverview [06.09.2011] 
Sun, Y. & Cheng, J. (2002). Hydrolysis of lignocellulosic materials for ethanol production: a 

review, Bioresource Technology, Vol. 83, No. 1 (May 2002), pp. 1-11, ISSN 0960-8524 
Sun, X.F.; Xu, F.; Sun, R.C.; Geng, Z.C.; Fowler, P. & Baird, M.S. (2005). Characteristics of 

degraded hemicellulosic polymers obtained from steam exploded wheat straw. 
Carbohydrate Polymers, Vol. 60, No. 1, (April 2005), pp. 15-26, ISSN 0144-8617 

Talebnia, F.; Karakashev, D. & Angelidaki, I. (2010). Production of bioethanol from wheat 
straw: An overview on pretreatment, hydrolysis and fermentation. Bioresource 
Technology, Vol. 101, No. 13, (July 2010), pp. 4744-4753, ISSN 0960-8524 

Theerarattananoon, K.; Xu, F.; Wilson, J.; Ballard, R.; Mckinney, L.; Straggenborg, S.; 
Vadlani, P.; Rei, Z.J. & Wang, D. (2011). Physical properties of pellets made from 
sorghum stalk, corn stover, wheat straw and big blustem. Industrial Crops and 
Products, Vol.33, No.2, (March 2011), pp. 325-332, ISSN 0926-6690 

Tomás-Pejó, E.; Oliva, J.M.; Gonzáles, A.; Ballesteros, I. & Ballesteros, M. (2009). Bioethanol 
production from wheat straw by the thermotolerant yeast Kluyveromyces 
marxianus CECT 10875 in a simultaneous saccharification and fermentation fed-
batch process. Fuel, Vol.88, No.11, (November 2009), pp. 2142-2147, ISSN 0016-2361 

Varga, E.; Réczey, K. & Zacchi, G. (2004). Optimization od Steam Pretreatment of Corn 
Stover to Enhance Enzymatic Digestibility. Applied Biochemistry and Biotechnology, 
Vol. 114, No. 1-3, (March 2004), pp. 509-523, ISSN 0273-2289 

Vleet, J. & Jeffries, T. (2009). Yeast metabolic engineering for hemicellulosic ethanol 
production. Current Opinion in Biotechnology, Vol. 20, No. 3, (June 2009), pp. 300-
306, ISSN 0958-1669 

von Sievers, M. & Zacchi, G. (1996). Ethanol from lignocellulosics: a review of the economy. 
Bioresource Technology, Vol.56, No.2-3, (May-June 1996), pp. 131-140, ISSN 0960-8524 

Vorayos, N.; Kiatsiriroat, T. & Vorayos, N. (2006). Performance analysis of solar ethanol 
distillation. Renewable Energy, Vol.31, No.15, (December 2006), pp. 2543-2554, ISSN 
0960-1481 

Weber, C.; Farwick, A.; Benisch, F.; Brat, D.; Dietz, H.; Subtil, T. & Boles, E. (2010). Trends 
and challenges in the microbial production of lignocellulosic bioalcohol fuels. 
Applied Microbiology and Biotechnology, Vol. 87, (July 2010), pp. 1303-1315, ISSN 
0175-7598 

Windgren, A.; Galbe, M. & Zacchi, G. (2008). Energy considerations for a SSF-based 
softwood ethanol plant. Bioresource Technology, Vol.99, No.7, (May 2008), pp. 2121-
2131, ISSN 0960-8524 

Wyman, C.E. (2004). Ethanol Fuel, In: Encyclopedia of Energy, Cutler, J. Cleveland,  (Eds), pp. 
541–555, Elsevier Inc., New York, ISBN 978-0-12-176480-7 

Xiao-Ping, J.; Fang, W.; Shu-Guang, X.; Xin-Sun, T. & Fang-Yu, H. (2008). Minimum energy 
consumption process synthesis for energy saving. Resources, Conservation and 
Recycling, Vol.52, No.7, (May 2008), pp. 1000-1005, ISSN 0921-3449 

www.intechopen.com



 
Bioethanol 

 

172 

Yang, M.; Li, W.; Liu, B.; Li, Q. & Xing, J. (2010). High-concentration sugars production from 
corn stover based on combined pretreatments and fed-batch process. Bioresource 
Technology, Vol.101, No.13, (July 2010), pp. 4884-4888, ISSN 0960-8524 

Young, E.; Lee, S.-M. & Alper, H. (2010). Optimizing pentose utilization in yeast: the need 
for novel tools and approaches. Biotechnology for Biofuels, Vol. 3, (November 2010), 
pp. 24,  ISSN 1754-6834 

Zacchi, G. & Axelsson, A. (1989). Economic evaluation of preconcentration in production of 
ethanol from dilute sugar solutions. Biotechnology and Bioengineering, Vol. 34, 
No. 2, (June 1989), pp. 223-233, ISSN 1432-0614 

Zhu, J.Y. & Pan, X.J. (2010). Woody biomass pretreatment for cellulosic ethanol production: 
Technology and energy consumption evaluation. Bioresource Technology, Vol.101, 
No.13, (July 2010), pp. 4992-5002, ISSN 0960-8524 

Zittel, W. (2010) Studie „Save our Surface“ im Auftrag des Österreichischen Klima- und 
Energiefonds, p 15, Klagenfurt, Austria. Available from:  

 http://www.umweltbuero-klagenfurt.at/sos/wp-
content/uploads/Argumentarium_SOS_08062011_Endversion.pdf 

www.intechopen.com



Bioethanol

Edited by Prof. Marco Aurelio Pinheiro Lima

ISBN 978-953-51-0008-9

Hard cover, 290 pages

Publisher InTech

Published online 01, February, 2012

Published in print edition February, 2012

InTech Europe

University Campus STeP Ri 

Slavka Krautzeka 83/A 

51000 Rijeka, Croatia 

Phone: +385 (51) 770 447 

Fax: +385 (51) 686 166

www.intechopen.com

InTech China

Unit 405, Office Block, Hotel Equatorial Shanghai 

No.65, Yan An Road (West), Shanghai, 200040, China 

Phone: +86-21-62489820 

Fax: +86-21-62489821

Recent studies have shown strong evidence of human activity impact on the climate of the planet. Higher

temperatures and intensification of extreme weather events such as hurricanes are among the consequences.

This scenario opens up several possibilities for what is now called "green" or low carbon economy. We are

talking about creating new businesses and industries geared to develop products and services with low

consumption of natural resources and reduced greenhouse gases emission. Within this category of business,

biofuels is a highlight and the central theme of this book. The first section presents some research results for

first generation ethanol production from starch and sugar raw materials. Chapters in the second section

present results on some efforts around the world to develop an efficient technology for producing second-

generation ethanol from different types of lignocellulosic materials. While these production technologies are

being developed, different uses for ethanol could also be studied. The chapter in the third section points to the

use of hydrogen in fuel cells, where this hydrogen could be produced from ethanol.

How to reference

In order to correctly reference this scholarly work, feel free to copy and paste the following:

Heike Kahr, Alexander Jäger and Christof Lanzerstorfer (2012). Bioethanol Production from Steam Explosion

Pretreated Straw, Bioethanol, Prof. Marco Aurelio Pinheiro Lima (Ed.), ISBN: 978-953-51-0008-9, InTech,

Available from: http://www.intechopen.com/books/bioethanol/bioethanol-production-from-steam-explosion-

pretreated-straw



© 2012 The Author(s). Licensee IntechOpen. This is an open access article

distributed under the terms of the Creative Commons Attribution 3.0

License, which permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.


