Available online at www.sciencedirect.com

Bioresource Technology 99 (2008) 5270–5295

Review

Trends in biotechnological production of fuel ethanol
from diﬀerent feedstocks
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Abstract
Present work deals with the biotechnological production of fuel ethanol from diﬀerent raw materials. The diﬀerent technologies for
producing fuel ethanol from sucrose-containing feedstocks (mainly sugar cane), starchy materials and lignocellulosic biomass are
described along with the major research trends for improving them. The complexity of the biomass processing is recognized through
the analysis of the diﬀerent stages involved in the conversion of lignocellulosic complex into fermentable sugars. The features of fermentation processes for the three groups of studied feedstocks are discussed. Comparative indexes for the three major types of feedstocks for
fuel ethanol production are presented. Finally, some concluding considerations on current research and future tendencies in the production of fuel ethanol regarding the pretreatment and biological conversion of the feedstocks are presented.
Ó 2007 Published by Elsevier Ltd.
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1. Introduction
World faces the progressive depletion of its energetic
resources mainly based on non-renewable fuels. At the
same time, energy consumption grows at rising rates. The
USA is the ﬁrst oil consumer, but China’s spectacular economic growth has imposed serious pressure on the oil market. Global panorama in that market is dark. Permanent
crises in the Middle East and the speculation in the stock
exchange, among other factors, have caused the oil price
to reach such elevated values of 100 dollars per barrel.
World economy could experience stagnation if the oil
maintains these high prices. In addition, the intensive utilization of fossil fuels has led to the increase in the generation of polluting gases released into the atmosphere,
which have caused changes in the global climate. The solution to this problematic depends on how the development
*
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and implementation of technologies based on alternative
sources of energy will be undertaken. Through the use of
renewable energetic resources, humankind can ﬁnd part
of the solution to their energy requirements in an environmentally friendly way.
One renewable solution is the use of solar energy in form
of biomass (bioenergy). Global potential of bioenergy is
represented in energy crops and lignocellulosic residues.
Conversion of these feedstocks into biofuels is an important choice for the exploitation of alternative energy
sources and reduction of polluting gases. In addition, the
utilization of biofuels has important economic and social
eﬀects. For instance, Sheehan and Himmel (1999) point
out that the diversiﬁcation of fuel portfolio would bring
money and jobs back into the USA economy. Moreover,
the development of energy crops dedicated to the biofuels
production would imply a boost to agricultural sector. This
analysis is also valid for developing countries, especially in
Latin America, considering the perspective of drastic
reduction of proven oil reserves in the mid term. In addition, agricultural products from developing countries have
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to face a ﬁerce competition from rich countries that grant
huge subsidies for their agricultural production.
Ethanol (ethyl alcohol, bioethanol) is the most
employed liquid biofuel either as a fuel or as a gasoline
enhancer. Ethanol has some advantages when it is used
as an oxygenate. Firstly, it has a higher oxygen content that
implies a less amount of required additive. The increased
percentage of oxygen allows a better oxidation of the gasoline hydrocarbons with the consequent reduction in the
emission of CO and aromatic compounds. Related to
MTBE, ethanol has greater octane booster properties, it
is not toxic, and does not contaminate water sources. Nevertheless, ethanol production costs are higher than those of
MTBE, gasoline mixed with alcohol conduces the electricity, and Reid vapor pressure is higher that entails a greater
volatilization, which can contribute to ozone and smog formation (Thomas and Kwong, 2001). Many countries have
implemented or are implementing programs for addition of
ethanol to gasoline (see Table 1). Fuel ethanol production
has increased remarkably because many countries look for
reducing oil imports, boosting rural economies and
improving air quality. The world ethyl alcohol production
has reached about 51,000 mill liters (Renewable Fuels
Association, 2007), being the USA and Brazil the ﬁrst producers (see Table 2). In average, 73% of produced ethanol
worldwide corresponds to fuel ethanol, 17% to beverage
ethanol and 10% to industrial ethanol.
The fuel ethanol can be obtained from energy crops and
lignocellulosic biomass. The complexity of the production
process depends on the feedstock. In this way, the spectrum
of designed and implemented technologies goes from the
simple conversion of sugars by fermentation, to the
multi-stage conversion of lignocellulosic biomass into ethanol. The big diversity of technological alternatives
requires the analysis of the global process along with the
design and development of each one of the involved operations. Among the new research trends in this ﬁeld, process
integration has the key for reducing costs in ethanol industry and increasing bioethanol competitiveness related to
gasoline. This issue is the main topic analyzed in a previous
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Table 2
World production of ethyl alcohol (mill liters)
Country

2006

2005

1. USA
2. Brazil
3. China
4. India
5. France
6. Germany
7. Russia
8. Canada
9. Spain
10. South Africa
11. Thailand
12. United Kingdom
13. Ukraine
14. Colombiaa
15. Poland

18,376
16,998
3,849
1,900
950
765
647
579
462
386
352
280
269
269
250

16,139
15,999
3,800
1,699
908
431
749
231
352
390
299
348
246
27
220

Total

51,056

45,988

a

These data correspond to the fuel ethanol produced in new distilleries
whose construction started in 2005 (Londoño, 2007); industrial and beverage alcohol are not included, although their share is signiﬁcantly lower.
Modiﬁed from Renewable Fuels Association, 2007.

paper (Cardona and Sánchez, 2007). Several reviews have
been published on the theme of fuel ethanol production
especially from lignocellulosic biomass (Chandrakant and
Bisaria, 1998; Lee, 1997; Lin and Tanaka, 2006; Lynd,
1996). The amount of reviews covering ethanol production
form other types of feedstocks like sucrose-based or starchy materials is more reduced (e.g., Kosaric and Velikonja,
1995; Bothast and Schlicher, 2005). Nevertheless, an analysis of this process from the viewpoint of the three major
types of feedstock has not been the main objective of those
works. In addition, some issues concerning the feedstocks
features on a comparative basis have not always been sufﬁciently emphasized. This paper attempts to achieve this
aim considering the literature reviewed in the last one decade. Therefore, the purpose of this work is to analyze the
diﬀerent trends in fuel ethanol production taking into
account both mature and developing technologies and
making emphasis on the diﬀerent types of raw materials

Table 1
Fuel ethanol programs in some countries
Country

Feedstock

Percentage of ethanol
in gasoline blends, % (v/v)

Remarks

Brazil
USA

Sugar cane
Corn

24
10

Canada
Colombia
Spain
France
Sweden
China
India
Thailand

Corn, wheat, barley
Sugar cane
Wheat, barley
Sugar beet, wheat, corn
Wheat
Corn, wheat
Sugar cane
Cassava, sugar cane, rice

7.5–10
10
–
–
5

ProAlcool program; hydrous ethanol is also used as fuel instead of gasoline
Oxygenation of gasoline is mandatory in dirtiest cities; tax incentives; some
states have banned MTBE; 85% blends are also available
Tax incentives; provincial programs aimed to meet Kyoto Protocol
Began in November 2005; total tax exemption
Ethanol is used for ETBE production; direct gasoline blending is possible
Ethanol is used for ETBE production; direct gasoline blending is possible
85% blends are also available; there is no ETBE production
Trial use of fuel ethanol in central and north-eastern regions
Ethanol blends are mandatory in 9 states
All gasoline stations in Bangkok must sell ethanol blends; ethanol blends
will be mandatory from 2007

5
10

Adapted from Murray (2005) and Berg (2004).
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from which fuel ethanol is obtained, and the possibilities
for using alternative feedstocks leading to an improvement
of the global process.
2. Ethanol from sugars
Main feedstock for ethanol production is sugar cane in
form of either cane juice or molasses (by-product of sugar
mills). About 79% of ethanol in Brazil is produced from
fresh sugar cane juice and the remaining percentage from
cane molasses (Wilkie et al., 2000). Sugar cane molasses
is the main feedstock for ethanol production in India; cane
juice is not presently used with this purpose (Ghosh and
Ghose, 2003). Beet molasses are other source of fermentable sugars for ethanologenic fermentation. The most
employed microorganism is Saccharomyces cerevisiae due
to its capability to hydrolyze cane sucrose into glucose
and fructose, two easily assimilable hexoses. Aeration is
an important factor for growth and ethanol production
by S. cerevisiae. Although this microorganism has the ability to grow under anaerobic conditions, small amounts of
oxygen are needed for the synthesis of substances like fatty
acids and sterols. The oxygen may be supplied through the
addition to the medium of some chemicals like urea hydrogen peroxide (carbamide peroxide), which also contributes
to the reduction of bacterial contaminants as claimed in the
patent of Narendranath et al. (2000). Other yeasts, as
Schizosaccharomyces pombe, present the additional advantage of tolerating high osmotic pressures (high amounts of
salts) and high solids content (Bullock, 2002; Goyes and
Bolaños, 2005). In fact, a fermentation process using a wild
strain of this yeast has been patented (Carrascosa, 2006).
Among bacteria, the most promising microorganism is
Zymomonas mobilis, which has a low energy eﬃciency
resulting in a higher ethanol yield (up to 97% of theoretical
maximum). However, its range of fermentable substrates is
too narrow (glucose, fructose and sucrose) (Claassen et al.,
1999). Other disadvantage of the use of this bacterium during the fermentation of sugar cane syrup and other sucrosebased media is the formation of the polysaccharide levan
(made up of fructose units), which increases the viscosity
of fermentation broth, and of sorbitol, a product of fructose reduction that decreases the eﬃciency of the conversion of sucrose into ethanol (Lee and Huang, 2000).
The high osmolality of the media based on cane molasses is negative for ethanolic fermentation. This osmolality
is related to the concentration of sugars and salts in the
medium. Diﬀerent studies have been carried out in order
to obtain S. cerevisiae strains with greater salt and temperature tolerance. For example, Morimura et al. (1997) developed by protoplast fusion and manipulating culture
conditions, ﬂocculating strains capable of growing at
35 °C and at molasses concentration of 22% (w/v). Under
these conditions and using repeated-batch cultures at laboratory scale, ethanol concentration of 91 g/L and productivities of 2.7 g/(L h) were obtained. However, the
principal approach for avoiding the negative inﬂuence of

salts and other compounds on the fermentation is through
the conditioning of molasses by the addition of diﬀerent
compounds neutralizing the inhibitory eﬀects of the medium components. In addition, molasses should be supplemented with nutritional factors promoting the yeast
growth.
Agents used for cane molasses have demonstrated their
usefulness for conditioning beet molasses such as EDTA,
ferrocyanide and zeolites (Ergun et al., 1997). According
to Castellar et al. (1998), zeolites could also act as a pH regulator. In the case of fermentations with high glucose concentration and using Saccharomyces bayanus, the zeolite
use allows the maintenance of the medium pH around
3.7 leading to the consumption of all the initial glucose
and, therefore, to a higher ethanol concentration. Other
substances have demonstrated their usefulness during the
preparation of media based on sugar cane. The addition
of a commercial enzymatic complex of amylases, cellulases
and amylopectinases allows the conversion of non-fermentable substances into assimilable compounds improving the
alcoholic fermentation (Acevedo et al., 2003). On the other
hand, adding a minimum inhibitory concentration of hop
acids to molasses will stop bacteria growth, increase ethanol yields and avoid the need for antibiotics as described
in the patent of Maye (2006).

2.1. Batch and semicontinuous processes
The Melle-Boinot process is the typical process for fuel
ethanol production by batch fermentation. This process
comprises the weight and sterilization of feedstock, followed by the adjustment of pH with H2SO4 and of the
degrees Brix to values of 14–22. Obtained wort is fermented
by yeasts. The produced wine is decanted, centrifuged and
sent to ethanol separation stage, whereas the yeasts are
recycled to the fermentation in order to reach high cell concentration during cultivation (Kosaric and Velikonja,
1995).
Fed-batch culture implies low levels of substrate concentration during the course of fermentation, while ethanol is
accumulating in the medium. This type of cultivation
regime, along with the cell recycling, is the most employed
technology in Brazil for bioethanol production due to the
possibility of achieving higher volumetric productivities.
Control of the ﬂow rate of medium feed is quite advantageous because the inhibitory eﬀect caused by high substrate
or product concentrations in the fermentation broth can be
neutralized. It was observed that the addition of sucrose in
linear or exponentially decreasing way leads to 10–14%
increase in ethanol productivity (Echegaray et al., 2000).
The optimization of feeding policy plays a crucial role for
increasing both productivity and ethanol yield of fed-batch
fermentations. This issue was analyzed in a previous review
(Cardona and Sánchez, 2007). For fed-batch cultures, Alfenore et al. (2004) showed that higher ethanol concentrations (147 g/L) can be obtained in cultures without
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oxygen limitation (0.2 vvm) during only 45 h in comparison to microaerobic conditions.
In the case of multiple or repeated batch fermentation,
the use of ﬂocculating yeast strains plays an important role.
In this process, after starting a conventional batch, the
yeasts are decanted in the same vessel where they were cultivated by removing the clariﬁed culture broth. Then, an
equal amount of fresh culture medium is added for the following batch. In this way, high cell concentrations are
reached and inhibition eﬀect by ethanol is reduced without
the need of adding ﬂocculation aids or using separation or
recirculation devices. These repeated batches can be carried
out until the moment when the activity and viability of culture is lost as a consequence of a high exposition to the fermentation environment. When this occurs, the system
should be re-inoculated. Some examples of typical batch,
fed-batch and repeated batch fermentations for bioethanol
production from sugar cane molasses can be observed in
Table 3.
2.2. Continuous processes
The design and development of continuous fermentation
systems have allowed the implementation of more costeﬀective processes. Continuous processes have several
advantages compared to conventional batch processes
mainly due to the reduced construction costs of the bioreactors, lower maintenance and operation requirements,
better process control, and higher productivities (see Table
3). For those very reasons, 30% of ethanol production facilities in Brazil employ continuous fermentation processes
(Monte Alegre et al., 2003). Most of these advantages are
due to the high cell concentration found in these processes.
Such high densities can be reached by immobilization techniques, recovery and recycling of cell biomass, or control of
microbial growth. The major drawback is that yeasts cultivated under anaerobic conditions during long time diminish their ability to synthesize ethanol. In addition, at high
dilution rates enabling elevated productivities, the sub-
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strate is not completely consumed and yields are reduced.
Aeration also plays an important role during continuous
cultivation. Cell concentration, cell yield from glucose,
and yeast viability may be enhanced by increasing air supply whereas ethanol concentration decreases under both
microaerobic and aerobic conditions. Cell growth inhibition by ethanol is reduced at microaerobic conditions compared to fully anaerobic cultivation and speciﬁc ethanol
productivity is stimulated with the increase of oxygen percentage in the feed (Alfenore et al., 2004).
Continuous processes permit the decrease of product
inhibition eﬀect. Through cascade of continuous reactors,
ethanol obtained in ﬁrst reactors is easily transported to
the following reducing its inhibitory eﬀect. Other conﬁgurations employing one fermentor can also reduce the product inhibition as in the case of the Biostill technology
(Kosaric and Velikonja, 1995). Other variants of continuous fermentation have been proposed, but many of them
still have not reached the commercial level. Some of them
require the use of highly ﬂocculating yeast strains like in
tower and ﬂuidized-bed reactors. These types of reactors
allow much higher cell concentrations (70–100 g/L) and
ethanol productivities, and have a long-term stability due
to the self replenishing of fresh yeasts. Moreover, these
reactors do not require stirring devices or centrifugation
(Gong et al., 1999). One approach to increase process productivity is the continuous ethanol removal from culture
broth during fermentation by means of vacuum (see Table
3) or membranes, but the capital costs are increased. These
conﬁgurations involving the application of reaction-separation integration were analyzed in a previous review (Cardona and Sánchez, 2007).
The stability of the culture is other important issue
regarding continuous fermentation. If the system is operated near an unstable steady state, any small perturbation
in input parameters (like dilution rate, temperature or
substrate concentration of the feed) could not be oﬀset
by the culture and the system may start to operate under
lower productivity conditions or oscillate with the time.

Table 3
Some fermentation processes for ethanol production from sugar cane molasses using S. cerevisiae
Regime

Conﬁguration

Ethanol conc. in
broth, g/L

Productivity,
g/(L h)

Yield, % of
theor. max.

References

Batch

Reuse of yeast from previous batches;
yeast separation by centrifugation
Stirred tank with variable feeding rate
(exponent. depend. with time)
Stirred tank; ﬂocculating yeast; up to 47
stable batches
CSTR; cell recycling using a settler;
ﬂocculating yeast; aeration 0.05 vvm
Biostill; residence time 3–6 h; cell
recycling by centrifugation; recycled
stream from distillation column to
fermentor
Removal by vacuum; cell recycling

80–100

1–3

85–90

Claassen et al. (1999)

53.7–98.1

9–31

73.2–89

Echegaray et al. (2000)

89.3–92

2.7–5.25

79.5–81.7

Morimura et al. (1997)

70–80

7–8

30–70

5–20

50

23–26.7

Fed-batch
Repeated batch
Continuous

Continuous removal
of EtOH

Hojo et al. (1999)
94.5

Kosaric and Velikonja (1995)

Costa et al. (2001);
da Silva et al. (1999)
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Laluce et al. (2002) constructed a special ﬁve-stage continuous fermentation system with cell recycling and with different temperatures in each stage. With this system, they
experimentally assessed the eﬀect of temperature ﬂuctuations on fermentation performance. These ﬂuctuations
produced variations in both cell concentration and cell
viability. Hojo et al. (1999) showed that microaeration
plays an important role in the stabilization of ethanol,
substrate and cell concentrations during the continuous
cultivation of sugar cane syrup with cell recirculation of
S. cerevisiae. Without air addition at low rates
(0.05 vvm), these concentrations had signiﬁcant ﬂuctuations. One source of ﬂuctuations leading to oscillatory
behavior of continuous ethanolic fermentation using
either S. cerevisiae or Z. mobilis is the high ethanol content in the broth as in the case of very high gravity fermentations (see below). Wide variations in ethanol, cell
and substrate concentrations are observed under these
conditions. Bai et al. (2004) showed that the utilization
of packed-bed reactors attenuates these oscillations and
quasi-steady states were attained, but the causes and
mechanism of such attenuation require further research.
Alternatively, an oscillatory regime of fermentation can
be employed for ethanol production as patented by Elnashaie and Garhyan (2005). In this case, the required equipment comprises a fermentor, a process control system
capable of operating the fermentor under chaotic conditions, and a membrane selective for ethanol. The development of proper models describing this type of processes
allows the deep analysis of the stability of this cultivation
regime. Tools like dynamic simulation and, especially,
bifurcation analysis (Daugulis et al., 1997; Zhang and
Henson, 2001) can provide valuable information for the
design of more eﬀective continuous fermentation processes. This issue is highlighted in the paper of Cardona
and Sánchez (2007).
One of the strategies used for improving the ethanolic
fermentation is the utilization of immobilized cells that
allow the implementation of continuous processes with
higher yields and productivities (see Table 4), and with
increased cell concentrations (Claassen et al., 1999). Nevertheless, ethanol concentrations in the eﬄuent tend to be
lower that in other variants of continuous processes (see
Table 3). Microbial cells are immobilized by entrapping

them within porous solid supports like calcium alginate,
carrageenan or polyacrylamide. In addition, they can be
adsorbed on the surface of materials like wood chips,
bricks, synthetic polymers, or other materials with a large
surface area (Gong et al., 1999). Nowadays, most of the
conﬁgurations using immobilized cells are far of commercial operation. Certain support particles have inﬂuence
on cell metabolism as it has been shown in the case of
solid-state fermentation, bioﬁlm reactors, and immobilized
cell reactors. Prakasham et al. (1999) claim that the simple
addition of a small fraction of solids facilitates the cell
anchorage in submerged cultures. This kind of adhesion
on materials like river sand, deligniﬁed sawdust, chitin
and chitosan, enhances the metabolic activity and is a easier and more economical method than the cell immobilization. Hence, the application of these techniques of ‘‘passive
immobilization” to continuous cultures should be experimentally tested.
3. Ethanol from starch
3.1. Hydrolysis of starch
Starch is a high yield feedstock for ethanol production,
but its hydrolysis is required to produce ethanol by fermentation. Starch was traditionally hydrolyzed by acids, but
the speciﬁcity of the enzymes, their inherent mild reaction
conditions and the absence of secondary reactions have
made the amylases to be the catalysts generally used for
this process. a-amylase obtained from thermoresistant bacteria like Bacillus licheniformis or from engineered strains
of Escherichia coli or Bacillus subtilis is used during the ﬁrst
step of hydrolysis of starch suspensions.. For amylases to
attack starch, these suspensions should be brought to high
temperatures (90–110 °C) for the breakdown of starch kernels. Apar and Özbek (2004) provides information about
the eﬀects of operating conditions on the enzymatic hydrolysis of corn starch using commercial a-amylase. In last
years, the possibility of hydrolyzing starch at low temperatures for achieving energy savings is being investigated
(Robertson et al., 2006). The product of this ﬁrst step,
called liquefaction, is a starch solution containing dextrines
and small amounts of glucose. The liqueﬁed starch is subject to sacchariﬁcation at lower temperatures (60–70 °C)

Table 4
Some continuous processes for bioethanol production from sugar cane and related media using immobilized cells of S. cerevisiae
Carrier

Medium

Ethanol conc. in
eﬄuent, g/L

Productivity,
g/(L h)

Yield, % of
theor. max.

References

Calcium alginate and
zeolitic base
Chrysotile

Cane molasses

54.48

1.835

88.2

Caicedo et al. (2003)

Cane syrup
Cane molasses
Sucrose
Molassesa
Glucose

25–75

16–25
3.5–10
10.2–12.1
7.3–10.4
2.98b

80.4–97.3

Wendhausen et al. (2001)
Monte Alegre et al. (2003)
Sheoran et al. (1998)

Calcium alginate

a
b

50.6–60.0
47.4–55.3
30.6–41.0

Higher values correspond to acid-treated and clariﬁed molasses.
Measured in g EtOH/(1011 cells h).

66–79
62–74
83.1

Gilson and Thomas (1995)
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through glucoamylase obtained generally from Aspergillus
niger or Rhizopus species (Pandey et al., 2000; Shigechi
et al., 2004).
3.2. Ethanol production from corn
Ethanol is produced almost exclusively from corn in the
USA. Corn is milled for extracting starch, which is enzymatically treated for obtaining glucose syrup. Then, this
syrup is fermented into ethanol. There are two types of
corn milling in the industry: wet and dry. During wet-milling process, corn grain is separated into its components.
Starch is converted into ethanol and the remaining components are sold as co-products. During dry-milling, grains
are not fractionated and all their nutrients enter the process and are concentrated into a distillation co-product
utilized for animal feed called Dried Distiller’s Grains with
solubles (DDGS). In general, the liquefaction, sacchariﬁcation and fermentation steps are the same for both technologies. Fermentation is performed using S. cerevisiae
and is carried out at 30–32 °C with the addition of ammonium sulfate or urea as nitrogen sources. Proteases can be
added to the mash to provide an additional nitrogen
source for the yeast resulting from the hydrolysis of corn
proteins (Bothast and Schlicher, 2005). Burmaster (2007)
has patented a method for improving the fermentation
of corn mashes and other feedstocks through the monitoring and control of oxidation reduction potential. This
method allows achieving higher yields, shorter cultivation
times, and decreased by-product formation. Conﬁgurations involving a higher degree of integration as the simultaneous sacchariﬁcation and fermentation (SSF) have been
successfully implemented, especially in the dry-milling process (see Cardona and Sánchez, 2007). The SSF performed
at a temperature above 34 °C employing a thermotolerant
yeast enables the reduction of cooling requirements and
the improvement of the conversion process as claimed in
the patent of Otto and Escovar-Kousen (2004). In the
wet-milling process, the cascade process is also employed.
This process involves the separate realization of sacchariﬁcation and fermentation where hydrolysis of dextrines
by glucoamylase, yeast propagation, pre-fermentation,
and fermentation are carried out through a cascade
system.
Z. mobilis also has been researched for ethanol production from dry-milled corn starch. In particular, a system
consisting of a continuous packed bed column with immobilized glucoamylase followed by a continuous ﬂuidized
bed reactor with immobilized Z. mobilis showed an ethanol
concentration of 70 g/L and a productivity of 23 g/(L h). In
comparison, the continuous SSF carried out in a ﬂuidized
bed reactor with co-immobilized glucoamylase and Z.
mobilis cells showed lower productivity and ethanol concentrations (Krishnan et al., 1999).
New tendencies in corn-to-ethanol industry are aimed
at dry-milling processes. The increase in ethanol production capacity in the USA is mainly represented by corn
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dry-mill ethanol plants (Tiﬀany and Eidman, 2003). Other
research eﬀorts are oriented to the development of
corn hybrids with higher extractable starch or higher
fermentable starch content. Genetic engineering can be
applied to direct the accumulation of amylases in
the endosperm of transgenic corn kernels making possible
the utilization of ‘‘self-processing” grains (Bothast and
Schlicher, 2005).
3.3. Ethanol production from wheat
Although in France ethanol is mostly produced from
beet molasses, it is also produced from wheat by a process
similar to that of corn. Some eﬀorts have been done for
optimizing fermentation conditions. For example, Wang
et al. (1999c) have determined the optimal fermentation
temperature and speciﬁc gravity of the wheat mash. Soni
et al. (2003) have optimized the conditions for starch
hydrolysis using a-amylase and glucoamylase obtained by
solid-state fermentation of wheat bran. To enhance fermentation performance, high gravity fermentations have
been proposed, particularly for the case of wheat mashes.
In this kind of process, the initial dissolved solids concentration exceeds 200 g/L implying a higher substrate load.
Therefore, higher ethanol concentrations are obtained,
lower amounts of process water are required, and energy
costs are decreased. The drawbacks of this technology
include longer fermentation times, and sometimes incomplete fermentations probably caused by product inhibition,
high osmotic pressures and inadequate nutrition (Barber
et al., 2002). To accelerate high gravity fermentations, the
controlled addition of small amounts of acetaldehyde during the fermentation has allowed the reduction in cultivation time from 790 h to 585 h without eﬀect on the
ethanol yield. It is believed that this positive eﬀect may
be caused by the ability of acetaldehyde to replenish the
intracellular acetaldehyde pool and restore the cellular
redox balance (Barber et al., 2002).
Fermentation of wheat mashes of very high gravity
(VHG) has been proposed as well. These mashes consist
of wheat starch hydrolyzates containing 300 g or more of
dissolved solids per liter of mash. VHG fermentation technology implies that high ethanol concentrations are
obtained from very concentrated sugar solutions. Thomas
et al. (1996) emphasize that considerable amounts of water
can be saved by applying this technology to ethanol production. Additionally, the implementation of VHG fermentation increases the throughput rate of an ethanol
plant without the need of increasing the plant capacity.
Bayrock and Ingledew (2001) designed and tested a system
that combines the multistage continuous culture fermentation and the VHG cultivation for a feed stream containing
150–320 g/L glucose using S. cerevisiae. The maximum ethanol concentration obtained in the process was of 132.1 g/
L indicating the feasibility of implementing this technology
in the industry, particularly in the continuous production
of ethanol from wheat starch.
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Ó.J. Sánchez, C.A. Cardona / Bioresource Technology 99 (2008) 5270–5295

3.4. Ethanol production from cassava

3.5. Ethanol production from other starchy materials

Cassava represents an important alternative source of
starch not only for ethanol production, but also for production of glucose syrups. In fact, cassava is the tuber that
has gained most interest due to its availability in tropical
countries being one of the top ten more important tropical
crops. Ethanol production from cassava can be accomplished using either the whole cassava tuber or the starch
extracted from it. Starch extraction can be carried out
through a high-yield large-volume industrialized process
as the Alfa Laval extraction method (FAO, 2004), or by
a traditional process for small- and mid-scale plants. This
process can be considered as the equivalent of the wet-milling process for ethanol production from corn. The production of cassava with high starch content (85–90% dry
matter) and less protein and minerals content is relatively
simple. Cassava starch has a lower gelatinization temperature and oﬀers a higher solubility for amylases in comparison to corn starch. The hydrolysis of cassava ﬂour has
been proposed for the production of glucose in an
enzymatic hollow-ﬁber reactor with 97.3% conversion
(López-Ulibarri and Hall, 1997) considering that cassava
ﬂour production is more simple and economic than cassava
starch production. However, it is considered that cassava
ethanol would have better economic indicators if the whole
tuber is used as feedstock, especially when small producers
are involved. Fuel ethanol production from whole cassava
is equivalent to ethanol production from corn by dry-milling technology. For this, cassava should be transported as
soon as possible from cropping areas considering its rapid
deterioration due to its higher moisture content (about
70%). Hence, this feedstock should be processed within
3–4 days after its harvest. One of the solutions to this problem consists in the use of sun-dried cassava chips (Sriroth
et al., 2007). The farmers send the cassava roots to small
chipping factories where they are peeled and chopped into
small pieces. The chips are sun-dried during 2–3 days. The
ﬁnal moisture content is about 14% and the starch content
reaches 65%.
The ﬁrst step of the process in the distillery is the grinding of the dried cassava chips or fresh roots (if a permanent
supply is ensured). Milled cassava is mixed with water and
undergoes cooking followed by the liquefaction process.
Liqueﬁed slurry is sacchariﬁed to obtain the glucose, which
will be assimilated by the yeast during the next fermentation step. The process can be intensiﬁed through the SSF
as in the corn case. If fresh roots are employed, a ﬁbrous
material is obtained in the stillage after distillation. This
material can be used as an animal feed similarly to the
DDGS produced in the corn-based process. The wastewater can be treated by anaerobic digestion to produce
biogas, which can be used to produce steam and power
for the process. Nevertheless, the amount of steam
generated is not enough to cover the needs of the process.
Hence, natural gas or other fossil fuel is required (Dai
et al., 2006).

Besides corn and wheat, ethanol can be produced from
rye, barley, triticale (Wang et al., 1997), and sorghum
(Zhan et al., 2003). For these cereals, some pretreatments
have proven to be useful. Wang et al. (1997) have employed
the pearling of wheat, barley, rye and triticale grains for
increasing starch content of the feedstock in an average
of 12% obtaining a 6.5–22.5% enhance in ethanol yield during fermentation. In addition, VHG technology has been
tested with successful results for oats, barley, rye and triticale (Wang et al., 1999b). It has been reported the ethanol
production from other plant sources with high starch concentration. Abd-Aziz (2002) suggested the utilization of
sago palm for ethanol production in the case of Malaysia.
The ethanol production from bananas and banana wastes
using commercial a-amylase and glucoamylase has been
studied by Hammond et al. (1996). In their work, an ethanol yield of 0.5 L EtOH/kg dry matter of ripe bananas was
obtained. The processing of starch-containing food wastes
by adding malt to the pulverized feedstock has been patented (Chung and Nam, 2002). One of the most promising
crops for fuel ethanol production is the sweet sorghum,
which produces grains with high starch content, stalks with
high sucrose content and leaves and bagasse with high lignocellulosic content. In addition, this crop can be cultivated in both temperate and tropical countries requiring
only 1/3 of the water needed for cane cropping and half
of the water required by corn. Moreover, it is tolerant to
the drought, ﬂooding and saline alcalinity (Winner Network, 2002). Grassi (1999) reports that from some varieties
of sweet sorghum, the following productivities can be
obtained: 5 ton/Ha grains, 8 ton/Ha sugar and 17 ton dry
matter/Ha lignocellulosics. The estimated price for fuel
ethanol production from this feedstock is US$200–300/
m3, whereas the corresponding one for sugar cane ethanol
is 260, for corn ethanol is 300–420 and for lignocellulosic
ethanol is 450.
4. Ethanol from lignocellulosic biomass
It is evident the importance of lignocellulosic biomass as
a feedstock for ethanol production. Lignocellulosic complex is the most abundant biopolymer in the Earth. It is
considered that lignocellulosic biomass comprises about
50% of world biomass and its annual production was estimated in 10–50 billion ton (Claassen et al., 1999). Many
lignocellulosic materials have been tested for bioethanol
production as observed in Table 5. In general, prospective
lignocellulosic materials for fuel ethanol production can be
divided into six main groups: crop residues (cane bagasse,
corn stover, wheat straw, rice straw, rice hulls, barley
straw, sweet sorghum bagasse, olive stones and pulp),
hardwood (aspen, poplar), softwood (pine, spruce), cellulose wastes (newsprint, waste oﬃce paper, recycled paper
sludge), herbaceous biomass (alfalfa hay, switchgrass, reed
canary grass, coastal Bermudagrass, thimothy grass), and

Table 5
Pretreatment methods of lignocellulosic biomass for fuel ethanol production
Methods

Procedure/agents

Remarks

Examples of pretreated materials

References

Physical methods:
Mechanical
comminution

Chipping, grinding, milling

Milling: vibratory ball mill (ﬁnal size: 0.2–
2 mm), knife or hammer mill (ﬁnal size: 3–
6 mm)

Alvo and Belkacemi (1997);
Papatheofanous et al. (1998); Sun and
Cheng (2002)

T > 300 °C, then cooling and
condensing

Formation of volatile products and char
Residues can undergo mild dilute-acid
hydrolysis (1 N H2SO4, 2,5 h, T = 97 °C) to
produce 80–85% reducing sugars (>50%
glucose)
It can be carried out under vacuum (400 °C,
p = 1 mm Hg, 20 min)

Wood and forestry wastes (hardwood,
straw)
Corn stover, cane bagasse
Timothy, alfalfa
Wood
Waste cotton, corn stover

Poplar, aspen, eucalyptus
Softwood (Douglas ﬁr)

Ballesteros et al. (2001, 2002b, 2004);
Belkacemi et al. (1997, 2002); De Bari
et al. (2002); Hamelinck et al. (2005);
Lynd et al. (2002); Nakamura et al.
(2001); Negro et al. (2003); Shevchenko
et al. (1999); Söderström et al. (2003);
Sun and Cheng (2002)

Pyrolysis

Liquid hot water
(LHW)

Ammonia ﬁber
explosion
(AFEX)

CO2 explosion

Pressurized hot water, p > 5 MPa,
T = 170–230 °C, 1–46 min; solids load
<20%

1–2 kg ammonia/kg dry biomass,
90 °C, 30 min, p = 1.12–1.36 MPa

4 kg CO2/kg ﬁber, p = 5,62 MPa

It can handle high solids loads
Size reduction with lower energy input
compared to comminution
80–100% hemicellulose hydrolysis, destruction
of a portion of xylan fraction, 45–65% xylose
recovery
Inhibitors formation
Addition of H2SO4, SO2, or CO2 improves
eﬃc. of further enzym. hydrolysis
Cellulose depolymerization occurs at certain
degree
Lignin is not solubilized, but it is redistributed
80–100% hemicellulose hydrolysis, 88–98%
xylose recovery, >50% olygomers
Low or no formation of inhibitors
Cellulose depolymerization occurs at certain
degree
Further cellulose conversion >90%
Partial solubilization of lignin (20–50%)
Ammonia recovery is required
0–60% hemicellulose hydrolysis in dependence
on moisture, >90% olygomers
No inhibitors formation
Cellulose depolymerization occurs at certain
degree
Further cellulose conversion can be >90%, for
high-lignin biomass (<50%)
10–20% lignin solubilization
No inhibitors formation
Further cellulose conversion can be >75%

Bagasse, corn stalk, wheat straw, rice
straw, barley straw, sweet sorghum
bagasse, Brassica carinata residue, olive
stones
Timothy grass, alfalfa, reed canary grass

Bagasse, corn stover, olive pulp
Alfalfa ﬁber

Aspen wood chips
Bagasse, wheat straw, barley straw, rice
hulls, corn stover
Switchgrass, coastal
Bermudagrass, alfalfa

Ballesteros et al. (2002b); Koegel et al.
(1999); Laser et al. (2002); Lynd et al.
(2002); Negro et al. (2003); Ogier et al.
(1999); Sreenath et al. (2001)
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Physical–chemical methods:
Steam explosion
Saturated steam at 160–290 °C,
p = 0,69–4,85 MPa for several sec or
min, then decompression until atm.
pressure

Khiyami et al. (2005); Sun and Cheng
(2002); Yu and Zhang (2003)

Dale et al. (1996); Lynd et al. (2002); Sun
and Cheng (2002)

Newsprint

Sun and Cheng (2002)

(continued on next page)
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MSW
Bagasse
Alfalfa
Recycled paper
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Table 5 (continued)
Methods
Chemical methods:
Ozonolysis

Concentrated-acid
hydrolysis

Alkaline hydrolysis

Remarks

Examples of pretreated materials

References

Ozone, room temperature and
pressure

No inhibitors formation
Further cellulose conversion can be >57%
Lignin degradation

Sun and Cheng (2002)

0,75–5% H2SO4, HCl, or HNO3,
p  1 MPa; continuous process for
low solids loads (5–10 wt% dry
substrate/mixture): T = 160–200 °C;
batch process for high solids loads
(10–40 wt% dry substrate/mixture):
T = 120–160 °C

pH neutralization is required that generates
gypsum as a residue
80–100% hemicellulose hydrolysis, 75–90%
xylose recovery
Cellulose depolymerization occurs at certain
degree
High temperature favors further cellulose
hydrolysis
Lignin is not solubilized, but it is redistributed
Acid recovery is required

Poplar sawdust
Pine
Bagasse, wheat straw, cotton straw, green
hay, peanut
Poplar wood

10–30% H2SO4, 170–190 °C, 1:1,6
solid–liquid ratio
21–60% peracetic acid, silo-type
system
Dilute NaOH, 24 h, 60 °C; Ca(OH)2,
4 h, 120 °C; it can be complemented
by adding H2O2 (0.5–2.15 vol.%) at
lower temperature (35 °C)

Oxidative
deligniﬁcation

Peroxidase and 2% H2O2, 20 °C, 8 h

Wet oxidation

1.2 MPa oxygen pressure, 195 °C,
15 min; addition of water and small
amounts of Na2CO3 or H2SO4
Organic solvents (methanol, ethanol,
acetone, ethylene glycol, triethylene
glycol) or their mixture with 1% of
H2SO4 or HCl; 185–198 °C, 30–
60 min, pH = 2.0–3.4

Organosolv process

Biological methods:
Fungal pretreatment

Brown-, white- and soft-rot fungi

Residence time greater compared to dilute-acid
hydrolysis
Peracetic acid provokes lignin oxidation
Reactor costs are lower compared to acid
pretreatment
>50% hemicellulose hydrolysis, 60–75% xylose
recovery
Low inhibitors formation
Cellulose swelling
Further cellulose conversion can be >65%
24–55% lignin removal for hardwood, lower
for softwood
Almost total solubilization of hemicellulose
Further cellulose conversion can be 95%
50% lignin solubilization
Solubilization of major part of hemicellulose
Inhibitors formation
Lignin degradation
Solvent recovery required
Almost total hydrolysis of hemicellulose, high
yield of xylose
Almost total lignin solubilization and
breakdown of internal lignin and hemicellulose
bonds
Fungi produces cellulases, hemicellulases, and
lignin-degrading enzymes: ligninases,
lignin.peroxidases, polyphenoloxidases,
laccase and quinone-reducing enzymes

Bagasse, corn stover, wheat straw, rye
straw, rice hulls
Switchgrass, Bermudagrass

Poplar sawdust

Hamelinck et al. (2005); Lynd et al.
(2002); Martinez et al. (2000);
Rodrı́guez-Chong et al. (2004); Saha
et al. (2005a,b); Schell et al. (2003);
Sun and Cheng (2002); Wooley et al.
(1999b)

Cuzens and Miller (1997); Teixeira
et al. (1999a,b)

Bagasse

Hardwood
Bagasse, corn stover, straws with low
lignin content (10–18%), cane leaves

Hamelinck et al. (2005); Hari Krishna
et al. (1998); Kaar and Holtzapple
(2000); Lynd et al. (2002); Saha and
Cotta (2006); Sun and Cheng (2002);
Teixeira et al. (1999a)

Bagasse

Sun and Cheng (2002)

Corn stover, wheat straw

Bjerre et al. (1996); Varga et al. (2004)

Poplar wood
Mixed softwood (spruce, pine, Douglas
ﬁr)

Lynd et al. (2002); Pan et al. (2005);
Rezzoug and Capart (1996); Sun and
Cheng (2002)

Corn stover, wheat straw

Sun and Cheng (2002); Tengerdy and
Szakacs (2003)
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Dilute-acid
hydrolysis

Procedure/agents
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Itoh et al. (2003)

municipal solid wastes (MSW). The composition of most
of these materials can be found elsewhere (e.g. Sun and
Cheng, 2002).
Numerous studies for developing large-scale production
of ethanol from lignocellulosics have been carried out in
the world. However, the main limiting factor is the higher
degree of complexity inherent to the processing of this feedstock. This is related to the nature and composition of lignocellulosic biomass. Two of the main polymers of the
biomass should be broken down into fermentable sugars
in order to be converted into ethanol or other valuable
products. But this degradation process is complicated,
energy-consuming and non-completely developed.
4.1. Pretreatment of lignocellulosic biomass

Modiﬁed from Sánchez and Cardona (2005).

Ceriporiopsis subvermispora for
2-8 weeks followed by ethanolysis
at 140–200 °C for 2 h
Bioorganosolv
pretreatment

Cellulase and hemicellulase
production by solid-state fermentation
of biomass

Very slow process: Pleurotus ostreatus
converts 35% of wheat straw into reducing
sugars in 5 weeks
Brown-rot fungi degrades cellulose
White- and soft-rot fungi degrade cellulose and
lignin
Fungi decompose the lignin network
Ethanol action allows hemicellulose hydrolysis
Biological pretreatment can save 15% of the
electricity needed for ethanolysis
Ethanol can be reused; environmentallyfriendly process

Beech wood

The main processing challenge in the ethanol production
from lignocellulosic biomass is the feedstock pretreatment.
The lignocellulosic complex is made up of a matrix of cellulose and lignin bound by hemicellulose chains. During
the pretreatment, this matrix should be broken in order
to reduce the crystallinity degree of the cellulose and
increase the fraction of amorphous cellulose, the most suitable form for enzymatic attack. Additionally, main part of
hemicellulose should be hydrolyzed and lignin should be
released or even degraded. The fact that the cellulose
hydrolysis is aﬀected by the porosity (accessible surface
area) of lignocellulosic materials should be also considered.
The yield of cellulose hydrolysis is less than 20% of the theoretical when pretreatment is not carried out, whereas the
yield after pretreatment often exceeds 90% of theoretical
(Lynd, 1996). Therefore, the aim of the pretreatment is
the removal of lignin and hemicellulose, the reduction of
crystalline cellulose and the increase in the porosity of
the materials. Additionally, the pretreatment should
improve the formation of sugars or the ability to form
them during the succeeding enzymatic hydrolysis, and
avoid the formation of inhibitors for subsequent hydrolysis
and fermentation processes. For the pretreatment of lignocellulosics, several physical, physical–chemical, chemical
and biological processes have been proposed and developed (Sun and Cheng, 2002). The main pretreatment methods reported in the literature are shown in Table 5.
4.1.1. Physical methods
Waste materials can be comminuted by a combination
of chipping, grinding and milling to reduce cellulose
crystallinity. This reduction facilitates the access of cellulases to the biomass surface increasing the conversion of
cellulose. The energy requirements of mechanical comminution of lignocellulosic materials depend on the ﬁnal
particle size and biomass characteristics. Although
mechanical pretreatment methods increase cellulose reactivity towards enzymatic hydrolysis, they are unattractive
due to their high energy and capital costs (Ghosh and
Ghose, 2003). Pyrolysis has also been tested as a physical
method for pretreatment of lignocellulosic biomass since
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cellulose rapidly decomposes when is treated at high
temperatures.
4.1.2. Physical–chemical methods
Physical–chemical pretreatment methods are considerably more eﬀective than physical. The steam explosion is
the most studied method of this type. During this process,
the use of saturated steam at high pressure causes autohydrolysis reactions in which part of the hemicellulose and
lignin are converted into soluble olygomers. The factors
aﬀecting steam explosion pretreatment are residence time,
temperature, chip size and moisture content. To consider
the combined action of both temperature and time over
the performance of steam explosion pretreatment, the
so-called severity index has been deﬁned including a correction term when this process is carried out under acidic conditions (Shahbazi et al., 2005; Söderström et al., 2003). In
some cases (e.g. herbaceous waste), the use of very small
particles is not desirable considering the economy of the
process (Ballesteros et al., 2002a).This method is recognized as one of the most cost-eﬀective for hardwood (poplar, oak, birch, maple) and agricultural residues, but is less
eﬃcient for softwood (pine, cedar). Shahbazi et al. (2005)
proposed a fractionation procedure for softwood based
on steam explosion and alkaline deligniﬁcation in order
to produce ethanol and related co-products. Söderström
et al. (2003) propose a two-step steam pretreatment of softwood by dilute-acid impregnation that includes a partial
hydrolysis of cellulose during the second step. According
to these authors, this variant of pretreatment is a promising
method for increasing the overall yield during ethanol
production.
One of the most promising methods is the pretreatment
with Liquid Hot Water (LHW) or thermohydrolysis. Laser
et al. (2002) mention that under optimal conditions, this
method is comparable to dilute acid pretreatment but without addition of acids or production of neutralization
wastes. In addition, this technology presents elevated
recovery rates of pentoses and does not generate inhibitors
(Ogier et al., 1999). Nevertheless, solid load is much less
than for steam explosion, which is usually greater than
50%. Negro et al. (2003) compared steam explosion and
LHW pretreatments for poplar biomass and showed best
results for the latter at 210 °C during 4 min. Other physical–chemical method is the Ammonia Fiber Explosion
(AFEX) process whose fundament is similar to steam
explosion. As AFEX method and steam explosion, CO2
explosion uses the same principle but the yields are relatively low (Sun and Cheng, 2002).
4.1.3. Chemical methods
Chemical pretreatments employ diﬀerent chemical
agents as ozone, acids, alkalis, peroxide and organic solvents. Inorganic acids as H2SO4 and HCl have been preferably used for biomass pretreatment. Hydrolysis with dilute
sulfuric acid has been successfully developed given that
high reaction rates can be achieved improving signiﬁcantly

the subsequent process of cellulose hydrolysis. In contrast,
the costs of dilute acid pretreatment are higher than the
corresponding ones of steam explosion or AFEX process
(Sun and Cheng, 2002). Schell et al. (2003) studied the
dilute-acid pretreatment of corn stover at pilot plant level
using high solid loads obtaining a xylose yield of 77% at
190 °C. This pretreatment method was evaluated through
a kinetic model that allowed the prediction of process conditions in order to maximize the yield. Similar kinetic studies were carried out for cane bagasse pretreated with nitric
acid (Rodrı́guez-Chong et al., 2004) or without acid addition (Jacobsen and Wyman, 2002). Dilute acid pretreatment also can be accomplished in a two-stage way. For
this, a ﬁrst depolymerization stage of hemicellulose at
140 °C during 15 min is carried out in order to avoid the
formation of furan compounds and carboxylic acids, followed by a second stage at 190 °C during 10 min to make
cellulose more accessible to enzymatic hydrolysis (Saha
et al., 2005a,b). These authors point out that the realization
of dilute-acid pretreatment at low temperatures (121 °C)
allows avoiding the degradation of sugars to furfural and
hydroxymethylfurfural (HMF), but the sugars yields are
lower.
Dilute acid pretreatment along with steam explosion are
the most widely studied methods. The National Renewable
Energy Laboratory (NREL) of the US Department of
Energy, which currently is developing ethanol production
technologies from biomass, has preferred the dilute acid
pretreatment for the design of its process alternatives
(Aden et al., 2002; Wooley et al., 1999b). Lynd (1996)
points out that the main advantage of this process related
to steam explosion is the higher recovery of sugars derived
from hemicellulose. For hardwood, this recovery is about
80% for dilute acid pretreatment, and does not exceed
65% for steam explosion. Ogier et al. (1999) state that the
methods appearing as the most eﬃcient are dilute-acid pretreatment, steam explosion with catalyst addition and
LHW. These methods are also chosen by Hamelinck
et al. (2005) as the more perspective in short-, mid- and
long-term evaluations.
Concentrated acids also have been used for pretreatment. A fuel ethanol production process from cane bagasse
involving the pretreatment with concentrated sulfuric acid
has been patented (Farone and Cuzens, 1996). This technology implies the retroﬁtting of sugar mills in order to
produce ethanol and improve energetic indexes of this kind
of processes (Cuzens and Miller, 1997). An alternative
approach was tested by Teixeira et al. (1999a,b), which
employ a silo type system by introducing the feedstock
(bagasse or hybrid poplar) in plastic bags to which a peracetic acid solution was added. Cellulose conversion of pretreated material reached 93.1% during 120 h using 21 wt%
acid concentration or during 24 h using 60 wt% acid concentration. This system requires low energy since the process is carried out at room temperature.
Alkaline pretreatment is based on the eﬀects of the
addition of dilute bases on the biomass: increase of
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internal surface by swelling, decrease of polymerization
degree and crystallinity, destruction of links between lignin and other polymers, and breakdown of lignin. The
eﬀectiveness of this method depends on the lignin content
of the biomass (Sun and Cheng, 2002). In general, the utilization of bases as sodium hydroxide or solvents such as
ethanol or methanol (organosolv process) allows the dissolution of lignin, but their costs are so high that these
methods are not competitive for large scale plants (Lynd
et al., 1999).
4.1.4. Biological methods
Biological pretreatment has low energy requirements
and mild environmental conditions. However, most of
these processes are too slow limiting its application at
industrial level. Many white-rot fungi degrade the lignin
and, for this reason, they have been utilized for ligninases
production and lignocellulose degradation. Lee (1997)
reports the main microorganisms producing lignindegrading enzymes and indicates the fermentation
processes for producing them by both submerged culture
and solid-state fermentation. In fact, the fungus Phanerochaete chrysosporium has been proposed in the patent of
Zhang (2006) for degrading the lignin in a biomass-to-ethanol process scheme involving the separate fermentation
of pentoses and hexoses. Tengerdy and Szakacs (2003)
and Kang et al. (2004) highlight the viability of producing
cellulases and hemicellulases by solid-state fermentation.
According to preliminary evaluations of the NREL, the
cost of cellulases produced in situ by submerged culture
is US$0.38/100,000 FPU (Filter Paper Units, a way for
measuring cellulase activity). Thus, cellulase costs
comprise 20% of ethanol production costs assuming them
in US$1.5/gallon. On the other hand, commercial cellulase cost (US$16/100,000 FPU) is prohibitive for this
process. In contrast, these authors indicate that the cost
of producing cellulases by solid-state fermentation of corn
stover could reach US$0.15/100,000 FPU that would correspond to US$0.118/gal EtOH, i.e. near 8% of total
costs.
One of the main problems during the pretreatment and
hydrolysis of biomass is the variability in the content of
lignin and hemicellulose. This variability depends on
factors as the type of plant from which the biomass is
obtained, crop age, method of harvesting, etc. This makes
that no one of the pretreatment methods could be applied
in a generic way for many diﬀerent feedstocks (Claassen
et al., 1999). The future trends for improving the
pretreatment of lignocellulosic feedstocks also include
the production of genetically modiﬁed plant materials
with higher carbohydrate content or modiﬁed plant structure to facilitate pretreatment in milder conditions or
using hemicellulases. It is estimated that the use of these
new materials along with improved conversion technologies, could reduce the ethanol cost from lignocellulosic
biomass in US$0.11/L in the next ten years (Wooley
et al., 1999a).
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4.2. Detoxiﬁcation of lignocellulosic hydrolyzates
During pretreatment and hydrolysis of lignocellulosic
biomass, a great amount of compounds that can seriously
inhibit the subsequent fermentation are formed in addition
to fermentable sugars. Inhibitory substances are generated
as a result of the hydrolysis of the extractive components,
organic and sugar acids esteriﬁed to hemicellulose (acetic,
formic, glucuronic, galacturonic), and solubilized phenolic
derivatives. In the same way, inhibitors are produced from
the degradation products of soluble sugars (furfural, HMF)
and lignin (cinnamaldehyde, p-hydroxybenzaldehyde,
syringaldehyde), and as a consequence of corrosion (metal
ions) (Lynd, 1996; Palmqvist and Hahn-Hägerdal, 2000b).
For this reason and depending on the type of employed pretreatment and hydrolysis, detoxiﬁcation of the streams that
will undergo fermentation is required. Detoxiﬁcation methods can be physical, chemical or biological. As pointed out
by Palmqvist and Hahn-Hägerdal (2000a), these methods
cannot be directly compared because they vary in the neutralization degree of the inhibitors. In addition, the fermenting microorganisms have diﬀerent tolerances to the
inhibitors. The main features of the detoxiﬁcation methods
employed for ethanol production from biomass and some
examples are summarized in Table 6.
In the model processes developed for NREL, ionic
exchange (Wooley et al., 1999b) and overliming (Aden
et al., 2002) have been proposed as detoxiﬁcation methods.
Alkali treatment is considered one of the best detoxiﬁcation methods. By this method, furaldehydes and phenolic
compounds are mainly removed leading to great improvement in fermentability, especially in the case of dilute-acid
hydrolyzates (Persson et al., 2002a). Treatment with calcium hydroxide (overliming) or ammonia has shown better
results than treatment with sodium or potassium hydroxide, but this diﬀerence has not been understood. Martinez
et al. (2001) performed the experimental optimization of
the amount of added lime, which depends on the content
of acids in each hydrolyzate. These authors developed a
method for predicting the optimal addition dosage based
on the titration of hydrolyzate with 2 N NaOH. Persson
et al. (2002a) indicate that the positive eﬀects of alkali
treatment cannot be completely explained by the removal
of inhibitors and that this method could have possible stimulatory eﬀects on fermenting microorganisms.
Other very diverse detoxiﬁcation methods have been
proposed as: neutralization with lime followed by the addition of activated carbon and ﬁltration for acetic acid
removal; partial removal of acetic acid, furfural and soluble lignin by molecular sieves; vapor stripping for removal
of volatile inhibitors (Olsson and Hahn-Hägerdal, 1996);
and adsorption using activated carbon, diatomite, bentonite and zeolite after neutralization or overliming (Yu and
Zhang, 2003). An alternative biological method for detoxiﬁcation of dilute solutions resulting from biomass pretreated by pyrolysis has been proposed (Khiyami et al.,
2005). It is based on a bioﬁlm reactor that uses a mixed
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Table 6
Detoxiﬁcation methods of streams resulting of pretreatment and hydrolysis of lignocellulosic biomass for bioethanol production
Methods
Physical methods:
Evaporation

Adsorption

Chemical methods:
Neutralization

Alkaline
detoxiﬁcation
(overliming)

Examples

Microorganism

Remarks

References

Evaporation, separation of volatile and nonvolatile fractions and dilution of non-volatile
fraction

Willow hz.

S. cerevisiae

Aspen hz.

P. stipitis

Spruce hz.

S. cerevisiae

Palmqvist and
Hahn-Hägerdal (2000a)
Palmqvist and
Hahn-Hägerdal (2000a)
Palmqvist and
Hahn-Hägerdal (2000a)

Aspen hz.

P. stipitis

Pine hz.

S. cerevisiae

Steam-exploded
poplar

S. cerevisiae

Dilute-acid spruce hz.

S. cerevisiae

Reduction of acetic acid and phenolic compounds
in non-volatile fraction; roto-evaporation
93% yield of ref. fermn.; removal: 54% acetic acid,
100% furfural, 29% vanillin; roto-evaporation;
Solv: diethyl ether (solv.); yield comparable to ref.
fermn.; removal of acetic, formic and levulinic
acids, furfural, HMF
Solv.: ethyl acetate; 93% yield of ref. fermn.;
removal: 56% acetic acid, 100% furfural, 100%
vanillin, 100% hydroxybenzoic acid
Solv.: ethyl acetate; removal of low molecular
phenolic compounds
Solv.: ethyl acetate; EtOH yield (SSF): detoxiﬁed
hz. 0.51 g/g, undetox. hz. 0 g/g; high degree of
phenolic removal
Solv.: supercritical CO2; 98% yield of ref. fermn.;
removal: 93% furfural, 10% HMF

Steam-exploded
concentr. oak hz.

S. cerevisiae

Amberlite hydrophobic polymeric adsorbent
XAD-4, 8% (w/v), 1.5 h, 25 °C; regeneration with
EtOH; then, neutraliz. with lime

LHW-pretreated corn
ﬁber

Recombinant
E. coli

Ca(OH)2 or CaO, pH = 6, then membrane
ﬁltration or adsorption

Acid hz. of cotton
waste pyrolysate
Steam-exploded
poplar
Dilute-acid hz. of
spruce
Steam-exploded
bagasse
Acid hz. of cotton
waste pyrolysate
Rice hulls hz.

S. cerevisiae,
Pichia sp.
S. cerevisiae

Organic solvents, 3:1 org. phase: aqueous phase
volumetric ratio

Supercritical solvent in countercurrent with the
hydrolyzate, 20 MPa, 40 °C; then, depressurization
Activated carbon, 0.05–0.20 g/g glucose

Ca(OH)2, pH = 9–10,5, then pH adjustment to
5,5–6,5 with H2SO4 or HCl

Wheat straw hz.
Dilute-acid bagasse
hz.

Recombinant S.
cerevisiae
S. cerevisiae,
Pichia sp.
Recombinant
E. coli
Recombinant
E. coli
Recombinant
E.coli

Palmqvist and
Hahn-Hägerdal (2000a)
Palmqvist and
Hahn-Hägerdal (2000a)
Cantarella et al. (2004)

Persson et al. (2002b)

Detoxiﬁed hz. with 140–170 g/L initial glucose
was utilized; undetox. hz. with 100 g/L initial
glucose could not be completely utilized
Reduction of furfural conc. from 1–5 to <0.01 g/
L; 90% yield of theoretical; sugars are not
adsorbed

Lee et al. (1999)

Precipitation or removal of toxic compounds; 10%
lower yield for Pichia sp.
EtOH yield (SSF): detoxiﬁed hz. 0.86 g/g,
undetox. hz. 0 g/g
Yield comparable to ref. fermn.; 20% removal of
furfural and HMF
Removal of acid acetic, furfural and part of
phenolic compounds
7.5% lower yield for Pichia sp.

Yu and Zhang (2003)

Yu and Zhang (2003)

39% reduction in fermentation time

Saha et al. (2005a)

Reduction in fermn. time: SSF -18%, SHF - 67%

Saha et al. (2005b)

Removal: 51% furfural, 51% HMF, 41% phenolic
compounds, 0% acetic acid; overliming at 60 °C or
25 °C, at high temperature, the required amounts
of lime and acid are reduced

Martinez et al. (2000,
2001)

Weil et al. (2002)

Cantarella et al. (2004)
Palmqvist and
Hahn-Hägerdal (2000a)
Martı́n et al. (2002)
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Extraction

Procedure/agents

Combined
alkaline
detoxiﬁcation

Ionic exchange

KOH, pH = 10, then pH adjustment to 6,5 with
HCl and addition of 1% sodium sulﬁte

Weak base resins Amberlyst A20, regenerated
with ammonia

Bagasse hz.

P. stipitis

Dilute-acid hz. of
spruce
Willow hz.

S. cerevisiae

Dilute-acid poplar
Dilute-acid hz. of
spruce

Microbial
detoxiﬁcation

Poly(4-vinyl pyridine) (Xie et al. (2005))

Corn-stover hz.

Recombinant S.
cerevisiae

Laccase (phenol oxidase) and lignin peroxidase
from Trametes versicolor: 30 °C, 12 h

Willow hz.

S. cerevisiae

Steam-exploded
bagasse
Steam-exploded
willow

Recombinant S.
cerevisiae
S. cerevisiae

Trichoderma reesei

Immobilized to PCS mixed culture of
Pseudomonas putida and Streptomyces setonii cells
(bioﬁlm reactor: PCS tubes attached to CSTR
agitator shaft)

Diluted pyrolysate of
corn stover

Removal: 88% acetic acid, 100% H2SO4; 100%
sugars recovery
Removal: >80% phenolic compounds, 100%
levulinic, acetic and formic acids, 70% furfural;
considerable lost of fermentable sugars
Sugars eluted earlier than all tested inhibitors;
ferment. results were similar to that using pure
sugars

Palmqvist and
Hahn-Hägerdal (2000a)
Palmqvist and
Hahn-Hägerdal (2000a)
Palmqvist and
Hahn-Hägerdal (2000a)
Wooley et al. (1999b)
Palmqvist and
Hahn-Hägerdal (2000a)
Xie et al. (2005)

2–3-fold increase of EtOH productivity compared
to undetox. hz.; laccase selectively removes
phenolic low molecular weight compounds and
phenolic acids
80% removal of phenolic compounds

Palmqvist and
Hahn-Hägerdal (2000a);
Jönsson et al. (1998)

3-fold increase of EtOH productivity compared to
undetox. hz.; 4-fold increase of yield; removal of
acetic acid, furfural and benzoic acid derivatives
Aerobic bacteria oxidize aromatic compounds
Detoxiﬁcation of 10 and 25 vol.% of pyrolysate
medium, and partially detoxiﬁcation of 50 vol.%
of pyrolysate medium

Palmqvist and
Hahn-Hägerdal (2000a)

Martı́n et al. (2002)

Khiyami et al. (2005)

Observations: Reference fermentation (ref. fermn.) refers to fermentation carried out in a glucose-based medium without inhibitors; hz – hydrolyzate; undetox. hz. – undetoxiﬁed hydrolyzate;
PCS – plastic composite support. Modiﬁed from Sánchez and Cardona (2005).
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Biological methods:
Enzymatic
detoxiﬁcation

Recombinant
E. coli
Recombinant Z.
mobilis
S. cerevisiae

Reduction of ketones and aldehydes, removal of
volatile compounds when hydrolyzate is heated at
90 °C
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culture of aerobic bacteria cells (see Table 6) naturally
immobilized on a plastic support. In this way, the bioﬁlm-associated cells are more resistant to the toxic
substances released during the biomass pretreatment. The
use of extraction with supercritical ﬂuids has also been
proposed for detoxiﬁcation of wood hydrolyzates (Persson
et al., 2002b).
The presence of inhibitors directly inﬂuences on the
course of ethanolic fermentation. In continuous or fedbatch fermentations, feed of the bioreactors is carried out
with not very high ﬂow rates allowing a low concentration
of inhibitors in the broth. In continuous systems, inhibitors
diminish the growth rate and, therefore, the process productivity that is directly linked to the dilution rate. In systems with cell retention (e.g., by cell recirculation using
ﬁltration, sedimentation or centrifugation), the increase
of accumulables, including the inhibitors, makes the productivity to fall down imposing the need of implementing
purge streams. Taherzadeh (1999) developed a simple strategy for on-line feedback control of fed-batch cultivation
for in situ detoxiﬁcation of spruce and birch hydrolyzates.
Through this strategy, the same yeast cells converted the
inhibitors and maintained their concentration at low levels
without the need of any detoxiﬁcation treatment. Thus, the
maximal speciﬁc productivity of ethanol increased in more
than 10 times (Nilsson et al., 2001). Purwadi et al. (2007)
employed a continuous cultivation system using a ﬂocculating strain of S. cerevisiae to ferment a non-detoxiﬁed
spruce hydrolyzate. Results obtained demonstrated that
high-cell system with recycling of cells allow the in situ
detoxiﬁcation of the pretreated biomass at high dilution
rates without the need of any detoxiﬁcation method. It
has shown the possibility of converting the hydrolyzates
into ethanol in two hours (at dilution rates of 0.5 h 1),
which represents an important outcome in the cultivation
of toxic pretreated lignocellulosic biomass.
Most of the studies on the eﬀect of toxic compounds on
growth and ethanol production have been performed for S.
cerevisiae and xylose-fermenting yeast. Palmqvist et al.
(1999) carried out extensive experiments for assessing the
eﬀect of acetic acid, furfural and p-hydroxybenzoic acid
on growth and ethanol productivity of S. cerevisiae and
C. shehatae through full factorial design. Oliva et al.
(2003, 2004) performed the study of the eﬀect of compounds released during the pretreatment of poplar biomass
by steam explosion for the thermotolerant yeast Kluyveromyces marxianus, showing that growth is more aﬀected
than ethanol production, and that this microorganism
exhibits an important resistance to aromatic compounds.
Recombinant microorganisms also have been investigated
regarding their capacity for fermenting lignocellulosic
hydrolyzates containing inhibitors. Zaldivar et al. (1999,
2000) analyzed the eﬀect of several aldehydes and alcohols
formed during the dilute-acid pretreatment on the growth
and fermentation of genetically-modiﬁed E. coli capable
of assimilating xylose. In the case of aldehydes, these
authors showed that only furfural strongly inhibited

ethanol production. One new approach to tackle the presence of inhibitors in biomass hydrolyzates is the development of inhibitor-tolerant strains of microorganisms by
means of genetic modiﬁcation and metabolic engineering.
However, Belkacemi et al. (2002) point out that due to
the synergistic interactions among inhibitors and lack of
information about the mechanisms of these interactions,
it is not clear against what inhibitor resistance is desired.
In this way, intense eﬀorts are being carried out for the
identiﬁcation of inhibitory substances, as well as the determination of their inhibition mechanisms. Palmqvist and
Hahn-Hägerdal (2000b) have reviewed the main works carried out in this ﬁeld applied to wood hydrolyzates. These
authors emphasize that these studies will allow the minimization of inhibitors formation during pretreatment and
hydrolysis, the prediction of hydrolyzates fermentability
and the development of more eﬃcient detoxiﬁcation
methods.
4.3. Hydrolysis of cellulose
For fermentation of lignocellulosic materials, cellulose
should be degraded into glucose (sacchariﬁcation) using
acids or enzymes. In the former case, concentrated or dilute
acids can be used. If dilute acids (H2SO4 and HCl) are
employed, temperatures of 200–240 °C at 1.5% acid concentrations are required to hydrolyze the crystalline cellulose, but the degradation of glucose into HMF and other
non-desired products is unavoidable under these conditions. Similarly, xylose is degraded into furfural and other
compounds. During two-stage regime, a ﬁrst stage under
mild conditions (190 °C, 0.7% acid, 3 min) is carried out
to recover pentoses, while in the second stage, the remaining solids undergo harsher conditions (215 °C, 0.4% acid,
3 min) to recover hexoses. In this way, 50% glucose yield
is obtained (Hamelinck et al., 2005). One variant of the
acid hydrolysis is the employ of extremely low acid and
high temperature conditions during batch processes
(auto-hydrolysis approach) that has been applied to sawdust (Ojumu and Ogunkunle, 2005). Concentrated acid
process using 30–70% H2SO4 has higher glucose yield
(90%) and is relatively rapid (10–12 h) but the amount of
used acid is a critical economic factor. By continuous
ion-exchange, over 97% acid recovery is possible (Hamelinck et al., 2005).
However, cellulose hydrolysis is currently carried out
using microbial cellulolytic enzymes. Enzymatic hydrolysis
has demonstrated better results for the subsequent fermentation because no degradation components of glucose are
formed although the process is slower. Most of the
commercial cellulases are obtained aerobically from Trichoderma reesei, though a small portion is obtained from A.
niger. T. reesei releases a mixture of cellulases, among
which at least two cellobiohydrolases, ﬁve endoglucanases,
b-glucosidases and hemicellulases can be found (Zhang
and Lynd, 2004). The action of cellobiohydrolases causes
a gradual decrease in the polymerization degree while
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endoglucanases cause the rupture of cellulose in smaller
chains reducing rapidly the polymerization degree. Endoglucanases especially act on amorphous cellulose, whereas
cellobiohydrolases can act on crystalline cellulose as well
(Lynd et al., 2002). Although T. reesei produces some bglucosidases, which are responsible of hydrolyzing formed
cellobiose into two molecules of glucose, their activities are
not very high. Unfortunately, cellobiohydrolases are inhibited by the cellobiose. For this reason, b-glucosidase from
other source needs to be added in order to complement
the action of the cellulases of this fungus. Factorial optimization techniques have been applied for the design of cellulases mixtures from diﬀerent sources including bglucosidase in order to maximize the yield of produced glucose (Kim et al., 1998). The development of a multicellulase
plasmid in which the diﬀerent cellulase genes could be
expressed to produce cellulases with an optimum ratio
from a single cultivation has been suggested.
Cellulases should be adsorbed on the surface of substrate particles before hydrolysis of insoluble cellulose
takes place. The three-dimensional structure of these particles in combination with their size and shape determines
whether b-glucosidic linkages are or are not accessible to
enzymatic attack (Zhang and Lynd, 2004). This makes cellulose hydrolysis to be slower compared to the enzymatic
degradation of other biopolymers. For instance, the hydrolysis rate of starch by amylases is 100 times faster than
hydrolysis rate of cellulose by cellulases under industrial
processing conditions.
4.4. Fermentation of biomass hydrolyzates
The classic conﬁguration employed for fermenting biomass hydrolyzates involves a sequential process where the
hydrolysis of cellulose and the fermentation are carried
out in diﬀerent units. This conﬁguration is known as separate hydrolysis and fermentation (SHF). In the alternative
variant, the simultaneous sacchariﬁcation and fermentation (SSF), the hydrolysis and fermentation are performed
in a single unit. The most employed microorganism for fermenting lignocellulosic hydrolyzates is S. cerevisiae, which
ferments the hexoses contained in the hydrolyzate but not
the pentoses.
4.4.1. Separate hydrolysis and fermentation
When sequential process is utilized, solid fraction of
pretreated lignocellulosic material undergoes hydrolysis
(sacchariﬁcation). This fraction contains the cellulose in an
accessible to acids or enzymes form. Once hydrolysis is completed, the resulting cellulose hydrolyzate is fermented and
converted into ethanol. One of the main features of the
SHF process is that each step can be performed at its optimal
operating conditions. The most important factors to be
taken into account for sacchariﬁcation step are reaction
time, temperature, pH, enzyme dosage and substrate load.
By testing lignocellulosic material from sugar cane
leaves, Hari Krishna et al. (1998) have found the best val-
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ues of all these parameters varying in each experimental
series the value of one of the factors ﬁxing the other ones.
65–70% cellulose conversion was achieved at 50 °C and pH
of 4.5. Although enzyme doses of 100 FPU/g cellulose
caused almost a 100% hydrolysis, this amount of cellulases
is not economically justiﬁable. Hence, 40 FPU/g cellulose
dosage was proposed obtaining only 13% reduction in conversion. Regarding the substrate concentration, solids
loads of 10% was deﬁned as the most adequate considering
arising mixing diﬃculties and accumulation of inhibitors in
the reactioning medium. Though these conditions were
determined for a speciﬁc material pretreated by overliming
and the extrapolations to other lignocellulosic feedstocks
are risky, found values are within the reported ones in
the literature for a wide range of materials. Hydrolysis tests
for steam-pretreated spruce also indicate the need of high
enzyme loadings of both cellulases and b-glucosidase to
achieve cellulose conversions greater than 70% due to the
less degradability of the softwood (Tengborg et al., 2001).
The composition of lignocellulosic material has an important inﬂuence on the enzyme dosage as claimed in the patent of Foody et al. (2000). In particular, the ratio of
arabinan plus xylan to total nonstarch polysaccharides
determines its relative cellulase requirement to convert
the cellulose to glucose. Thus, the higher this ratio, the less
enzyme is required after the pretreatment, and hence the
more economical the production of ethanol. Feedstocks
with values of this ratio over about 0.39 are particularly
well suited for a cellulose-to-ethanol process as certain
varieties of oat hulls and corn cobs. Saha and Cotta
(2006) obtained 96.7% yield of monomeric sugars using
an enzymatic cocktail of cellulase, b-glucosidase and xylanase for sacchariﬁcation of wheat straw pretreated by alkaline peroxide method. An ethanol concentration of 18.9 g/
L and a yield of 0.46 g/g of available sugars were achieved
in the subsequent fermentation using a recombinant E. coli
strain capable of assimilating both hexoses and pentoses.
Park et al. (2001) have studied the hydrolysis of waste
paper contained in MSW obtaining signiﬁcant sugars yield
and evaluating the viscosity as operating parameter. Bioethanol production from the cellulosic portion of MSW
has been already patented (Titmas, 1999) and some strategies for improving the fermentability of acid hydrolyzates
of MSW have been deﬁned. Nguyen et al. (1999) employed
a mixed solids waste (construction lumber waste, almond
tree prunings, wheat straw, oﬃce waste paper, and newsprint) for producing ethanol by SHF using yeasts. In this
process, a recycling of enzymes was implemented through
microﬁltration and ultraﬁltration achieving 90% cellulose
hydrolysis at a net enzyme loading of 10 FPU/g cellulose.
S. cerevisiae has demonstrated its elevated resistance to
the presence of inhibitors in the lignocellulosic hydrolyzate.
In the case of the more productive continuous regime, one
way to enhance this resistance is the increase in the cell
retention to prevent wash-out and maintain high yeast cell
density. Brandberg et al. (2005) employed a microﬁltration
unit to recirculate the cells under microaerobic conditions
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achieving sugar conversion up to 99% for undetoxiﬁed
dilute-acid pretreated hydrolyzates of softwood (spruce)
supplemented with mineral nutrients, although the operation time was not very high (96 h) and the productivity
was low. Cantarella et al. (2001) utilized a non-conventional approach for the sacchariﬁcation process using
bi-phasic media, which allow reaching higher glucose concentrations at the end of the hydrolysis (about 150 g/L
evaluated in aqueous phase). In this case, greater substrate
loads can be used because the added organic phase (acetate
esters) ensures the required rheological properties for the
process.

4.4.2. Simultaneous sacchariﬁcation and fermentation
The SSF process shows more attractive indexes than the
SHF as higher ethanol yields and less energetic consumption. In this case, the cellulases and microorganisms are
added to the same process unit allowing that the glucose
formed during the enzymatic hydrolysis of cellulose be
immediately consumed by the microbial cells converting
it into ethanol. Thus, the inhibition eﬀect caused by the
sugars over the cellulases is neutralized. However, the need
of employing more dilute media to reach suitable rheological properties makes that ﬁnal product concentration be
low. In addition, this process operates at non-optimal conditions for hydrolysis and requires higher enzyme dosage,
which positively inﬂuences on substrate conversion, but
negatively on process costs. Considering that enzymes
account for an important part of production costs, it is necessary to ﬁnd methods reducing the cellulases doses to be
utilized. With this aim, addition of surfactants has been
proposed. Alkasrawi et al. (2003) showed that the addition
of the non-ionic surfactant Tween-20 to the steam exploded
wood during a batch SSF using S. cerevisiae has some
eﬀects: 8% increase in ethanol yield, 50% reduction in cellulases dosage (from 44 FPU/g cellulose to 22 FPU/g cellulose), increase of enzyme activity at the end of the process,
and decrease in the time required for reaching the highest
ethanol concentration. It is postulated that the surfactant
avoids or diminishes the non-useful adsorption of cellulases
to the lignin. However, Saha et al. (2005a) obtained marginal increases (3.5%) in sacchariﬁcation of rice hulls using
2.5 g/L of Tween 20.
Hari Krishna et al. (1998) evaluated the optimal conditions of the SSF of sugar cane leaves, as they did for the
SHF. These authors deﬁned a temperature of 40 °C and
pH of 5.1 as the best conditions for 3-d cultivation, achieving 31 g/L of ethanol from an initial substrate load as high
as 15%. Nevertheless, the enzyme dosage was quite high
(100 FPU/g cellulose). Softwood is more diﬃcult to
degrade by SSF than hardwood. Stenberg et al. (2000) used
the resulting slurry of the steam pretreatment of SO2impregnated spruce in SSF tests using yeasts and determined that the best initial load of substrate was 5% (w/
w) reaching an 82% yield based on the cellulose and soluble
hexoses present at the start of the process. The productivity

was doubled related to SHF. The cellulases load was in the
range of 5–32 FPU/g cellulose.
Varga et al. (2004) proposed a non-isothermal regime
for batch SSF process in the case of wet oxidized corn stover: In the ﬁrst step of the SSF, small amounts of cellulases
were added at 50 °C to obtain better mixing conditions. In
the second step, more cellulases were added along with the
yeast S. cerevisiae at 30 °C. In this way, the ﬁnal solid concentration in the hydrolyzate could be increased up to 17%
dry matter concentration achieving 78% ethanol yield. In
general, increased cultivation temperature accelerates metabolic processes and lowers the refrigeration requirements.
Yeasts as K. marxianus have been tested as potential ethanol producer at temperatures higher than 40 °C. Kádár
et al. (2004) compared the performance of thermotolerant
K. marxianus and S. cerevisiae during batch SSF of waste
cardboard and paper sludge not ﬁnding great diﬀerences
between both microorganisms at 40 °C, although cellulose
conversions (55–60%) and ethanol yields (0.30–0.34 g/g cellulose) were relatively low. Ballesteros et al. (2001) carried
out several fed-batch SSF tests at 42 °C during 72 h using
K. marxianus in the case of by-products of olive oil extraction. Their results showed ethanol yields of 76% of theoretical for olive pulp, and of 59% for acid-catalyzed steamexploded olive stones. With the aim of increasing ethanol
yields from olive pulp, Ballesteros et al. (2002b) employed
LHW pretreatment reaching a yield of 80% of theoretical
and recovering potentially valuable phenolic compounds.
4.4.3. Fermentation of pentoses
One of the main problems in bioethanol production
from lignocellulosics is that S. cerevisiae can ferment only
certain mono- and disaccharides like glucose, fructose,
maltose and sucrose. This microorganism is not able to
assimilate cellulose and hemicellulose directly. In addition,
pentoses obtained during hemicellulose hydrolysis (mainly
xylose) cannot be assimilated by this yeast. A way to overcome this obstacle is through recombinant DNA technology (genetic engineering) that will be analyzed in a future
review. Other approach to this problem is the use of pentose fermenting microorganisms like some species of yeasts
and bacteria. In this case, conﬁgurations involving the separate fermentation of pentoses and hexoses have been proposed. Yeasts as Pichia stipitis, Candida shehatae and
Pachysolen tannophilus can assimilate pentoses but their
ethanol production rate from glucose is at least ﬁve times
less than that observed for S. cerevisiae. Moreover, their
culture requires oxygen and ethanol tolerance is 2-4 times
lower (Claassen et al., 1999). Olsson and Hahn-Hägerdal
(1996) extensively reviewed the microorganisms employed
for pentose fermentation noting that most of them present
inhibition by substrate, besides product inhibition. For
example, the productivity of the yeast C. shehatae can
diminish from 0.47–0.68 g/(L h) for xylose concentrations
of 30–90 g/L to 0.42 for xylose concentrations of 200 g/L.
Pentose fermenting yeasts require a careful control for
maintaining low oxygen levels in the culture medium
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needed for their oxidative metabolism. Additionally, these
yeasts successfully ferment pure xylose but not the aqueous
hemicellulose streams generated during the biomass pretreatment, probably due to the presence of diﬀerent inhibitors (Chandrakant and Bisaria, 1998).
For pentose utilizing microorganisms, the hexoses are
deﬁnitely the easier and faster assimilable substrate for
the conversion to ethanol. This derives in a diauxic growth.
If fermentation time is not suﬃciently long, pentoses
remain in the medium decreasing the utilization rates of
the lignocellulosic complex. As a rule, microorganisms prefer glucose over galactose followed by xylose and arabinose
(Gong et al., 1999). This is explained by the catabolic
repression that glucose exerts on the uptake rates of xylose
and other pentoses as in the case of C. shehatae. To oﬀset
this eﬀect, sequential fermentations are employed in which
S. cerevisiae utilizes the hexoses during the ﬁrst days of cultivation and later xylose-utilizing yeast is added in order to
complete the conversion to ethanol (Chandrakant and
Bisaria, 1998), but achieved ethanol yields are not very
high. In addition, the productivities of pentose utilizing
microorganisms are less than those of hexose-fermenting
ones. Comparisons are conclusive: ethanol productivity
for S. cerevisiae can attain values of 170 g/(L h) in the case
of continuous systems with cell recycling, whereas the productivity for C. shehatae at high cell concentrations reaches
only values of 4.4 g/(L h) (Olsson and Hahn-Hägerdal,
1996). On the other hand, there are a few cases where the
immobilization of these yeasts increases the ethanol productivity (Chandrakant and Bisaria, 1998), unlike the case
of hexose-fermenting yeasts or Z. mobilis. In spite of these
drawbacks, pentose utilizing microorganisms are important for the design of processes involving separate fermentation of hexoses and pentoses during the processing of
resulting streams from biomass pretreatment. As occurs
with S. cerevisiae or Z. mobilis, most pentose-fermenting
yeasts are mesophiles.
Thermophilic bacteria have also been considered for fermentation of pentose-containing lignocellulosic hydrolyzates. Thermophilic and saccharolytic clostridia are an
important group of ethanol-producing microorganisms
and include species as Clostridium thermohydrosulfuricum,
Thermoanaerobacter (formerly Clostridium) thermosaccharolyticum and C. thermocellum. These bacteria may transform pentoses and aminoacids into ethanol and can
synthesize up to 2 mol EtOH/mol hexose. Having saccharolytic properties, these microorganisms have the ability
to grow on a wide variety of non-treated wastes. C. thermocellum can even directly convert lignocellulosic materials
into ethanol (McMillan, 1997). Main drawback consists
in their very low ethanol tolerance. Consequently the maximal reached concentrations of ethanol are less than 30 g/
L. Nevertheless, the fact that the culture can be carried
out at high temperatures oﬀers the possibility for a more
eﬀective alcohol removal by distillation or pervaporation
(Claassen et al., 1999). Lynd et al. (2002) report low ethanol concentrations (in the order of 25 g/L) for T. thermo-
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saccharolyticum cultivated in xylose-based media during
batch and continuous cultures. These authors studied the
inﬂuence of diﬀerent factors limiting the substrate utilization for continuous cultures at progressively higher feed
xylose concentrations. Their results indicate that the salt
accumulation due to the utilization of bases for controlling
the pH during the fermentation limits the growth of this
bacterium at elevated values of xylose content in the feed.
Xylose-fermenting termophilic bacteria are prospective
organisms to be co-cultured with cellulose hydrolyzing bacteria such C. thermocellum in order to directly convert pretreated lignocellulosic biomass into ethanol, process named
consolidated bioprocessing (CBP). Main trends on CBP for
ethanol production are analyzed in a previous work (Cardona and Sánchez, 2007).
Other microorganism capable of fermenting a great
variety of sugars including hexoses and pentoses is the fungus Mucor indicus reaching ethanol yields of 0.46 g/g glucose when is cultivated under anaerobic conditions. In
addition, this fungus assimilates the inhibitors present in
dilute-acid hydrolyzates (Sues et al., 2005). The employ
of the fungus Chalara parvispora for ethanol production
from pentose-containing materials has been patented
(Holmgren and Sellstedt, 2006). Ogier et al. (1999) have
compiled information about the main fermentative indexes
for the pentose-assimilating yeasts C. shehatae, P. stipitis
and Pachysolen tannophilus, and for the xylose-assimilating
thermophilic bacteria T. thermosaccharolyticum, T. ethanolicus and B. stearothermophilus.
5. Comparison of the main types of feedstock
The selection of the most appropriate feedstock for ethanol production strongly depends on the local conditions.
Evidently, North American and European countries have
based their ethanol industry on the starchy materials due
to their agro-ecological conditions. These conditions are
not appropriate for cultivation of sugar cane, the highest
yielding feedstock. The employ of starchy crops, speciﬁcally corn, for bioethanol production has provoked a hot
debate on the suitability of these raw materials considering
the energy input required for their production (Patzek
et al., 2005; Pimentel, 2003; Shapouri et al., 2003; Wang
et al., 1999a). Nevertheless, the competitiveness of Brazilian cane ethanol has been widely demonstrated, especially
if its output/input energy ratio is considered (see Table
7). Besides energy considerations, crops yield should be
analyzed. Note from Table 7 that the calculated ethanol
yield from corn is greater than that from sugar cane
because of the higher amount of fermentable sugars (glucose) that may be released from the original starchy material. However, the annual ethanol yield from each hectare
of cultivated corn is lower than that for sugar cane. For
the case of beet molasses, the yield per ton of feedstock is
lower compared to corn, but as the beet productivity per
cultivated hectare is considerably higher, the annual ethanol yield expressed in L/(Ha year) is higher related to star-
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Ó.J. Sánchez, C.A. Cardona / Bioresource Technology 99 (2008) 5270–5295

Table 7
Comparative indexes for the three main types of feedstocks for fuel ethanol production
Item

Sucrose-containing
materials

Feedstock yield, ton/Ha

70–122.9

Starchy
materials

Lignocellulosic Remarks
biomass
Sugar cane; Brazil,
Colombia
Cassava
Sweet sorghum
Wheat
Corn; USA

20
35
1.5–3.0
6–10.07
19.6–34.40
6.59–11.06
1.93–3.86
Feedstock cost, US$/kg

0.0100
0.0124

0.0760
0.1300
0.0295

EtOH yield, L/ton

70
100
180
86
340–350
370
403.1
419.4–460.6
140
261.3
227.7
330

Annual EtOH yield, L/(Ha year)

5,345–9,381
6,600
3,600
9,030
1,020–3,214
6,600

Production costs, US$/L
anhydrous EtOH

0.1980
0.2153

Output/input energy ratio

8.0
1.9

0.3381
0.2325

0.3963

1.34–1.53

Possibility of co-generation
Co-products

Yes
Concentrated
stillage
for fertilization

No
DDGS (dry
milling)

chy materials (beet: 6,600, dry-milled wheat: 3,214, wetmilled wheat: 2,555) (Poitrat, 1999). On the other hand,
the high moisture content of the cassava implies the use
of a greater amount of feedstock to reach the same starch
content related to corn. However, the crop yields of cassava are higher than that of corn. Moreover, the corn yield
in some tropical countries is signiﬁcantly lower than the
corn yield in the USA favoring the use of cassava instead
of corn in such countries. For instance, the yield of techniﬁed corn in Colombia reaches only 3.9 ton/Ha (Agrocadenas, 2006) whereas the cassava yield can reach 30 ton/Ha

6.0
Yes
Lignin as
feedstock
for chemicals

Cane bagasse
Corn stover
Wheat straw
Sugar cane; Brazil
Corn; USA
Cane/corn; Colombia
Dry corn stover, USA
Sugar cane juice
Sugar beet
Cassava
Sweet sorghum
Wheat
Corn
Corn, wet milling
Corn, dry milling
Cane bagasse
Wheat straw
Corn stover
Dry corn stover; USA
Sugar cane; Brazil,
Colombia
Sugar beet; France
Cassava
Sweet sorghum
Wheat
Corn
Sugar cane; Brazil
Sugar cane/corn;
Colombia
Corn/corn stover; USA
Sugar cane
Sugar beet
Corn; USA
Biomass

References
Agrocadenas (2006), Asocaña
(2006)
Agrocadenas (2006)
Agrocadenas (2006)
Agrocadenas (2006)
Agrocadenas (2006), FAO
(2007)
Moreira (2000)
Kim and Dale (2004)
Kim and Dale (2004)
Macedo and Nogueira (2005)
McAloon et al. (2000)
Quintero et al. (2007)
Aden et al. (2002)
Moreira and Goldemberg
(1999)
Berg (2001)
Agrocadenas (2006)
Agrocadenas (2006)
Agrocadenas (2006)
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Gulati et al. (1996)
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Xavier (2007)
Quintero et al. (2007)
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Berg (2001)
Berg (2001)
Berg (2001), Shapouri et al.
(2003)
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(Espinal et al., 2005). This yield leads to an ethanol yield
of 5,400 L/(Ha year), greater than the expected yield from
corn under Colombian conditions that reaches 4,329 L/
(Ha year).
Lignocellulosic materials represent a promising option
as a feedstock for ethanol production considering their
output/input energy ratio, their great availability both
in tropical and temperate countries, their low cost (primarily related to their transport), and their ethanol yields
(see Table 7). One of the advantages of the use of lignocellulosic biomass is that this feedstock is not directly
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related to food production. This implies the production
of bioethanol without the need of employing vast extensions of fertile cultivable land for cropping cane or corn
exclusively dedicated to the bioenergy production. In
addition, lignocellulosics is a resource that can be processed in diﬀerent ways for production of many other
products like synthesis gas, methanol, hydrogen and electricity (Chum and Overend, 2001).
The selection of the lignocellulosic feedstock is in concordance with the interests of each country for transferring value to the produced wastes, especially for those
wastes that do not have value as a food. For the case
of the USA, corn stover is considered one of the most
promising feedstocks due to its wide availability. The
total availability of this material in the United States
in such a way that its recollection and use be environmentally sustainable, has been estimated in about 80–
100 mill dry ton per year becoming the most abundant
agricultural residue in that country. Kadam and McMillan (2003), citing non-published data from the NREL,
indicate that the theoretical yield of this material is
480 L EtOH/dry ton, assuming that both hexoses and
pentoses can be fermented into ethanol. These authors
point out that 33 mill ton per year of corn stover would
be necessary to ensure the total ethanol production of
11,000 mill liters per year considering a more realistic
yield of 330 L EtOH/dry ton. The above-mentioned demonstrates the vast possibilities of biomass taking into
account that, in this case, there will be no competition
for cultivable land with crops dedicated to food production. Other studies have been oriented to the use of rice
straw for ethanol production (Kadam et al., 2000). Kim
and Dale (2004) provide an interesting panorama on the
size of the bioethanol feedstock resource at global and
regional levels considering wasted crops (crops lost in
distribution) and lignocellulosic biomass (crop residues
and sugar cane bagasse). These authors estimate that
the global potential ethanol production from these feedstocks accounts 491 GL/year that is 16 times higher than
current ethanol production. This amount of bioethanol
could replace 32% of global gasoline consumption. For
them, rice straw is the feedstock that potentially could
produce the largest amounts of ethanol, followed by
wheat straw.
However, the great-scale ethanol production from lignocellulosic biomass could entail serious economic and environmental consequences, like noted by Berndes et al.
(2001). These authors estimate that labor requirements
for bioenergy production on a great scale in whatever
country should not exceed 1% of total manpower. Grassi
(1999) points out that the development of bioenergy production technologies would represent the creation of
200,000 direct and indirect jobs and the reduction of
255 mill ton per year of CO2 in 2010. Nevertheless, the
main limitation in the use of this resource is the conversion
process of biomass into ethanol as analyzed in Section 4.
Once these technological limitations are overcome, ligno-
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cellulosic biomass will be the main feedstock for ethanol
production.
Certainly, a detailed economic and environmental evaluation of the diﬀerent feedstocks is required in order to
make decisions on the most appropriate raw materials for
fuel ethanol production in each case. A useful approach
for performing such evaluations is to employ simulation
tools based on realistic data obtained from existing ethanol
production facilities, pilot plants or mathematical models.
In addition, this approach allows the analysis of how diﬀerent technological conﬁgurations (e.g., SHF or SSF) have
inﬂuence on the indicators of the overall process. Examples
of these comparative studies can be found in the works of
McAloon et al. (2000) and Cardona et al. (2005) for corn
and lignocellulosic ethanol, Quintero et al. (2007) for sugar
cane and corn ethanol, and Aden et al. (2002), Wooley
et al. (1999a,b) and Sánchez et al. (2006) for lignocellulosic
biomass.
6. Conclusions
The massive utilization of fuel ethanol in the world
requires that its production technology be cost-eﬀective
and environmentally sustainable. In particular, ethanol
production costs should be lowered. For current technologies employed at commercial level, the main share in the
cost structure corresponds to the feedstocks (above 60%)
followed by the processing expenditures. In general, the
use of sucrose-containing materials as cane molasses allows
producing ethanol with the lowest costs compared to the
starchy materials (mostly grains). Particularly, although
the ethanol yield from corn is higher than that from sugar
cane, the lower annual yield of corn per cultivated hectare
makes it necessary to use larger cropping areas. On the
other hand, the lignocellulosic biomass represents the most
prospective feedstock for ethanol production. The availability and low cost of a wide range of lignocellulosic materials oﬀer many possibilities for the development of
bioindustries that could support the growth of the international biofuel market and contribute to the reduction of
greenhouse gas emissions worldwide.
The current research tendencies for improving fuel ethanol production are linked to the nature of employed raw
materials, processing steps, and related process engineering
issues. The trends regarding the latter aspect were discussed
in a previous work (Cardona and Sánchez, 2007). In the
present paper, main trends in the conversion of diﬀerent
feedstock into ethanol were discussed. Some of them are
summarized in Table 8, which complements the Table 4
of the above-mentioned previous work concerning the
research priorities for improving ethanol production by
means of process engineering. For the three main types
of feedstocks, the development of eﬀective continuous fermentation technologies with near to 100% yields and elevated volumetric productivities is one of the main
research subjects in the ethanol industry. To this end, many
of newly proposed technologies for reducing the product
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Ó.J. Sánchez, C.A. Cardona / Bioresource Technology 99 (2008) 5270–5295

Table 8
Research trends and priorities for improving fuel ethanol production from diﬀerent feedstocks
Issue

All feedstocksa

Sucrose-containing
materials

Starchy materials

Lignocellulosic biomass

Feedstock

Reduction in costs of
feedstocks by improving crop
yields, pest resistance and
cropping systems

Increase in crop
productivity

Utilization of native starchy
material other than cereal grains
(cassava, indigenous roots, etc.)
Development of corn hybrids
with higher extractable starch or
with higher fermentable starch
content
Genetic improvement of corn
(e.g. ‘‘self-processing grains”)
Reduction of energy costs of
liquefaction

Evaluation of the use of dedicated energy
crops

Pretreatment

Removal of impurities
and toxic substances
from molasses

Hydrolysis

Fermentation

Low temperature digestion of
starch

Continuous fermentation with
high cell density and increased
yields and productivity

Reduction of
inhibition by ethanol
Microorganisms with
increased
osmotolerance or
ﬂocculating properties

a

Recombinant strains of yeasts
with increased productivity and
ethanol tolerance
High cell-density fermentation
(e.g. immobilized cells,
ﬂocculating yeasts, membrane
reactors, etc.)
Very high gravity fermentations

Genetic modiﬁcation of herbaceous plants
for changing their carbohydrate content

Economic utilization of diﬀerent and
alternative wastes like MSW
Reduction of milling power
Optimization of steam explosion and diluteacid pretreatment
Development of LHW, AFEX and alkaline
hydrolysis
Reduced formation of inhibitors
Recycling of concentrated acids
Increase in speciﬁc activity, thermal
stability and cellulose-speciﬁc binding of
cellulases (e.g. by protein engineering)
Reduction of costs of cellulases production
(10-fold reduction)
Cellulases production by solid-state
fermentation
Recycling of cellulases
Improvement of acid hydrolysis of MSW
Increase in conversion of glucose and
pentoses to ethanol
Recombinant strains with increased
stability and eﬃciency for assimilating
hexoses and pentoses, and for working at
higher temperatures
Development of strains more tolerant to the
inhibitors
Increase of ethanol tolerance in pentosefermenting microorg.

Refers to the three analyzed groups of feedstock: sucrose-containing materials, starchy materials and lignocellulosic biomass.

inhibition eﬀect on the cell growth rate should be scaled-up
at industrial level. This progress should complement the
intense eﬀorts oriented to the selection and development
of microbial strains with particular traits like speciﬁc ﬂocculating properties or increased tolerance to ethanol, inhibitors and salts.
The three kinds of feedstock analyzed in this paper correspond to resources that are present in almost all the countries. In particular, all populated regions in the world
account for vast amounts of lignocellulosic waste materials
that eventually can be converted into ethanol. Tropical
countries like Colombia exhibit comparative advantages in
the availability of feedstocks for ethanol production in comparison to European or North American countries. In fact,
the dynamics of the global ethanol market could require
these countries to supply the growing demand of those countries that have implemented or will implement ambitious
programs for the partial substitution of fossil fuels with
renewable liquid fuels. These programs may have dissimilar
motivations diﬀerent to environmental concerns, but
humankind and global climate will be beneﬁted in any case.
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Varga, E., Klinkle, H.B., Réczey, K., Thomsen, A.B., 2004. High solid
simultaneous sacchariﬁcation and fermentation of wet oxidized corn
stover to ethanol. Biotechnology and Bioengineering 88 (5), 567–574.
Wang, S., Sosulski, K., Sosulski, F., Ingledew, M., 1997. Eﬀect of
sequential abrasion on starch composition of ﬁve cereals for ethanol
fermentation. Food Research International 30 (8), 603–609.
Wang, M, Saricks, C, Santini D., 1999a. Eﬀects of fuel ethanol use on fuelcycle energy and greenhouse gas emissions, report no. ANL/ESD-38.
Argonne, IL: Argonne National Laboratory, Center for Transportation Research, 1999. See also: <www.transportation.anl.gov/pdfs/TA/
58.pdf>.
Wang, S., Thomas, K.C., Sosulski, K., Ingledew, W.M., Sosulski, F.W.,
1999b. Grain pearling and very high gravity (VHG) fermentation
technologies for fuel alcohol production from rye and triticale. Process
Biochemistry 34, 421–428.
Wang, S., Ingledew, W., Thomas, K., Sosulski, K., Sosulski, F., 1999c.
Optimization of fermentation temperature and mash speciﬁc gravity
for fuel alcohol production. Cereal Chemistry 76 (1), 82–86.
Weil, J.R., Dien, B., Bothast, R., Hendrickson, R., Mosier, N.S., Ladisch,
M.R., 2002. Removal of fermentation inhibitors formed during
pretreatment of biomass by polymeric adsorbents. Industrial &
Engineering Chemistry Research 41, 6132–6138.
Wendhausen, R., Fregonesi, A., Moran, P., Joekes, I., Augusto, J.,
Rodrigues, R., Tonella, E., Althoﬀ, K., 2001. Continuous fermentation
of sugar cane syrup using immobilized yeast cells. Journal of
Bioscience and Bioengineering 91 (1), 48–52.
Wilkie, A.C., Riedesel, K.J., Owens, J.M., 2000. Stillage characterization
and anaerobic treatment of ethanol stillage from conventional and
cellulosic feedstocks. Biomass and Bioenergy 19, 63–102.
Winner Network., 2002. Village Level Bioenergy System Based on Sweet
Sorghum. <http://www.w3c.org/TR/1999/REC-html401-19991224/
loose.dtd>/ (October 2004).
Wooley, R., Ruth, M., Glassner, D., Sheejan, J., 1999a. Process design
and costing of bioethanol technology: a tool for determining the status
and direction of research and development. Biotechnology Progress 15,
794–803.
Wooley, R., Ruth, M., Sheehan, J., Ibsen, K., Majdeski, H., Gálvez, A.,
1999b. Lignocellulosic biomass to ethanol process design and eco-
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