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ABSTRACT 
 

Due to rapid depletion of fossil fuel reserves, alternative energy sources need to 
be renewable, sustainable, efficient, cheaper and eco-friendly. A worldwide interest 
in the utilization of bio-ethanol as the future transportation fuel has stimulated 
studies on the cost and efficiency of industrial process for ethanol production. 
Keeping this in view, improvements in the ethanol fermentation have been focused 
on the use of modified strains obtained by various methods including protoplast 
fusion technology to enhance the yield of ethanol production from various cheaper 
substrates like lignocelluloses. Ethanol is clean fuel. Its oxygen content decreases 
emissions when combusted with gasoline and because ethanol is derived ultimately 
from plant matter, its use as a fuel does not contribute to the net accumulation of 
carbon dioxide in the atmosphere. So, biomass and bio-energy markets are 
developing rapidly and pressure on available biomass resources is increasing day by 
day. 
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INTRODUCTION 
To meet the growing energy demand for 

transportation sector worldwide including 
India, there is a need for environmentally 
sustainable energy sources. In this context, 
bioethanol (ethanol from biomass) has been 
considered as an attractive transportation 
fuel. Ethanol as a fuel provides reduction in 
green house gas emission, carbon monoxide, 
sulfur, and helps to eliminate smog from the 
environment. Lignocellulosic wastes have 
emerged as cheaper and promising substrate  

for bioethanol production. Bioethanol can be 
produced from various lignocellulosic 
materials such as wood, agricultural and 
forest residues. However, the major 
technological hurdle is the conversion of 
these abundant and inexpensive wastes into 
ethanol in cost effective way.  Hence, the 
technology development focuses on 
improved and engineered microorganisms 
for the production of ethanol from 
lignocellulosic materials. Therefore, this 
paper reviews the current status of bioethanol 
production, the microorganism involved, 
ecologic and economic impact and provides 
visions for the future prospects. * Author for correspondence 
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Lignocellulose 
Recent efforts have been concentrated on 

utilizing lignocelluloses to produce ethanol. 
Lignocellulosic biomass in nature is by far 
the most abundant raw material from 
hardwood, softwood, grasses, municipal 
solid waste and agricultural residues such as 
sugarcane baggase, wheat straw and corn 
cob. Lignocellulose consists of three main 
components: cellulose, hemicellulose and 
lignin, the first two being composed of 
chains of sugar molecules. These chains can 
be hydrolyzed to produce hexoses (D-
glucose, D-galactose and D-mannose) and 
pentoses (D-xylose and L-arabinose)1. 
Among these D- glucose is the most 
abundant sugar while D-xylose is next to it. 

Conversion of lignocelluloses to Ethanol   
Bioconversion of lignocellulosics to 

ethanol consists of three major steps such as 
pretreatment, hydrolysis and fermentation. 

 Pretreatment 
Pretreatment is required to alter the 

biomass macroscopic and microscopic size 
and structure as well as its submicroscopic 
chemical composition so that hydrolysis of 
carbohydrate fraction to monomeric sugars 
can be achieved more rapidly and with 
greater yields2,3.Pretreatment can be carried 
out in different ways such as, steam 
explosion4, ammonia fiber explosion5, acid 
or alkaline pretreatment6,7 and biological 
treatment8. However, biological pretreatment 
is favorable than other methods as it is 
ecofriendly. 

 Hydrolysis 
After pretreatment there are two types of 

processes to hydrolyze the feed stocks into 
monomeric sugar: acid and enzymatic 
hydrolysis. Hydrolysis is employed for the 
conversion of hemicellulose and cellulose to 
the sugars. There are two types of acid 
hydrolysis process commonly used - dilute 
and concentrated acid hydrolysis. Enzymatic 
process utilizes mixtures of several 

hydrolytic enzymes like cellulases, 
xylanases, hemicellulases and mannanases9. 
Bacteria and fungi are the good sources of 
cellulases, hemicellulases that could be used 
for the hydrolysis of pretreated 
lignocellulosics10. Some of them are 
Clostridium, Cellulomonas, Trichoderma, 
Penicillium, Neurospora, Fusarium, 
Aspergillus etc. 

 Fermentation 
Since the 1970's, several bioprocess 

configurations, such as separate hydrolysis 
and fermentation (SHF), simultaneous 
saccharification and fermentation (SSF), 
simultaneous saccharification co-
fermentation (SSCF), and direct microbial 
conversion (DMC)11 were have been 
advanced for cellulosic ethanol 
fermentation12,13. After final purification (by 
distillation and molecular sieves or other 
separation techniques), the ethanol is ready 
to be used as a fuel, either neat or blended 
with petrol. SSF involves breakdown of both 
carbon polymer, cellulose to glucose; and 
hemicellulose to xylose and arabinose; and 
simultaneous fermentation by recombinant 
yeast or the organism which has the ability to 
utilize both C5 and C6 sugars14.  

Microorganisms involved 
The lack of a microorganism able to 

ferment efficiently all sugars released by 
hydrolysis from lignocellulosic materials has 
been one of the main factors preventing 
utilization of lignocellulose. The ability of 
microorganism to ferment pentoses and 
hexoses is not widespread among all 
organisms15.  Saccharomyces cerevisiae, 
yeast commonly used for ethanol production 
is capable of converting only hexose sugars 
to ethanol. Yeast such as Pichia stipitis, 
Candida shehatae and Pachysolen 
tannophilus are characterized by best ability 
to produce ethanol from D-xylose. However, 
their use for fermentation of complex 
lignocellulose hydrolysate is not very 
economic, especially due a long time of 
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fermentation, low ethanol yield, difficult 
optimization of physicochemical parameters 
of the process and weaker tolerance for 
numerous inhibitors generated during 
pretreatment and hydrolysis of the 
lignocellulose material16. For this reason it is 
desirable to develop hybrid strains from the 
above microbial strains to have the better 
characteristics of both these parental strains. 

Genetically engineered microorganisms 
that can convert pentose or hexose to ethanol 
can greatly improve ethanol production 
efficiency17,18. The various techniques 
employed are recombinant DNA technology, 
mutagenesis and protoplast fusion. 
Recombinant pentose-fermenting 
Escherichia coli19 and Klebsiella oxytoca20 
have been generated by introducing 
ethanologenic genes from Zymomonas 
mobilis. Protoplast fusion may be used to 
produce interspecific or even intergeneric 
hybrids. Protoplast fusion becomes an 
important tool of gene manipulation because 
it breakdown the barriers to genetic exchange 
imposed by conventional mating systems21. 
Increasing the capacity of the strains for 
rapid xylose fermentation could enhance the 
productivity and sustainability of agriculture 
and forestry by providing new outlets for 
agricultural and wood harvest residues. 

Fermentation parameters 
The important parameters for the cell 

growth and product formation are aeration, 
pH, and temperature. 

Temperature : The effects of 
temperature on growth and ethanol 
concentration have been well studied in the 
xylose-fermenting yeasts. In P. stipitis, 
xylitol and residual xylose concentrations 
increase with temperature. The optimum pH 
range for growth and fermentation on xylose 
was 4-7 at 25°C.  The limit for ethanol 
production with P. stipitis increased from 33 
g/liter at 30°C to 43 g/liter at 25°C22,23. Lucas 
and van Uden24 found that ethanol enhances 

thermal death of C. shehatae. Ethanol 
depressed the maximum temperature for 
growth from of C. shehatae 31 to 17.5°C and 
increased the minimum temperature for 
growth from 2.5 to 10°C of xylose 
fermenting yeasts. Some strains of xylose-
fermenting yeasts produce up to 47 g ethanol 
/ liter at 30°C. 

pH :  The pH and temperature optima for 
biomass accumulation by P. tannophilus on 
xylose were 3.7 and 31.5, respectively, at an 
initial xylose concentration of 50 g/liter25. 
The best initial pH for ethanol production 
from D-xylose by C. shehatae and P.stipitis 
in batch fermentation was 4- 5.526. With a 
detoxified hemicellulose hydrolysate at pH 
between 6.0 and 7.5, P. tannophilus 
converted 90% of the available xylose into 
xylitol. 

Aeration : The dissolved oxygen tension 
(DOT) is particularly critical in attaining 
maximal ethanol production with xylose-
fermenting yeasts. P. stipitis and C. shehatae 
require aeration for maximal ethanol 
production. Native S. cerevisiae also requires 
oxygen to metabolize xylulose27, and 
recombinant S. cerevisiae requires oxygen to 
produce ethanol from xylose28.  Kastner et. 
al.29 showed that oxygen starvation induces 
cell death in C. shehatae when it is grown on 
D-xylose, but not when it is cultivated on D-
glucose. 

Nutrient uptake : Membrane transport 
is mediated by two different systems in 
yeasts: facilitated diffusion and active proton 
symport. In yeasts that utilize both xylose 
and glucose, these sugars share the same 
transporter systems30. Glucose can inhibit 
xylose uptake by competing with the xylose 
transporters. In S. cerevisiae genetically 
engineered for xylose uptake, glucose, 
mannose, and fructose inhibited xylose 
conversion by 99, 77 and 78%, respectively.  
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RESULTS AND DISCUSSION 
Ecological impact of ethanol  

As energy demand increases the global 
supply of fossil fuels cause harm to human 
health and contributes to the green house gas 
(GHG) emission31. Bioethanol is the clean 
transportation fuel that releases less sulfur, 
carbon monoxide, particulates, and 
greenhouse gases. Process of ethanol 
production utilizes energy only from 
renewable sources: no net carbon dioxide is 
added to the atmosphere, making ethanol an 
environmentally beneficial energy source. 
Lignocellulosic biomass materials require 
fewer inputs, such as fertilizer, herbicides, 
and other chemicals that can pose risks to 
wildlife. Their extensive roots improve soil 
quality, reduce erosion, and increase nutrient 
capture.  

Economic impact of Ethanol production  
The cost for bioconversion of biomass to 

liquid fuel must be lower than the current 
gasoline prices so as to make it competitive 
and find economic acceptance32. The cost of 
feedstock and cellulolytic enzymes are two 
important parameters for ethanol production.  
However, there is still huge scope to bring 
down the cost of biomass-to-ethanol 
conversion. The economics of the ethanol 
process is determined by the cost of 
substrate. Since, lignocellulosics cannot be 
digested by humans; the production of 
cellulose does not compete with the 
production of food. The price per ton of the 
lignocellulosic raw material is much cheaper 
than grains or fruits. Moreover, since 
cellulose is the main component of plants, 
the whole plant can be harvested. This results 
in much better yields per acre - up to 10 tons, 
instead of 4 or 5 tons for the best crops of 
grain. It is estimated that 323 million tons of 
cellulose containing raw materials that could 
be used to create ethanol are thrown away 
each year. Further, reduction of the disposal 
of solid waste through cellulosic ethanol 

conversion would reduce solid waste 
disposal costs.  

Future Prospects 
Apart from success stories of bioethanol, 

the ethanol production at plant scale still 
remains a challenging issue. Significant 
advances have been made in developing 
microorganism with improved fermentation 
performance; however, higher ethanol yields 
and increased ethanol concentrations and 
tolerances are the key targets that are still 
need to be achieved from lignocellulosic 
waste34. Much improvement has been 
achieved during the last 10 years regarding 
pretreatment, enzymatic hydrolysis, 
fermentation and process integration. The 
next step is to implement all these 
improvements in a pilot scale process where 
all steps are integrated into a continuous pilot 
plant to verify the technology and to obtain 
data for scale-up to a demonstration or full-
scale process. The choice of the best 
technology for lignocellulose to bioethanol 
conversion should be decided on the basis of 
overall economics (lowest cost), 
environmental (lowest pollutants) and energy 
(higher efficiencies) so comprehensive 
process development and optimization are 
still required to make the process 
economically viable.  

CONCLUSION 
This review covers some of the 

important challenges faced and progress 
made in developing cellulosic ethanol 
biotechnology. The key now is to focus on 
critical needs: successful commercialization 
of current technologies, and the development 
of next-generation pretreatment and 
enzymatic hydrolysis technologies that can 
substantially reduce the cost of biomass 
processing to ethanol. With application of 
novel, tailored enzymes for the cellulose 
breakdown coupled with the recent 
development of genetically engineered 
microorganism those ferment all possible 
sugars in biomass to ethanol are the pivotal 
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factors for high productivity. The new 
generation of energy crops with enhanced 
sustainability, yield, and composition will 
pave the way for a biotechnology revolution 
with major benefits for the environment, the 
economy, and energy security. 
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