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Background. Although almost all production of ethanol today is from 
easily accessible carbohydrates (sucrose and starch) there is great 
interest in accessing the sugars complexed within  lignocellulosic 
biomass.  Although this is far more difficult, it opens the use of a 
wide range of “wastes” such as corn stover and bagasse, and it opens 
the use of a wide range of plants, many which can be grown on 
poorer land than food crops (Somerville et al. 2010).  Manufacture of 
lignocellulosic ethanol is not new.  Starting in 1898 in Germany, acid 
digestion of wood was used to release glucose and was optimized to 
produce about 100 liters of ethanol per dry tonne of wood.  The 
process was adopted and improved in the USA during World War 1 to 



deliver about 180 l/t.  The process was re-used in World War II, but 
then largely abandoned, until interest was re-vitalized in the last two 
decades with rising oil prices and increased emphasis on the 
development of substainable resources (Katzen & Schell 2006).  
Today laboratory systems can produce about 350l/t, although this is 
yet to be replicated at commercial scale, i.e. plants producing >200 
Ml per year.  The last two decades have seen an exponential rise in 
research and development (R&D) to realize commercial cellulosice 
ethanol.  This has provided many alternative routes (Carroll & 
Somerville 2009).  This tutorial will focus on the most likely structure 
of a commercial plant, based on current pilot plants, and will note 
significant alternatives suggested by recent research.  The tutorial 
will first examine the structure of lignocellulose and then how this 
may be processed, step-by-step through material handling, pre-
treatment, cellulose hydrolysis, cellulase production, fermentation, 
distillation and waste treatment.  This is based largely on a process 
design developed by the US National Renewable Energy Laboratory 
(Humbird et al., 2011) and US DOE (2006; see diagram) 

Lignocellulose is the substance of plant cell walls and forms the 
bulk of all plant material, including, wood, bagasse, corn stover and 
straw for example.  It consists of three polymers.  Cellulose which is 
β-1,4-linked glucose residues .  This bonding results in a linear chain, 
with adjacent chains held together by hydrogen bonding to give the 
microfibrils which provide strength and durability to the cell wall.  It is 
embedded in a matrix formed by a second polymer hemicellulose, 
which is a heteropolymer, i.e. formed from more than one type of 
monomer.  The dominant monomers in hemicellulose are pentoses 
(5C sugars), in hemicelloses from grasses, xylose dominates.  
Hemicelluloses are acetylated to varying degrees, and release acetic 
acid on depolymerization, which can act as an inhibitor to enzymic 
digestion and fermentation.  A third polymer, lignin, can also be 
deposited in the matrix around the cellulose fibrils and may screen 
the fibrils.  Lignin is generally the last polymer to be added during cell 
wall formation and is limited to the water conducting cells of the 
xylem and strengthening tissue: schlerenchyma.  Lignin is composed 
of three types of phenolics, or mono-lignols, which form random 
cross-links, resulting in a cross linked polymer which gives rigidity 
and a huge diversity of degradation products during digestion.  Lignin 
is also bonded to the hemicellulose giving further rigidity.  Most 
research and the resulting processes are based on releasing the 
sugars from the biomass, which involves separation of the celluloses 
from the lignin.  Due to the complexity of lignin, it is generally viewed 
as a byproduct, but one with suffiicient energy to power the 
processing plant.   

Material Handling. A proceesing plant producing 200 Ml ethanol per 
year, will require about 600,000 t biomass, and so to store more than 



a few days supply would require a massive and expensive storage 
structure, since the feedstock is bulky, especially in the case of bales 
of corn stover, straw and other herbaceous feedstocks.  It is 
therefore envisaged that the processing plant would operate on a 
just-in-time delivery system, storing no more than 3-4 days supply at 
a time.  Otherwise the feedstock is stored by the farmer or forester, 
who is contracted to deliver on a pre-determined schedule.  The 
biomass will be dumped into a hopper for size reduction, by chopping 
or/and grinding.  The finer the resulting material the easier it will be 
accessed in subsequent biochemical and chemical treatment.  
However, the mechanical energy required rises exponentially with 
increasing size reduction, a compromise must therefore be reached.  
The ground material is then passed to a vertical steamer the first 
stage of pre-treatment. 

Pre-treatment aims to depolymerize the hemi-cellulose and open up 
the cell wall structure to allow the subsequent access of cellulases in 
the next stage of the process.  Early pre-treatments involved strong 
hot sulfuric acid to hydrolyse the hemi-cellulose, this however can 
dehydrate some of the released pentoses to furfuryls which are 
inhibitory to the next stage, while also digesting some of the 
cellulose.  More recently more dilute acid, or even alkaline or neutral 
pre-treatments, have replaced these to avoid furfuryl formation.    
This may be a three stage process, 1) initial steam treatment with 
acid impregnation, 2) high temperature high pressure liquid phase 
hydrolysis at ca. 130-180 C followed after about 5 min by a rapid 
release of pressure which further fragments the biomass and then 
neutralization, either by lime or ammonia.    At the end of pre-
treatment the liquid phase should contain sugars.  Typically about 
90% of the hemicellulose will have been solubilized along with about 
10% of the cellulose and 5% of the lignin.  Screw presses, filtration 
and/or centrifugation may then be used to separate the solids out of 
the resulting slurry, for transfer to the next stage, cellulose 
hydorlysis.  Several thermophilic hemicellulases have been 
indentified, and these may in the longer term provide a more efficient 
approach to pre-treatment, which solubilizes only the hemicellolose.   

Hydrolyser is where glucans are released from the solids remaining 
from pre-treatment.  This is typically a continuous reactor which is 
fed with both a slurry of the pre-treatment solids (20% solids w/w) 
and a mixture of cellulases which break-down the cellulose to glucans 
and eventrually glucose, at 48 C.  Residence may be of the order of 
three days, with the resulting liquid phase containing the solubilized 
cellulose. 

Cellulase Enzyme Production. A large loading of enzymes (20g/kg 
cellulose) is required and therefore these need to be produced on-
site.  Typically this will be an aerated  vessel in which the fungus 



Trichoderma reseii is fed a stream of the slurry from the pre-
treatment or corn steep liqour, or glucose and nutrients, including 
ammonia to provide nitrogen.  The fungus excretes the cellulases to a 
high concentration, which are then separated fed to the hydrolyser. 

Fermentation& Distillation. Yeast (Saccharomyces cerevisiae) has 
for centuries been the organism of choice for fementing glucose to 
ethanol.   However, until very recently it has been far less effective in 
fermenting pentoses.  As a result two separate fementors have been 
used in pilot plants.  One fermenting the pentose rich liquid stream 
from the pretreatment step with an engineered fermentive bacterium 
(E.coli or Zymonmonas mobilis) the other fermenting the glucose rich 
liquid stream from the hydrolyser with yeast.  The need for two 
separate fermentors clearly increases costs and decreases efficiency.  
However, the recent engineering of a yeast capable of equally 
effective and rapid fermentation of both xylose and cellobiose, 
promises to allow fermentation in one pot.  Fermentation is normally 
batch, i.e. the ethanologen and the sugar solution are added to a 
fermentor, as in beer production, and fermentation continues until 
the ethanol concentration becomes inhibitory to furhter fermentation, 
typically aorund 16% ethanol, for glucose conversion. The resulting 
beer is separated into ethanol (99.5%), aqueous and solid waste by 
distillation and moleulcar sieves. Continuous fermentaion would in 
theory be more efficient, however so far it has proved difficult to keep 
the whole process sufficiently sterile.   Distillation requires a large 
inputs of energy and water, this might be avoided or decreased by 
the use of membrane separation.  Pervaporation of ethanol across 
membranes is used today for de-alcoholizing wines.  At present these 
membranes support insufficient flux to allow separation of ethanol for 
fuel at a commercial scale. 

Waste water treatment.  Distillation results in a vinasse (remaining 
liquid) rich in a range of organics while about 30% of the initial 
feedstock may remain as solids after the hydrolyser, mainly lignins.  
Both contaminate the process water.  The large solids may be 
separated out by screw press, centrifugation or/and filtration.  This 
material can be burned to provide the heat and power needed to 
operate the processing plant, with any excess power being exported 
to the grid.  Small particles and soluble organics, which cannot easily 
be separated from the water cannot be added back to water courses 
since they will create a large biological oxidation demand damaging 
wildlife and fisheries.  Anearobic waste water treatment would be 
ideal, since this would allow simple recovery of the energy as 
methane, which can be used to generate heat and power.  However,  
it is a slow process requiring the interation of a consortium of micro-
organisms.  Aerobic treatment, as in sewage treatment plants, is far 
more rapid, but does not allow a means to recover the energy in the 



organics.  A combination of the two is currenty the most practical way 
forward.   

It is estimated that this design, using corn stover, could deliver 
ethanol at a cost of about $0.60/l, compared to $0.40/l for corn grain 
ethanol and $0.32 for sugarcane ethanol (Humbird et al. 2011).  
However, the rapid development of improved technologies and low 
cost of feedstock should continue to erode this difference. 
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3. Thermochemical Route - Current Status and Research 

Strategy 
 

Antonio Bonomi – Brazilian Bioethanol Science and Technology 
Laboratory, Campinas - SP, Brazil 

 
Gasification of biomass allows the breakdown of carbonaceous 
materials into their synthesis gas compounds, namely H2 and CO. 
Gasification can be achieved by thermal decomposition in the 
presence of a limited amount of oxygen. The resultant mixture of 
hydrogen and carbon monoxide is then converted by partial oxidation 
at elevated temperature or via a Fischer-Tropsch reaction into the 
molecules of choice. The conversion of syngas via the Fischer-Tropsch 
process into synthetic fuel involves the catalytic conversion of syngas 
into liquid hydrocarbons ranging from C1 to C50. A selective 
distribution of products is achievable with control over temperature, 
pressure and the type of catalyst. This technology is commonly found 
in the commercial generation of electricity and synthetic fuels from 
conventional fossil fuels; however, the same principles can be applied 
to biomass and biofuels production – commonly referred as BTL – 
biomass to liquids. 
 
Pyrolysis is the thermal decomposition of biomass occurring in the 
absence of oxygen (anaerobic environment) that produces a solid 
(charcoal), a liquid (pyrolysis oil or bio-oil) and a gas product. The 
relative amount of the three co-products depend on the operating 
temperature and the residence time used in the process. High heating 
rates of the biomass feedstocks at moderate temperatures (450 to 
550oC) result in oxygenated oils as the major products (70 to 80%), 
with the remainder split between biochar and gases. 
 
Another alternative for thermochemical processing is known as hybrid 
thermochemical-biological processing or simply hybrid processing of 
biomass. There are two distinct approaches to hybrid processing: 
gasification followed by fermentation of the resulting gaseous mixture 
of CO, H2 and CO2; rapid pyrolysis followed by hydrolysis and/or 
fermentation of the anhydrous-gas found in the resulting bio-oil. 
 
Many technological gaps have been identified when trying to develop 
commercial technologies using the above described techniques. 
Differences among biomass alternatives, systems to feed biomass 
into pressurized reactors, systems for biomass gasification, systems 
for biomass synthesis gas treatment and specific catalysts for the 
production of different liquid fuels are some of the observed 
bottlenecks. A comparison of the stages of development of the 
different alternatives described above, as well as a preliminary 
economic comparison will be presented in the tutorial.  
 



 
4. 1st and 2nd Generation Integration Strategy for Ethanol 

Production 

 
Antonio Bonomi – Brazilian Bioethanol Science and Technology 

Laboratory, Campinas - SP, Brazil 
 

Brazil has been producing ethanol on a large scale basis for more 
than 30 years. This production is worldwide considered a case of 
success using sugarcane as the almost unique raw-material and 
producing ethanol integrated or not with sugar production. During 
sugarcane processing to ethanol, large amounts of lignocellulosic 
material – sugarcane bagasse and trash (including sugarcane leaves 
and tops) are produced – currently, they are used as fuel in boilers to 
supply energy to the process and to produce excess electric energy 
sold to the grid. The integration of 2nd generation ethanol production 
process from surplus lignocellulosic material (not used for energy 
purposes) with 1st generation ethanol production from sugarcane, 
may improve the sustainability impacts of the production chain. In 
comparison with a stand-alone 2nd generation unit, the integrated 
process will present several advantages: 
 

• lower investment – sugar concentration, fermentation and 
distillation equipments will be shared by 1st and 2nd generation 
operations; 

• utilities and storage facilities can be shared and optimized in 
the integrated plant; 

• fermentation inhibitors generated during lignocellulosic material 
pretreatment (2nd generation) will be diluted in the sugarcane 
juice (1st generation); 

• possibility of optimizing the sustainable use of lignocellulosic 
material between energy and 2nd generation ethanol 
production, considering the possibility of using only residues 
(biodigested pentoses liquor and unreacted  cellulignin) to 
provide all the energy requirements of 1st and 2nd generation 
ethanol production, pretreating all the lignocellulosic material.  

 
In this tutorial a simulation tool, that is being constructed and can be 
used in order to compare and evaluate the different integration 
alternatives for 1st and 2nd generation ethanol production, will be 
presented, including the theoretical and industrial concepts used for 
its construction, as well as some of the most important results 
obtained. 
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