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ABSTRACT
The economics and environmental sustainability of enzymatic lignocellulose-toethanol conversion processes are adversely affected by the use of purchased
cellulase

preparations.

Commercial

cellulase

preparations

lack

the

microorganisms that produce them and thus cannot be cultured on-site,
resulting in a significant ongoing expense. Commercial cellulase production is
energy intensive and a significant contributor to the overall environmental
impact of the cellulose to ethanol conversion process.
The objective of the research described in this thesis was to investigate the
feasibility of simplifying the production of ethanol from lignocellulose by making
a crude unprocessed cellulase via solid-state fermentation and using it directly
at the site of ethanol production.

It was thought this would have the potential

to reduce the complexity, energy and cost of cellulose ethanol production by
using the simpler method of solid-state fermentation in lieu of submerged liquid
fermentation and by eliminating several processing steps associated with
commercial cellulase preparations (purification, concentration, addition of
buffers, stabilisers and preservatives, freeze drying and packaging).
A number of simple, low energy pretreatments were investigated and compared
for their energy requirements and their ability to render cellulose in wheat straw
more amenable to enzymatic saccharification for fermentation to ethanol.

It

was found that grinding without any additional thermal or chemical pretreatment
produced significant improvements in the enzymatic saccharification of wheat
straw while potentially using less than 2% of the energy contained in the ethanol
produced.
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Crude

unprocessed

fermentation.

cellulase

extracts

were

produced

by

solid-state

Cellulase yields were sufficient to produce ethanol at a

concentration of 21g/L from wheat straw in simultaneous saccharification and
fermentation.

An additional 11% of the material converted to ethanol was

required as substrate for cellulase production. This suggests a simplified crude
cellulase process at the site of ethanol production using a common
lignocellulosic substrate may be employed in lieu of commercial enzyme
preparations, without an inordinate amount of additional substrate being
required.
Semi-continuous solid-state fermentation, in which an equivalent amount of
fresh substrate is added and mixed in with each removal of fermented
substrate, was modelled and a series of semi-continuous solid-state
fermentations were carried out. Experimental fermentations exhibited lower
cellulase activity than the model and previous solid-state fermentations,
suggesting the disruption of fungal hyphae caused by mixing was more
significant than gains which might have been obtained through movement
towards a continuous mode of operation. A modified model indicated that more
than half the cellulase was effectively destroyed by each mixing event.
Eliminating the need for pure culture cellulase production was investigated by
the use of environments selective for the growth of high cellulase producing
microorganisms. The performance of a ‘cellulase enhanced’ strain of
Trichoderma reesei was compared with wild strains of Trichoderma viride and
found not to differ significantly from strains of T. viride isolated from wheat and
bark.

The cellulase activity of a strain of Aspergillus niger isolated in the

laboratory was higher than the specialised T. reesei. Activities of initially sterile
cultures exposed to contamination from the air were found to increase in
iii

proportion to the degree of observable contamination.

Activities of impure

enrichment cultures obtained from compost and horse manure were found to be
higher than the specialised T. reesei. Using ethanol fermentation solid-residue
as substrate for cellulase production under non-sterile conditions was found to
enhance cellulase production. These findings may help to further simplify the
on-site manufacture of cellulase for ethanol production.
Two sterilising agents, sodium metabisulphite and hydrogen peroxide, were
tested for their ability to reduce contamination in ethanol fermentation without
adversely impacting on cellulase or yeast performance.

Hydrogen peroxide at

5.4g/L was found to reduce contamination and improve ethanol yield by
approximately 20%, and is thus considered a potential alternative to the energy
intensive use of steam for sterilisation.
The findings were combined with fundamental calculations and data from
published reports in order to model a proposed cellulose to ethanol conversion
process incorporating on-site cellulase production and anaerobic digestion.
Modelled results included energy yield ratios from 6 to 9, a net surplus of onsite heat and electricity, and energy consumption for cellulase production of 9%
to 17% of that required for commercial enzyme preparations.

From these

improvements in process efficiency, significant environmental benefits follow.
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CHAPTER 1
Introduction
SUSTAINABLE DEVELOPMENT & BIOFUELS
In 1987, the World Commission on Environment and Development defined
sustainable development as development that meets the needs of the present
without compromising the ability of future generations to meet their own needs
(WCED, 1987).

With world crude oil production close to its peak (Homer-

Dixon, 2009, Deffeyes, 2005), its inevitable decline is gaining increasing public
attention. The continued use of crude oil based transport fuels is unsustainable
not only because they depend on a finite resource, but also because their
combustion is a significant contributor to climate change, which many
researchers now consider has exceeded dangerous levels and most agree will
increase dramatically in the near future if current practices remain unchecked
(King & Walker, 2008, Ward, 2008, Hopkins, 2008).
When considering alternative fuels it makes sense to start with liquid fuels
which can be used immediately with existing vehicles. This avoids the time,
energy and expense associated with restructuring auto manufacturing, fuel
storage and distribution facilities, which would be necessary for a sustainable
transport based on new vehicle technologies.

Hence liquid biofuels have

gained much attention in the sustainability debate.
The possibility of converting organic matter into fuel has been known for over a
century. The inventors of the modern petrol and diesel engines, Nikolaus Otto
and Rudolf Diesel, as well as Henry Ford, originally intended for their engines to
be run on organically based fuels. Biofuel production and use has the potential
1

to be sustainable because plants can be a renewable resource and it is possible
that the carbon released during combustion is sequestered during plant growth.
Whether any given biofuels cycle is sustainable in practice, however, depends
on the practices employed in growing the feedstock and converting it to fuel.
The two main established liquid biofuels are biodiesel for diesel vehicles and
ethanol for petrol vehicles. Biodiesel is made by an alkali catalysed chemical
reaction between plant oils or animal fats and methanol or ethanol. It can be
blended with petroleum diesel or used on its own in existing diesel engines
without modification other than the possible need for an additional filter.
Biodiesel and petroleum diesel are mixtures and are significantly different in
their chemical makeup. The composition of biodiesel itself varies considerably
depending on the source of oil used to produce it.

BIOETHANOL
Ethanol is a compound with chemical formula C2H5OH, so in its pure state its
composition is independent of the method of production. The term bioethanol
indicates that it has been produced from biomass rather than refined from crude
oil.

Standard petrol engines can run on ethanol blends up to 20% without

modification, and up to 100% ethanol with modification of the fuel system.
Any biomass which contains fermentable sugars, or starch or cellulose which
can be broken down into fermentable sugars, is a potential feedstock for
ethanol production.

Traditionally, bioethanol is produced from sugar or starch

crops such as sugar cane, potatoes, corn, wheat or other grains. Making fuel
ethanol is as old as the tradition of home or farm distillation of alcohol.

It is

basically the same process whether the alcohol is intended for fuel or beverage
use except that beverage production requires a feedstock specific to the
2

individual drink and fuel production requires (undrinkably) higher ethanol
concentrations (typically above 90%).
On a commercial scale, the feedstocks for bioethanol (and biodiesel) are
products of industrialised agriculture, which relies on high fossil fuel inputs in
the form of fertilisers, pesticides, herbicides and machinery fuel.

Biofuels

production cannot be considered sustainable until these crops are sourced by a
sustainable agriculture. An additional drawback of modern biofuels production
is that land used may not be available for food production.

CELLULOSE ETHANOL
In nature cellulose is embedded within a matrix of lignin and hemicellulose, the
whole complex being referred to as lignocellulose. Making ethanol from
lignocellulose presents a number of difficulties compared to using sugar or
starch based crops.

Some form of pretreatment is required to make the

cellulose accessible from within the matrix and breaking down cellulose itself is
difficult because of its fibrous structure.

These properties are a result of the

function of lignocellulose in nature, to provide plants with structural support and
protection from physical, biological or chemical attack.
Yet cellulose ethanol is of interest for a number of reasons. Cellulose is the
most abundant organic compound on the earth. It has been estimated that
more than 50% of US transport fuel and more than three times the amount of oil
imported to the US from the Persian Gulf could be replaced by cellulose ethanol
by the year 2050 (NRDC, 2004).

The levels of lignocellulosic waste and

energy crops held in the US in 1997 could produce around 400,000 million litres
of ethanol.

Total world production of plant biomass, 4 to 10% of which is
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recoverable, has been estimated at 200 x 109 tonne/year (Haagensen et al.,
2005).
Grohmann (1993) states:
The conversion of starchy grains and sugar crops to ethanol is only viable
for a relatively small portion of annual production. The conversion of a
large portion of these crops to fuel production will remove equivalent
amounts of material from food and animal feed markets, which can have
negative consequences. Cellulosic biomass is not digestible by humans
and, without pretreatment, does not even provide adequate nutrition for
ruminant animals. This material is therefore ascribed low value and can be
considered for fuel production on economic grounds.

These ‘low value’ feedstocks may be obtained in at least two ways. Firstly,
there is an abundance and diversity of common wastes containing
lignocellulose which, if used as ethanol feedstock, can eliminate the need for
the land, energy and resources required to grow a specialised crop.

Such

waste streams include paper, cardboard, straw, wood, corn stover, sugarcane
bagasse and municipal solid waste. Secondly, cellulosic crops can be grown
with limited inputs on land which is not suitable for food production, and this can
bring about the additional benefits of remediating degraded land and
sequestering carbon (Tilman et al., 2006).
Breaking down cellulose into fermentable sugars can be done chemically
through the use of acids or biologically through the use of microorganisms or
the (cellulase) enzymes produced by them.

For the biological methods,

cellulase preparations are generally employed. Broadly speaking there are two
ways of producing cellulase: submerged liquid fermentation and solid-state
fermentation. Submerged liquid fermentation is the predominant method used
4

for commercial cellulase production and involves growing the cellulase
producing microorganism in liquid culture.

Solid-state fermentation involves

growing the microorgansm on a moist, solid substrate.

Submerged liquid

fermentation enables greater process control but is generally more hightechnology and energy intensive than solid-state fermentation. With solid-state
fermentation low grade lignocellulosic feedstocks can be used as substrate for
cellulase production.

SCALE
Scale is of particular importance in relation to biofuels production and use.
Many companies are in the race to operate the world’s first ‘commercially viable’
cellulose ethanol plant and these facilities are all being designed and
constructed at the (very) large scale. Current operating cellulose ethanol plants
producing 0.1 to 5ML/year are considered demonstration or pilot plants.
Commercial plants in development will have capacities up to 200ML/year and
could process up to 2000 tonnes/day of lignocellulosic biomass (Solomon et al.,
2007).
Unfortunately the history of industrialisation has shown that environmentally
unsustainable practices can be commercially viable when full environmental
costs are not included on the company balance sheet. A modern example in
the biofuels arena is the removal of tropical forests to make way for feedstock
plantations, eliminating potential greenhouse benefits and producing carbon
payback periods of several decades or more (Gibbs et al., 2008).

The cost of

future climate change has been estimated in the trillions of dollars (Ackerman &
Stanton, 2008). It is possible that similar issues could arise in connection with
large scale cellulose ethanol facilities. Even though the possibility of using local

5

agricultural residues or feedstocks grown on degraded lands provides a range
of more suitable choices, there is no guarantee that global economics or politics
will favour the environmentally attractive options.

Further, large centralised

processing facilities require more fuel to be consumed transporting feedstock to
the facility and fuel to distribution outlets per litre of fuel produced than will an
equivalent number of smaller regional facilities located closer to feedstock
sources and fuel distribution outlets (Wakely et al., 2008).
A smaller scale of production is not only associated with reduced transport
distances, but additional environmental benefit can flow from the fact that
consumers and producers are more likely to act responsibly when the impacts
of their decisions are felt close by. The environmental and social benefits of
smaller, localised scales of production have been pointed out by some
sustainability commentators (Hopkins, 2008, Hawken, 1994, Schumacher,
1999). Social benefits include the rejuvenation of rural economies, improved
employment and opportunities for ordinary people to become the owners of
capital. The benefits of decentralized energy production have already accrued
to thousands of small operators of solar, wind, biogas, biodiesel and ethanol
facilities.
The cost of commercial cellulase preparations has frequently been cited as an
economic barrier to cellulase ethanol production. Although these costs have
come down considerably in recent years, it is unlikely that affordable cellulase
preparations will be available to the small-scale producer.

At present the

technologies for producing cellulase preparations are only available under
license to the big cellulose ethanol producers, for it is only at the large scale that
their production becomes economical. In contrast to starch ethanol processing,
where the practice of malting barley for enzymes is well established and can be
6

carried out at virtually any scale, there may at present be no practical way for
the small-scale cellulose ethanol producer to make their own cellulase.

OBJECTIVES, RESEARCH QUESTIONS AND THESIS STRUCTURE
The general objective of the present research is to investigate the feasibility of a
low technology, small-scale process for the production of ethanol from wheat
straw (the most abundant agricultural residue in Australia), which incorporates a
simplified process for on-site cellulase production using solid-state fermentation.
This general objective is broken down into several specific objectives and
research questions which give rise to the overall structure of the thesis as
detailed below.
Chapter 2 sets the context for the present research by reviewing processes for
the conversion of lignocellulosic biomass to ethanol to give an overall picture of
the history, science and present state of cellulose ethanol development, and to
show the gap which the present research attempts to fill.

Chapters 3 to 7

present a number of groups of laboratory fermentations designed to investigate
potential ways for simplifying, enhancing the performance, or reducing the
energy consumption of the proposed cellulose-to-ethanol conversion process.
In Chapter 3 it is sought to determine if there exists a simple pretreatment which
significantly improves the amenability of wheat straw to enzymatic hydrolysis
without consuming excessive energy. A number of simple pretreatments are
investigated and compared for their energy requirements and their ability to
enhance the enzymatic saccharification of wheat straw.
In Chapter 4 the fundamental question of whether or not a crude unprocessed
liquid cellulase produced by solid-state fermentation can produce ethanol is
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investigated, and the amount of additional wheat straw required for cellulase
production is quantified.

In Chapter 5 semi-continuous mode of solid-state

fermentation (where at regular intervals a portion of fermenting substrate is
removed and replaced with an equivalent amount of fresh substrate) is
modelled and tested experimentally in order to determine whether gains in
cellulase production can be made by moving towards a continuous mode of
operation, as is the case with submerged liquid fermentations.
In Chapter 6 simplifications with regard to the use of specialized fungi, pure
culture and sterile environments are investigated.

A specialised strain of

cellulolytic fungus is compared for cellulase production in solid-state
fermentation with wild fungal strains and enrichment cultures from compost and
horse manure.

In Chapter 7 two sterilising agents, hydrogen peroxide and

sodium metabisulphite, are investigated as substitutes for the energy intensive
use of steam sterilisation to minimse contamination during ethanol fermentation.
A number of ethanol fermentations with varying treatment levels are carried out
and the impact on cellulase action, yeast action, contamination levels and
ethanol production are examined.
Finally, in Chapter 8, in order to make some assessment of how well the overall
objective has been met, the findings of previous chapters are combined with
fundamental calculations and published reports in order to model a proposed
farm-scale cellulose to ethanol conversion process. Mass and energy flows are
modelled. The energy yield ratio, on-site energy surplus and energy saved by
the use of the simplified cellulase process are estimated. Some qualitative
conclusions regarding potential reductions in environmental impact are drawn,
and recommendations for future research are made.
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CHAPTER 2
Review of Processes for the Conversion of Lignocellulosic
Biomass to Fuel Ethanol
INTRODUCTION
In this Chapter an overview is given of the processes by which ethanol can be
produced from lignocellulosic materials. Firstly the process is broken down into
sequential steps and methods by which each of the steps can be carried out are
described.

Then some examples of operating cellulosic ethanol plants are

presented. Finally, methods for the production of cellulase, the key enzyme
complex responsible for breaking down cellulose into fermentable sugars, are
described which leads in to a discussion of the specific area of focus of the
present research.
Processes for the production of fuel ethanol from sugar and starch based
feedstocks are well established, with hundreds of full scale commercial facilities
producing fuel ethanol from sugar cane or corn in operation around the world.
By comparison, despite over fifty years of research, the production of ethanol
from lignocellulosic biomass is still in its infancy. All operating cellulose ethanol
facilities are at demonstration or pilot scale.

Factors hindering the

commercialisation of cellulose to ethanol technologies have included the need
for energy intensive pretreatment of raw materials and the cost and energy
associated with the use of commercial acids and enzymes.

Further, a

fermentation broth of cellulose ethanol has a concentration of only 4-6% (wt),
around half that of a broth fermented from sugar or starch feedstocks, which
increases the distillation energy significantly compared to conventional sources.

9

Established methods of producing ethanol from lignocellulose can be broadly
classified into two groups, referred to as separate hydrolysis and fermentation
and simultaneous saccharification and fermentation.

With the first method

cellulose is hydrolysed into fermentable sugars which are then transferred to a
separate reactor where they are fermented into ethanol.

In the second method

hydrolysis (saccharification) and fermentation occur at the same time in the
same reactor.

Both methods require pretreatment to separate lignin and

hemicellulose from the cellulose and to expose the cellulose fibres to improve
contact during the hydrolysis phase. Both methods also require subsequent
distillation to extract the ethanol from the fermentation broth.
Pretreatment generally includes a combination of some form of milling, steam
treatment or contact with hot water, dilute acid or base. Hydrolysis has been
performed chemically with dilute or concentrated acid solutions, and biologically
by cellulolytic organisms or the enzymes isolated from them.

Fermentation is

carried out by suitable microorganisms including yeasts and bacteria.
Distillation is typically carried out in two stages, using one or two distillation
columns. In the first stage ethanol vapours are stripped from the fermentation
broth and the second stage purifies the ethanol by further dehydration. Figure
2.1 shows a generic process for the conversion of lignocellulosic materials into
ethanol.
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Fig 2.1. Generic process for the conversion of lignocellulosic materials to ethanol

PRETREATMENT
By nature’s design, cellulose is a more difficult polysaccharide to breakdown
into its glucose monomers than starch. The function of starch is to provide a
store of available glucose for the production of energy. Cellulose, the major
component of plant cell walls, provides strength and structure for the plant as
well as protection from chemical or microbial attack.
Although both starch and cellulose are polymers of glucose, differences in the
nature of the bonds between monomer units result in differences in ease of
degradation. The angle of the -1,4 glycosidic bond between glucose units in
cellulose results in long straight molecules whereas the -1,4 bonds in starch
result in spiral branched molecules (Metzler & Metzler, 2001).

This

arrangement also results in glucose monomers being joined by an additional
hydrogen bond in cellulose which is not present in starch.

Lateral hydrogen

bonding between long chain cellulose molecules (typically 2000 - 10 000
monomer units) gives rise to the tightly bound microfibril structure of cellulose
commonly found in nature. Further, cellulose is encased in lignin, a polymer
consisting of a three dimensional network of phenylpropanoid units, which is
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resistant to chemical and biological degradation and gives structural strength to
wood and other plant fibres.
In addition to the complications arising from the recalcitrance of cellulose and
lignin, difficulties also arise from the presence of hemicelluloses in the plant
material. These are polymers based on five and six carbon sugars which are
not readily fermented by the organisms used to ferment glucose. This problem
can be dealt with at the pretreatment stage by removing hemicelluloses (and
sometimes fermenting them separately), or at the fermentation stage by using
microorganisms which ferment both C5 and C6 sugars.
Lignocellulosic feedstocks thus require some form of pretreatment to separate
cellulose from hemicellulose and lignin and to make cellulose accessible for
degradation by increasing the available surface area of contact and improving
cellulase adsorption onto cellulose microfibrils (Van Wyk, 1997).

Cellulosic

wastes such as paper and cardboard which have already been subject to
industrial treatment have most lignin removed, but pretreatment prior to
hydrolysis and fermentation still appreciably improves yields.
Pretreatments can be categorised into physical, chemical, biological or a
combination of these methods. Table 2.1 lists methods of pretreatment under
each category and table 2.2 gives advantages and disadvantages of various
methods.
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Table 2.1. Types of pretreatment for lignocellulosic biomass. From Saddler et al. (1993)
Pretreatment
physical
chemical
biological
combination

Table 2.2.
substrates
Pretreatment
ball-milling

hot alkali
dilute H2SO4
(100-160C)

steam
explosion
(190-210C)

Methods
steaming, radiation, ball milling, hammer milling, vibratory rod milling,
wetting
hydrochloric acid, sulphuric acid, phosphoric acid, acetic acid, sodium
hydroxide, ammonia, sulphur dioxide
white-rot fungi
steam explosion, milling at high temperatures, NO2 and irradiation,
alkali and ball milling, SO2 and steaming
Advantages and disadvantages of various pretreatments for lignocellulosic

Advantages
-reduces cellulose
crystallinity
-decreases particle size
-increases specific surface
area
-more efficient than ballmilling as enzymatic
hydrolysis is faster
-separates hemicellulose
stream
-increases rate of enzymatic
hydrolysis of cellulose
-efficient in fractionating
wood biomass
-hardwoods better than
softwoods
-additional catalyst not
required
-enzymatic hydrolysis can
give 100% conversion to
glucose
-effective for non-woody
biomass (grasses, corn
fibre)

Disadvantages
-energy intensive

Ref
Christakopolous et al.
(1991,1992)

-high temperatures required
(190-210C)

Klinke et al.
(2003)

-produces furfural which
inhibits enzymatic hydrolysis
& fermentation
-need for expensive
corrosion resistant materials
-results in loss of
hemicellulose sugars
-energy intensive
-not effective for softwoods
-substrate must be washed
to remove inhibitors released

Bothast &
Saha (1997)

Bothast &
Saha
(1997)
Negro et al.
(2003)

-hemicelluloses only 25%
digested
-not effective for softwoods

Bothast &
Saha
(1997)

-relatively cheap, non-toxic,
non-hazardous
- improved yields compared
to steam alone

-less effective than other
treatments
-energy intensive

ultrasonic

-exceptionally high yields

-expensive equipment
-energy intensive

organic
solvents –
e.g. ethanol,
acetone

- acids/alkali not required
- can use ethanol produced
by process
- leaves lignin in a usable
form
-low cost
-safe
-non polluting
-low temperature/energy
-wide range of fungi
available

- high temperatures required
- ethanol yield reduced if
ethanol used as solvent

Mosier et al.
(2005)
Oehgren et
al.
(2005)
Mahinpour et
al.
(1998)
Itoh et al.
(2003)

ammonia
fibre
explosion
(30-80C)
hot water
SO2 + steam

biological
pretreatment
(white-rot
fungi)

-slow process
-degradation non-uniform
-enzymatic reaction
disturbed by mixing

Vassilev et al.
(1994)
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Since pretreatment affects all downstream processes comparison of different
methods is not a simple affair as the overall process must be taken into account
(Galbe & Zacchi, 2007). The yields of C5 and C6 sugars must be considered
as methods which favour one may retard the other.

Further, since

pretreatment can be energy intensive, gains in sugar and ethanol yields
obtained by pretreatment must be weighed against the energy required to
obtain them and any downstream energy saved.

ACID HYDROLYSIS
That alcohol can be produced by treating wood with acid and fermenting the
product has been known since as early as 1819 (Boullanger, 1924). It was not
until 1910 that wood alcohol was produced on a large scale at US factory in
Georgetown where pine sawdust was heated with steam and dilute sulphuric
acid under pressure for 1 hour.

The hydrolysate was then cooled, the solids

extracted, liquids neutralised and fermented to alcohol.
Ethanol was produced from wood by dilute acid hydrolysis during the first world
war by Germany and the US. Though production stopped after the end of the
war due to the availability of petroleum and a drop in timber production,
research was continued by the USDA Forest Products Laboratory. The second
world war prompted a renewed focus on wood alcohol and in the 1940s a diluteacid percolation pilot plant was build at the Forest Products Laboratory in
Madison, Wisconsin.

The development of cellulose ethanol by acid hydrolysis

was later taken up by the Tennessee Valley Authority who continued to refine
the process and in 1952 constructed a full scale percolation reactor.

The

percolation process operates by passing dilute acid through a bed of woodchips
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at moderate temperatures (180C) long enough to release its sugars which are
then removed by the solution before they degrade significantly. It remains one
of the simplest processes for producing sugars from biomass, but has the
drawback that it produces dilute sugar streams (around 4%).
In the late 1970s, prompted by oil shortages, a resurgence in research led to a
search for alternative designs which produced more highly concentrated sugar
streams. Eventually this resulted in designs with plug flow and countercurrent
operations. Though these types of reactor can produce higher concentrations
of sugars, the yields are significantly less than those achievable by percolation
reactors (around 50% compared to 70%).
Modern designs based on dilute acids are mostly refinements of these earlier
designs and generally employ two stages of hydrolysis corresponding to
hemicellulose and cellulose.

The US Department of Energy’s National

Renewable Energy Laboratory recently reported results for dilute acid
hydrolysis of softwoods in which the conditions of the reactors were (US DOE,
2007):
Stage 1: 0.7% sulphuric acid, 190°C, 3-minute residence time
Stage 2: 0.4% sulphuric acid, 215°C, 3-minute residence time
The use of concentrated acids has generally been ruled out as an economic
method of producing cellulose ethanol due to the high cost of the acids and the
difficulty of recovering them. One company, however, is presently operating a
100,000L per year pilot plant based on concentrated sulphuric acid hydrolysis
with plans to build a commercial scale plant in the near future.

Their process

utilises ion exchange chromatography to separate the acid from the sugar
solution with a claimed recovery of 97% of the acid.

The use of concentrated
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acid enables the hydrolysis step to take place at significantly lower
temperatures (35-65C) than with the use of dilute acid (BlueFire Ethanol,
2009).
The mechanism of cellulose hydrolysis by acids involves a complex
heterogeneous reaction with a proton from the acid interacting with the
glycosidic oxygen linking the glucose units (Xiang et al., 2003). This interaction
creates a cleavage of the C-O bond and the formation of an intermediate
carbonium ion. The addition of water to this reaction results in the liberation of
a proton and a free glucose molecule. Reaction rates depend on temperature,
concentrations of reactants and products and physical parameters including the
size and crystallinity of cellulose particles. Desirable reaction rates can be
obtained either by using dilute acids at high temperatures or concentrated acids
at milder temperatures (Christakopolous et al., 1991).
Malester et al. (1992), in order to model the kinetics of dilute acid hydrolysis of
cellulose from municipal solid waste, performed a range of hydrolysis
experiments using sulphuric acid in a two litre batch reactor.

Using

temperatures of 200 to 240C, and pH values varying between 0.3 and 1 they
obtained yields from 43% to 55% of theoretical and demonstrated, among other
things, a linearly decreasing relationship between yield and pH for a given
temperature.

Camacho et al. (1996) modelled the reaction kinetics of

concentrated H2SO4 solubilising microcrystalline cellulose. They performed a
series of experiments using temperatures from 25 to 40C and acid
concentrations from 31% to 70%. The resulting curves showed peak yields of
around 300g reducing sugar per kg of initial cellulose after 6 to 12 hours of
reaction time, the yields increasing with increasing acid concentration. Lambert
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et al. (1990) compared concentrated and dilute acid hydrolysis of cellulose
using hardwoods and corn stover as feedstocks. They obtained yields of 230
litre/tonne using dilute acid and 270 litre/tonne using concentrated acid. More
recently the use of solid acid catalysts for the hydrolysis of cellulose into
fermentable sugars has been investigated, which can reduce the reaction
temperature to as low as 50C and avoids the difficulty of separating liquid
products from acid solutions (Onda et al., 2008).
In choosing between using dilute and concentrated acids for the hydrolysis step
there are a range of factors which need to be taken into account such as the
cost and amount of acid required including any requirements for recycle,
recovery, neutralisation, the time required for the reaction to occur, and the
energy associated with the temperatures utilised.
Compared to using microorganisms, one attraction of acids for the hydrolysis
step is the much higher rates of reaction, typically utilising residence times of
minutes or hours compared to the days or even weeks required by biological
hydrolysis.

Drawbacks include the process energy associated with the

temperatures and pressures required,

energy embodied in the industrially

produced acids employed, the complexities of recovering or neutralising the
acids, the need for corrosion resistant equipment and the need for precise
control of retention times to prevent degradation of monomeric sugars
produced.

ENZYMATIC HYDROLYSIS
Myriad fungi and bacteria participate in the breakdown of cellulose in nature and
many of these have been tested for their capacity to convert cellulose into
glucose and ethanol.

Commonly used for cellulose ethanol production are
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enzymes of the filamentous fungi Trichoderma reesei, named after E.T. Reese
who with his collaborators in 1950 studied the mechanisms of cellulose
hydrolysis. They found that organisms which were able to break down soluble
cellulose derivatives were not necessarily able to break down native cellulose,
and postulated the biological mechanism of cellulose hydrolysis involved at
least two steps and two enzymes (Reese et al., 1950).
Pioneering work into the production of glucose from cellulosic waste by
enzymatic hydrolysis was performed by the US army in 1976 and since then
several groups have successfully scaled up the process (Hayn et al., 1993).
The research team at the Lawrence Berkeley laboratory at the University of
California since the early seventies have designed several processes for the
enzymatic hydrolysis of cellulose from lignocellulosic wastes including
newspaper and corn stover. They achieved xylose and glucose yields of 70%
and 40% of theoretical respectively. Their processes included the innovation of
enzyme recovery.

In the early eighties researchers at the University of

Arkansas Biomass Research Center developed an eight step process to
produce 1 tonne per day of ethanol from municipal solid wastes and other
lignocellulosic waste using T. reesei enzymes for the hydrolysis step. They
obtained average yields of 280 litres ethanol per tonne of dry mixed
lignocellulosic material.
Since the early seventies there has been increasing research into the enzymatic
hydrolysis of lignocellulosic materials. In 1974, a Canadian company Iotech, in
response to predicted world food shortages, developed a process using steam
explosion and cellulases of T. Reesei to convert wood chips into animal feed.
In the late seventies, prompted by the perceived world oil crisis, they turned
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their expertise and enzyme technology to producing ethanol from woodchips. In
1983 Iotech built a pilot plant which converted one tonne per day of wood chips
to ethanol, using enzymes genetically engineered to outperform non-engineered
strains.
Advantages of this process were that the pretreated wood chips are a suitable
feedstock for enzyme production, and a reactive lignin was recovered by the
pretreatment.

The recovered lignin can offset the cost of pretreatment by

selling it, or by using it as a solid fuel to provide process heat or electricity.
Iotech became Iogen, the world’s largest producer of cellulose ethanol,
presently processing 25 tonnes per week of agricultural residue into fuel
ethanol.
Corresponding with the increasing focus on cellulose ethanol technologies, the
specific mechanisms of the enzymatic hydrolysis of cellulose have also been
widely studied. It is generally agreed that there is a synergistic action between
three or four main cellulase enzymes referred to as endoglucanase,
exoglucanase or cellobiohydrolase, and β-glucosidase.

Wright et al. (1988)

explained the mechanism as a simple three step process whereby
endoglucanase adsorbs to the surface of the cellulose chain and breaks β-1,4
glycosidic bonds exposing new chain ends.

Exoglucanse removes cellobiose

units from the non-reducing end of the chain and β-glucosidase, in a liquid
phase reaction, splits the cellobiose units into glucose monomers. It is now
believed that β-glucosidase can monomerise soluble glucosides up to 5
glucosyl residues or shorter.
A 1993 review of biochemical studies described two types of cellobiohydrolase
and three types of endoglucanase, each having a different structure and
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performing different functions in the hydrolysis of cellulose to glucose (Hayn et
al., 1993) They concluded:
It is clear that cellulases are fascinating molecules. To understand their
structure and mode of action is an intriguing challenge for future
biochemical research.

More recent reviewers have pointed out that the situation is complicated by the
fact that enzymatic action is influenced by substrate physical properties
including degree of polymerisation, crystallinity, accessible area and the
presence of lignin (Zhang & Lynd, 2004). Not only do these properties vary
between substrates but on any selected substrate they change as the reaction
proceeds.

The mechanism of cellulase action is described similarly with

endoglucanases acting on interior portions of the cellulose chain and
exoglucanases acting on chain ends, though it is not clear whether the exoacting enzymes separate cellobiose or glucose units from the chain ends.
Endoglucanases are thus largely responsible for changes in the solid phase
whereas exoglucanases are responsible for solubilisation, the former reactions
being an order of magnitude slower than the latter. The more recent reviewers
state

that

at

least

two

cellobiohydrolases

(exoglucanases)

and

five

endoglucanses, as well as -glucosidase and hemicellulases have been
identified for the T. Reesei complex.

They also observe that the roles of endo

and exo-acting cellulases are not as clear cut as was previously thought, with
researchers observing some endo-acting activity exhibited by exoglucanases.
Incomplete understanding of the mechanisms of cellulase action has been no
barrier to the development of enzymatic hydrolysis which is now the dominant
process by which lignocellulosic materials are converted to ethanol (although
dilute acids are still commonly used as part of pretreatment).

Hundreds of
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cellulase cocktails have been prepared based on cellulase components isolated
from a wide range of microbes. These cellulase complexes have been used to
hydrolyse a number of lignocellulosic substrates for ethanol production including
corn stalks, corn cobs, cotton waste, wheat straw, rice straw, wood, municipal
solid waste, cassava bagasse, sweet sorghum bagasse and sugarcane
bagasse.
Enzymatic methods of hydrolysis have the advantages that they do not employ
corrosive acids, are easy to control and occur at low temperatures and
pressures (35-50C, atmospheric pressure). The major drawback is the time
taken which is generally one to four days. Times can be shortened by the use
of higher levels of cellulase activity but then there is a trade-off with the
increased complexity, energy and cost required to produce the more active
cellulase preparations.

While there is no possibility of the enzymes breaking

down the monomeric sugars produced (as with acids), this can be done by
contaminating microorganisms if sterile conditions are not maintained.

FERMENTATION
Fermentation of sugars into ethanol is a process well established by small and
large-scale producers of beverage alcohol and fuel ethanol.

Starch and

cellulose both produce glucose upon hydrolysis and the yeast Saccharomyces
cerevisiae is employed in approximately 95% of all industrial ethanol production
processes (Waites, 2004). Cellulose ethanol technologies in the main use this
yeast for the fermentation of glucose to ethanol, whether the process employs
separate or simultaneous saccharification and fermentation, though a range of
other microorganisms have also been used.

These include the yeast
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Kluyveromyces marxianus, the bacterium Zymomonas mobilis and the
filamentous fungi Mucor indicus and Rhizopus oryzae.
A challenge for cellulose ethanol production is the fermentation of C5 sugars,
primarily xylose, produced by the hydrolysis of xylans (polysaccharides based
on xylose), typically a significant component of lignocellulosic materials. For
example, one comparison of the polysaccharide composition of various
substrates showed compositions of glucans and xylans as 32% and 19%
respectively for straw and 39% and 21% for sugarcane bagasse (Puls, 1993).
Clearly the conversion of xylans to ethanol has the potential to significantly
improve ethanol yields compared to fermenting glucose only.
Attempts to develop processes which ferment xylose as well as glucose have
focused in several areas. Yeasts which naturally ferment xylose or glucose
have been explored for their capacity to ferment mixtures of glucose and xylose
but a number of difficulties arise (Sanchez et al., 2002).

Some xylose

fermenting yeasts, including the most efficient Pichia stipitis, exhibit low ethanol
tolerance. The fermentation of xylose is inhibited by ethanol and hydrolysate
products such as phenols, furan derivatives and aliphatic acids. There is also
the problem that glucose inhibits the assimilation of xylose by some xylose
fermenting yeasts.

Though some of these difficulties have been overcome

(Kastner et al., 1999), reported ethanol yields from mixed yeast fermentations of
xylose/glucose mixtures are generally below those obtainable with the
fermentation of glucose alone by S. cerevisiae. One way to avoid the problem
is by fermenting C5 and C6 sugars separately with their corresponding yeasts
(Gupta et al., 2009).
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Another approach has been to utilise xylose isomerase obtained from xylose
fermenting organisms in conjunction with S. cerevisiae.

Xylose isomerase

converts xylose to xylulase which S. cerevisiae can ferment to ethanol, but
fermentation rates are too slow to produce practical yields (Chandrakant &
Bisaria, 2000).
Significant effort has been directed towards genetically engineering organisms
to ferment both cellulose and hemicellulose sugars.

S. cerevisiae has been

engineered to co-ferment xylose and glucose. In one study xylose metabolising
genes from E. coli were introduced into the plasmids of S. cerevisiae producing
a strain which could effectively ferment xylose with or without the presence of
glucose as well as fermenting both when simultaneously present (Ho et al.,
1998). In another, genes from P. stipitis were chromosomally integrated into S.
cerevisiae producing a strain able to anaerobically produce ethanol from xylose
(Eliasson et al., 2000).
At the US Department of Energy’s National Renewable Energy Laboratory
Zymomonas mobilis, which efficiently ferments glucose to ethanol and exhibits
a high ethanol tolerance but has a limited substrate range, was spliced with E.
coli genes required for metabolism of xylose (Ingram et al., 1998). The resulting
organism did ferment xylose to ethanol but the expected yields were not
achieved, being less than those previously achieved with engineered strains of
E. coli.

Difficulties with using engineered strains for xylose conversion include

the high costs of the organisms themselves as well as the costs of the safe
discharge of wastewaters containing these organisms.

Where reasonable

yields are obtainable, the organisms generally require hydrolysates to be
purified in order to achieve those yields (Haagensen et al., 2005).
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SIMULTANEOUS SACCHARIFICATION AND FERMENTATION
One limitation with biological methods of converting lignocellulosic biomass to
ethanol is the dependence of the rate of reaction for the hydrolysis step on the
concentrations of products.

Buildup of sugars slows down the hydrolysis step

and buildup of ethanol slows down the fermentation step. With simultaneous
saccharification and fermentation (SSF), glucose produced by the hydrolysis
step is continuously consumed by the fermenting microbes, reducing glucose
inhibition.
Even though the accumulation of ethanol has an inhibitory effect on the
fermentation step, it has been shown by modelling (Drissen et al., 2009) and
confirmed experimentally (Drissen et al., 2009, Chandrakant & Bisaria, 2000,
Philippidis et al.,1992) that performing the saccharification and fermentation
steps simultaneously in a single reactor enables the saccharification reaction to
proceed for longer than if it were in a separate reactor from the fermentation,
and thus higher ethanol yields are achieved.
The presence of ethanol can also reduce the risk of contamination as many
bacteria which might otherwise degrade the sugars into products other than
ethanol have a lower tolerance for ethanol than the fermenting yeasts (Van
Wyk, 1997). SSF can hence lead to improved efficiency by utilising one less
reactor, by improved reaction kinetics, and by reducing the risk of
contamination.
On the other hand, there are disadvantages of SSF compared to separate
hydrolysis and fermentation, one being that the combined steps can no longer
be separately controlled. The optimum temperature for enzymatic hydrolysis is
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typically 50C whereas the optimum temperature for fermentation is around
30C, so a compromise is usually struck around 37C at which neither process
is at its optimum. This drawback has prompted research into the cultivation of
thermotolerant yeasts (Pradeep & Reddy, 2008).
Another challenge which must be overcome with SSF processes is that not all
microorganisms which hydrolyse cellulose into fermentable sugars will produce
ethanol with them. Unwanted byproducts can include lactic acid, acetic acid,
methane and hydrogen. Typically this problem is avoided in one of two ways.
One way is to culture specific microorganisms which will metabolise cellulose
into ethanol.
For example, an inoculum of Clostridium thermocellum was grown for 72 hours
and then added to a medium containing nutrients which were under study
(Balusu et al., 2004). The mixture was incubated anaerobically at 60C for 5
days.

Concentrations of 2-3g/L ethanol were obtained.

Co-cultures of

Clostridium thermocellum and Clostridium thermohydrosulfuricum have also
been used under similar conditions to ferment cellulose directly to ethanol (Ng
et al., 1981). With strain development applied to this co-culture ethanol yields of
up to 30g/L have been obtained (Kirumira, 1989).
Alternatively, the cellulase enzymes which hydrolyse cellulose into fermentable
sugars, can be isolated from the microorganisms which make them and used in
conjunction with the living organisms which ferment the sugars into ethanol.
Processes which employ separate enzyme preparations most commonly use
cellulase isolated from Trichoderma reesei for the saccharification step and
strains of Saccharomyces cerevisiae for fermentation of the sugars to ethanol.
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In one example wheat straw pretreated with dilute sulphuric acid underwent
SSF at 37C for 6 days and a final ethanol concentration of 57g/L was obtained
(Mohagehegi et al.,1992).

Softwood pretreated with SO2 and steam has been

converted to ethanol by SSF using commercially available enzymes and yeast
(Stenberg et al., 1999). Steam pretreated corn stover underwent simultaneous
saccharification and fermentation with commercial cellulase and bakers yeast
resulting in 34g/L ethanol at 80% yield (Ohgren et al., 2007). The authors noted
that an additional 13g/L of ethanol could have been produced if xylose in the
fermentation broth had been fermented.
Ultimately

the

concentrations

of

ethanol

obtainable

by

simultaneous

saccharification and fermentation are limited by the amount of solids which can
be added without the slurry becoming too thick to be fermentable. As solids
concentrations increase, ethanol concentrations increase but yields decrease
(Hoyer et al., 2008). A better mixing regime may be employed to increase
yields, but this may require additional energy, offsetting potential reductions in
distillation energy achieved by improved ethanol concentrations.
Efforts to improve the efficiency of the SSF process have resulted in an
increasing focus on developing genetically engineered organisms with the dual
capacity of hydrolysing cellulose and fermenting the sugars produced to
ethanol. One difficulty which it has been sought to overcome is that organisms
which make ethanol almost exclusively exhibit a narrow range of biochemical
pathways and are thus able to utilise only a limited range of sugars found in
lignocellulosic materials, whereas organisms which utilise a wide range of
sugars produce mixtures of fermentation products.
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One approach to dealing with this problem has been to utilise the capability
possessed by many bacteria to produce pyruvic acid as an intermediate product
of sugar metabolism.

By inserting into one of these bacteria (e.g. Eshcerichia

coli) genes from an ethanol producer (e.g. Zymomonas mobilis) which code for
the enzymes facilitating the conversion of pyruvic acid to ethanol, the metabolic
pathway is modified in favour of ethanol production and away from the
production of alternative fermentation products such as formic, lactic and acetic
acids (Ingram et al., 1998).
Other approaches have included chromosomally integrating genes coding for
endoglucanase and the ethanol pathway into a bacteria with the native ability to
metabolise cellobiase and cellotriase (Zhou & Ingram, 2001).

Ethanologenic

yeasts have been modified to ferment cellulose by inserting the T. reesei gene
sequences for the display of endoglucanase, cellobiohydrolase and glucosidase into the plasmid of S. cerevisiae (Fujita et al., 2004).

By

incorporating genes from T. Reesei and Aspergillus oryzae, S. cerevisiae has
been engineered to directly ferment xylans into ethanol (Katahira et al., 2004).
One recent innovation is the development of a thermophillic bacterium which
can produce ethanol directly from oligomeric sugars, eliminating the need to
break them down into monomers.

This finding was followed by rapid scale-up

leading to a 5.3ML/year cellulosic ethanol pilot plant which is in operation in the
UK at present (TMO Renewables, 2009).
While the engineered methods have in some cases produced good ethanol
yields, ranging from 50 to 90% of theoretical, the concentrations have generally
been too low (less than 10g/L) compared to using separate cellulase and
fermenting yeasts in the SSF process to render the ‘two-steps-in-one’
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genetically modified organisms practical. Previously mentioned difficulties
relating to purification of hydrolysates and safe discharge of wastewaters
applies as much to organisms engineered for direct conversion of cellulose to
ethanol as to organisms engineered for the co-fermentation of C5 and C6
sugars.

DISTILLATION
The history of the distillation of spirits dates back several hundred years (Rose,
1977) and a variety of still configurations have been developed for the home
and small-scale distiller.

For example, one guide to the home distillation of

alcohol published in 1907 details over 15 different configurations from simple
one-step arrangements to multiple tray distillation columns (Wright, 1907).
Although some engines can run on ethanol-water mixtures as low as 80%
ethanol, quality control, licensing, excise and denaturing requirements generally
dictate a higher purity.

The Australian Government’s proposed fuel ethanol

standard sets the purity at 99.0 vol % minimum prior to denaturing (Australian
Govt, 2005).
Binary distillation of an ethanol-water mixture can achieve a maximum purity of
95.6% by weight, boiling at 78.15C and 101kPa (Henley & Seadler,1981). This
is referred to as the azeotropic point, at which the concentration of ethanol in
the liquid and vapour phase are the same and no further purification can be
obtained by distillation. Small-scale users who are unconcerned about meeting
standards may be satisfied with the azeotropic mix, or lower concentrations,
which will perform well in a correctly modified engine. In such situations a
single packed and correctly size distillation column can suffice to recover
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ethanol from the fermentation mash.

Alternatively a secondary ‘rectifier’

column can be used to achieve the desired purity.
In industrial applications where higher purification is sought azeotropic
distillation or extractive distillation are commonly employed (Seader & Henley,
2006). With azeotropic distillation of an ethanol-water mix an entraining liquid,
commonly benzene, is added to the column resulting in the formation of a
minimum boiling point ternary azeotrope.

Upon condensation the ternary

mixture separates into two liquid layers with low and high concentrations of
benzene.

The benzene-rich layer is returned to the top of the column as reflux

and the rest is continuously distilled leading to a close to 100% ethanol stream
from the bottom of the column. With extractive distillation a solvent, such as
phenol, aniline or furfural, is added near the top of the column which increases
the relative volatilities of ethanol and water.
Another technology widely used with industrial scale ethanol production is
molecular sieve, granular substances with a high capacity to adsorb water, also
having the capacity to shift the azeotropic point.

Molecular sieves can be

employed as a final dehydration treatment where superheated ethanol vapour
exiting the rectifier passes through a bed of molecular sieve beads onto which
water is adsorbed, with anhydrous ethanol exiting the bed.

Alternatively, in

increasing use is adsorptive distillation in which a molecular sieve material is
incorporated into the packing of the distillation column (Al-Rub et al., 1999).
This technology is becoming popular because it eliminates the need for
additional processes to recover and recycle entrainers and solvents.
A number of membrane based technologies have also been used to dehydrate
ethanol distillates. Pervaporation, a contraction of permeation and evaporation,
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involves drawing the water across a membrane by the use of vacuum so that
there is a change of phase across the membrane.

Membrane distillation

involves using a membrane to provide a vapor gap between two liquid phases,
a warm salt-containing solution on one side and a cool pure distillate on the
other.

The key difference between these two methods is that pervaporation is

driven by a pressure gradient whereas membrane distillation is driven by a
temperature gradient.

Reverse osmosis has also been employed in which a

pressure gradient is applied across semi-permeable membrane without a
change of phase. Membrane technologies have the drawback that expensive,
highly specific, proprietary membranes are required which generally need
replacing far more frequently than molecular sieves.
The primary difference between the distillation of sugar or starch based ethanol
and cellulose ethanol is that cellulose ethanol fermentation liquids have
significantly lower concentrations of ethanol, typically 4-6% compared to 1218% for sugar/starch based fermentations.

The distillation energy required to

achieve a given final concentration of ethanol rises rapidly as the ethanol
concentration in the feed decreases. Thus cellulose ethanol processing can
require considerably more distillation energy than conventional processes.
Therefore methods for improving the efficiency of the distillation process are of
particular interest in connection with ethanol produced from lignocellulosic
materials. A number of methods have been employed to reduce the energy
required for the distillation of ethanol. Energy integration is increasingly being
considered in the design of cellulosic ethanol biorefineries.

Rather than

importing fossil energy, process byproducts can become a source of energy for
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distillation. The combustion of lignin (Luri, 2008) and the anaerobic digestion of
stillage (Wilkie et al., 2000) are two such methods.
Then there are modifications to the distillation process itself.

The use of

structured packing in lieu of trays, salts, solvents and fatty acids as entrainers
are some of the established methods of improving the thermodynamic efficiency
of the distillation process (Seader & Henley, 2006). Heat pumps can be used in
various configurations to recover heat from the column or condenser (Oliveira et
al., 2002). The use of vacuum conditions can reduce distillation energy by
lowering the temperature at which evaporation occurs, but this needs to be
weighed up against the energy required to create the vacuum conditions and
additional design and operating factors (e.g. stronger column, effective sealing).
Intermittent flash separation has been employed to remove ethanol produced
from rice straw from the simultaneous saccharification and fermentation liquids,
thereby reducing ethanol inhibition and improving yields (Ghose et al., 1992).
The authors found that reducing vacuum cycling times from one hour to 15
minutes significantly reduced the amount of vacuum energy required.
Solar heating can reduce distillation energy considerably (Vorayos et al., 2006),
but captial costs are high.

To achieve, after heat exchange, the temperatures

required for ethanol distillation (100C) either a concentrating collector or an
auxiliary heat source is required (the latter would probably be installed anyway
for periods when solar radiation was inadequate).
A combination of solar energy and vacuum distillation can be used whereby the
use of vacuum lowers distillation temperatures sufficiently that flat-plate solar
collectors can be the source of energy (Jorapur & Rajvanshi, 1991). Though it
is unlikely solar methods alone could produce azeotropic ethanol starting from
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the concentrations obtainable from lignocellulose, they can improve efficiency
by supplemental heating or raising ethanol concentrations enough to reduce
several fold the energy required for final distillation.

EXISTING FACILITIES
With awareness growing of the approaching crises of climate change and peak
oil, cellulosic ethanol is increasingly being viewed by industry and governments
as a potential sustainable transport fuel. Though there is debate about whether
or not the promise being held out is based in reality (Pimentel & Pimentel, 2008,
Patzek, 2007), increasing amounts of funding are being channeled into the
planning, construction and commissioning of cellulose ethanol plants. In 2008
the US Department of Energy granted over $240 million towards the
construction of nine cellulosic ethanol plants.

At present there are

approximately 20 cellulosic ethanol demonstration and pilot plants in operation
around the world and 11 commercial plants under development (Solomon et al.,
2007).
Following are descriptions of three operating cellulose to ethanol processing
plants. The first is US National Renewable Energy Laboratory’s Bioethanol Pilot
Plant located in Golden, Colorado. The second is BlueFire Ethanol’s
concentrated acid hydrolysis pilot pant in Izumi, Japan and the third is the Iogen
Corporation enzymatic hydrolysis plant in Ottowa, Canada.
Figure 2.2 shows the Process Development Unit (PDU) at the US Department
of Energy’s National Renewable Energy Laboratory Bioethanol Pilot Plant.
This plant has been established for the purpose of testing bioprocessing
technologies for the production of ethanol or other fuels or chemicals from
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cellulosic biomass (US Department of Energy, 2000).

The PDU has the

capacity to process approximately 1 dry tonne per day of feedstock.

The

pretreatment unit has a high pressure/temperature steam gun plus a two stage
countercurrent flow system which minimises degradation of xylose by exposure
to hot acid. The enzymatic hydrolysis and fermentation equipment includes four
9000 litre, two 1450 litre and two 160 litre fermenters, all of which can be used
for aerobic or anaerobic fermentation. The hydrolysis and fermentation steps
can be either separate or simultaneous and are designed to handle both
recombinant and native microorganisms. Distillation is by conventional means
and includes a 10m column. Sophisticated process control and data acquisition
includes spectroscopic monitoring of fermentation off-gas and enables the
calculation of materials and energy balances.

Fig 2.2. The process development unit at the US National Renewable Energy Laboratory’s
bioethanol pilot plant. Adapted from US Department of Energy (2000).

BlueFire Ethanol’s Izumi biorefinery in Japan has capacity 100,000L per year
and is based on two stage concentrated acid hydrolysis (fig 2.3).

It uses

municipal solid waste and woodchips as feedstock and produces sugars for
ethanol production at the adjacent established ethanol plant.

Hydrolysis takes

place at 35-65˚C. Recombinant Zymomonas mobilis developed at the US
National Renewable Energy Laboratory is used for the fermentation step. A
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membrane distillation and purification system is used for final ethanol
production. The acid used is sulphuric acid at 75% concentration with 97%
being recovered through ion exchange chromatographic separation columns.
Coproducts include gypsum and lignin (BlueFire Ethanol, 2009).

Fig 2.3. Simplified flow diagram for BlueFire Ethanol’s Izumi cellulosic ethanol pilot plant. From
BlueFire Ethanol (2009)

The Iogen cellulosic ethanol pilot plant, the largest one currently in operation,
has been operating since 2004, with production steadily increasing from
90,000L to 200,000L in 2008 and being set to double in 2009 (Iogen
Corporation, 2009). Feedstock is wheat, oat and barley straw and the claimed
yield is 340L of ethanol per tonne of fibre. The straw is pretreated using a
modified steam explosion process and then processed through separate
hydrolysis and fermentation steps using Iogen’s cellulase enzyme systems and
fermentation organisms engineered to ferment C5 and C6 sugars to ethanol.
Claimed improvements of engineered cellulolytic microbes include the
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production of xylanase and 10 to 120 fold increases in -glucosidase production
levels (Iogen Corporation, 2000).
The lignin is recovered from the hydrolysate and used as a solid fuel to provide
electricity for the plant. Conventional distillation technology is used to produce
fuel grade ethanol.

Integrated energy design includes heat integration, water

recycling and co-products to improve the overall efficiency of the process.

A

block diagram of the process is shown in Fig 2.4.
Enzyme
production

enzymes
wheat, oat,
barley straw

Distillation

Enzymatic
Hydrolysis

Pretreatment

ethanol

C5 sugars
C6 sugars
lignin
Electricity
Generation

lignin

Separation

C5 sugars
C6 sugars Fermentation

Fig 2.4. The Iogen process. Adapted from Iogen Corporation (2009)

CELLULASE PRODUCTION
The mid 1980s saw the first large scale industrial production of cellulase,
primarily for stonewashing denim and as a digestive aid for animal feed.
Cellulases from the genera Aspergillus, Penicillium and Humicola were widely
used.

Growth in cellulase production continued until the late 1990s as

applications expanded to include biopolishing of textiles, clarification and yield
improvement of fruit juice and household laundry detergents (Tolan & Foody,
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1999). Simultaneously the development of Trichoderma reesei cellulases were
being developed for cellulosic ethanol applications.

For these applications

cellulase was grown in submerged liquid fermentation and today industrial
cellulase production for bioethanol manufacture is almost exclusively by this
method. This is because the process is amenable to the high levels of control
sought by industry.
Substrates for cellulase production in submerged liquid fermentation are
proprietary to each manufacturer but generally contain a mixture of defined
salts, complex nutrients (e.g. corn steep liquor, yeast extract), surfactants and
cellulase inducers. Inducers can be a mixture of soluble and insoluble sugars
(e.g. milk whey which contains lactose, Solka floc cellulose, sugar or paper mill
wastes). A typical modern submerged liquid process is shown in fig 2.5.
In solid-state fermentation enzymes are obtained by growing fungi on
moistened

lignocellulosic substrates.

This

method

has its historical

development in traditional solid-state fermentations used in the Asian food
industry, in products such as soy sauce, tempeh and sake. Cellulase has been
produced by this method in China, Japan and India for many years (Toyama,
1976, Cen & Xia, 1999).

Though over twenty years of research has been

carried out on solid-state fermentation as a method of obtaining cellulase for
bioethanol production (table 2.3), it has not yet caught on at the industrial scale.
A generalised process flow diagram for cellulase production by solid-state
fermentation is shown in fig 2.6.
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Fig 2.5.
Typical process for cellulase production by submerged liquid fermentation.
Reproduced with permission from Iogen Corporation (2009).

Fig 2.6. Generalised flowsheet for cellulase production by solid-state fermentation.
Reproduced with permission from Cen & Xia (1999).
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Table 2.3. Studies on the production of cellulase for ethanol production via solid-state
fermentation.

Ref.

Substrate

Inoculant

Nutrient

Activity

Sukumaran
et al. 2009

wheat bran

salts, peptone,
yeast extract,
trace elements

22.8 IU/gds (crude)
1.14 IU/mL
(crude)
13.65 IU/mL (conc)

Singhania
et al. 2006

0.1N NaOH (4%)
pretreated and
unpretreated agricultural
residues (cassava
bagasse, sugarcane
bagasse, wheat bran,
rice straw)
steam exploded wheat
straw:bran 8:2

T.reesei & A.
niger
maintained on
potato agar
slants – spore
suspension
T. reesei
maintained on
PDA slants spore
suspension

defined mineral
salt solution

 160 U/gds
(g per min)
0.044 IU/mL

P. decumbens
wheat bran
agar slant
T.reesei
maintained on
delig. wheat
straw agar

salts

17-23 IU/g
1.7-2.3 IU/mL

Mandel’s
medium

5+ IU/mL - flask
6.5 IU/mL - pan
bioreactor

T. reesei
10mm disc
added to 60mL
medium with
600mg straw

Mandels &
Steinberg
medium
supplemented
with cellulose
powder
salt solution
with trace
elements +
yeast extract +
glucose

max 0.18 IU/mL

cellobiose, salts
trace elements

70 CMC units/g

salt solution

18 IU/g – static
(1.8 IU/mL)
11 IU/g – mixed
(1.1 IU/mL)

Fujian et
al. 2002
Chahal et
al. 1996

Maheswari
et al. 1993

Chahal et
al. 1985

Kim et al.
1985
Deschamp
s et al.
1985

wheat straw ground to
20 mesh (0.841mm),
pretreated with varying
conc. of NaOH at 121C
for 1 hr
wheat straw pretreated
with
- 0.1% NaOH at room
temp
- steamed 3 hrs
- both
wheat straw ground to
20 mesh, pretreated
with 4% NaOH at 33%
moisture at 121C for
0.5h. Not washed. pH
adjusted to 5.8 with
H2SO4
wheat bran

mixture of wheat straw
(80%) and wheat bran
(20%) milled to under
0.5mm

T. reesei
maintained on
delig. wheat
straw agar

T. reesei
S.cellulophilum
in liquid
medium
T. harzanium
maintained on
malt agar
slants-spore
suspension

6-6.7 IU/mL
after 14 days
8-8.6 IU/mL
after 22 days

Although solid-state fermentation is more akin to the natural environments
where cellulolytic fungi are found (e.g. soil, decomposing vegetation), it has the
disadvantage of being more difficult to monitor and control compared to
submerged liquid fermentations.

However, the method also offers several

potential advantages. Since mixing and forced aeration are not essential it can
be simpler than submerged fermentations and low-value lignocellulosic
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substrates can be used.

It is also claimed that the risk of contamination is

lower than in submerged fermentation because the hyphal growth mode of
filamentous

fungi

gives

them

a

significant

advantage

over

potential

contaminating bacteria which cannot easily access the cellulose inside the
substrate in the absence of free water (Cen & Xia, 1999, Lonsane & Ghidyal,
1993).
A crude unprocessed cellulase can be obtained from solid-state fermentation
either by using the fermenting substrate, or koji, directly or by making a liquid
extract by mixing the koji with water and separating the liquids. It has been
suggested that such a crude preparation might be used directly for the
production of ethanol (Szakacs et al., 2006, Lonsane & Ghildyal, 1993).
However, the majority of published reports into cellulose ethanol tend to focus
either on cellulase production or ethanol fermentation. In the former studies
ethanol is usually not produced, and in the latter a commercial cellulase
preparation is generally employed. It remains unclear whether or not the use of
such a crude unprocessed cellulase is feasible for cellulose ethanol production.
While such crude cellulase would have lower activity than concentrated
commercial preparations, such a simplified process has appeal because it
avoids several processing steps associated with commercial preparations, i.e.
concentration, purification, drying, addition of buffers, stabilisers, preservatives
and packaging.

These steps are necessary for commercial preparations

because they are required to meet performance criteria, be transported long
distances and stored for long durations.
However, if a crude unprocessed cellulase liquid was made and used directly at
the site of ethanol production these additional steps may not be necessary.
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Provided the cellulase levels obtained were high enough to produce practical
levels of sugars for ethanol production, considerable savings in complexity and
energy required for the cellulase production step might be obtained. Therefore,
production of a crude unprocessed cellulase via solid-state fermentation on-site
and its direct use in ethanol fermentation may be an appropriately simple, lowtechnology method for the small-scale cellulose ethanol producer who does not
have access to commercial cellulase preparations or the sophisticated
processes needed to produce them.

CONCLUSION
The production of ethanol from lignocellulosic materials has been carried out
and researched for many years. Though a range of methods have been shown
to work, pretreatment and cellulase production continue to be energy intensive.
A number of pilot plants are presently operating and a greater number of
commercial facilities are being planned or built, all at a very large scale. The
commercial technologies for cellulase production are sophisticated and will
likely remain accessible only to large companies with government backing.
Solid-state fermentation, though thoroughly researched, has not been used to
produce cellulase for industrial ethanol processes. In searching for a potentially
simple, low technology method for the small-scale cellulose ethanol producer,
the possibility of directly utilising a crude unprocessed cellulase made on-site by
solid-state fermentation is of interest, and forms the basis of the research
described in this thesis.
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CHAPTER 3
An Evaluation of Pretreatments
INTRODUCTION
A variety of pretreatments have been applied to lignocellulosic materials in
order to render them more amenable to enzymatic saccharification for
fermentation to ethanol. Many of these methods are highly energy intensive
(tables 2.1 and 2.2).

Not only is energy required in the form of heat,

mechanical work or electricity but there may also be considerable embodied
energy contained in the industrially produced chemicals used. The practical
value of such energy intensive pretreatments may be questioned.

One

research team with extensive experience in using mechanical, chemical and
thermal pretreatments concluded (Hayn et al., 1993):
Many of the pretreatments suggested in the literature may be of academic
interest but have no practical relevance

In an attempt to overcome this problem, it was hypothesised that there exists a
pretreatment which results in a significant improvement in the enzymatic
saccharification of wheat straw without requiring excessive energy.

The

criterion for what does not constitute “excessive” would be that there must be
room left for the total energy demanded by the overall cellulose to ethanol
conversion process, (including fermentation, distillation and transport of raw
materials) to be significantly less than the energy contained in the ethanol
produced.
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In an attempt to find a suitable pretreatment a number of simple, low energy
pretreatment processes were applied to wheat straw. The pretreated wheat
straw was then tested for enzymatic hydrolysability by measuring glucose and
ethanol produced with the use of commercial cellulase and yeast preparations.
The most promising pretreatment was evaluated for its energy consumption.
The pretreatments tested were grinding, hot water, soaking, low temperature
steam, white-rot fungi and combinations of these.

For comparison with

conventional methods hot acid and hot alkali pretreatments were also
performed and evaluated.

MATERIALS & METHODS
Materials
Wheat straw (chaff) from a wheat farm in Northam, Western Australia was used
as the substrate for all pretreatments. For saccharification of the pretreated
wheat straw a commercial cellulase preparation from the native fungus
Trichoderma reesei (TR Cellulase 4000CMC) supplied by Genencor via
Enzyme Solutions (Sydney) was used.

A commercial distillers yeast

preparation (Alcotec 24hour Pure Turboyeast) containing nutrients was used for
ethanol fermentations.
For biological pretreatments, four white-rot fungi: Stereum illudens, Stereum
hirsutum, Pycnoporus coccineus and Trametes versicolor were kindly provided
by Murdoch University’s Centre for Phytophthora Science and Management.

Analytical methods
Glucose and lactic acid measurement was with a YSI 2700 Select Biochemistry
Analyser (John Morris Scientific, Perth), which operates by detecting the current
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passing through a membrane impregnated with the appropriate enzyme
(glucose or lactate oxidase) from a chamber containing the analyte.

The

current is calibrated against an internal standard. External standards were run
with each analysis.

Standard curves consistently produced correlation co-

efficients within 0.05% of 1. Ethanol and acetic acid measurement were with a
Varian 3400 Gas Chromatograph with auto sampler and flame ionisation
detector. The column was an Alltech EC-1000 15m x 0.53mm ID column with
1.2μm film. Injector, column and detector temperatures were 200C, 75C and
240C respectively.
Chemical oxygen demand was measured by the reactor digester method using
a potassium dichromate digestion solution, sulphuric acid reagent, and Hach
DR2010 photospectrometer for colorometric measurement (Hach Company,
1996). For all measurements an average of two readings per sample was used.

Procedure
Grinding was carried out using a kitchen coffee grinder followed by sieving
through a 1.8mm mesh. Hot water, hot alkali and hot acid pretreatments were
carried out by submerging the wheat straw in water, 4% (wt) sodium hydroxide
and 0.5% (wt) sulphuric and autoclaving at 121C for 25 minutes. Acid and
alkali pretreated samples were rinsed after autoclaving. Steam pretreatment
was carried out by two methods – at atmospheric pressure using a hot-plate
with saucepan and steamer on top and in an open flask in an autoclave at
121C for 25 minutes.
Fungi for biological pretreatment were subcultured on cornmeal agar at 25C for
one week and refrigerated at 4C for storage. Prior to being used as inoculants
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for solid-state fermentations they were subcultured on potato-dextrose agar at
30C for one to two weeks. 30g to 50g of wheat straw (depending on the
desired duration of the fermentation and number of measurements desired)
moistened to 66% moisture content was placed in 500mL Erlenmeyer flasks
and autoclaved at 121C prior to inoculation. Inoculation was performed by
cutting half an agar plate of each fungus into 5mm squares and thoroughly
mixing into the moistened substrate.

All solid-state fermentations were

incubated at 25C. Samples were taken fortnightly (longer fermentations),
weekly or every four days (shorter fermentations) to measure pretreatment
effectiveness. Fermentations were thoroughly mixed aseptically every four days
using a stainless steel rod, including immediately prior to sampling. Fermented
susbtrates were autoclaved prior to saccharification assays.
Four sets of solid-state fermentations of white-rot fungi on wheat straw were
performed. The effect of grinding the wheat straw before and after fermentation
as well as the effect of adding organic nutrients (wheat bran and yeast extract)
in various amounts was investigated.

Wheat bran and yeast extract were

added at respectively 10% and 2% the weight of wheat straw used.
To determine the degree of saccharification achieved by the pretreatments 5g
of pretreated wheat straw was added to 100mL deionised water in 250mL
Schott bottles. The pH was adjusted to 5.0 with H2SO4 and NaOH and 0.1g
(corresponding to a filter paper activity of 0.032 IU/mL) of cellulase preparation
was added. The bottles were incubated in a shaker bath at 50C and 150
strokes/min for 15 hours after which 10mL samples were taken for subsequent
glucose assay.
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For unpretreated, ground, alkali pretreated and acid pretreated samples,
saccharification assays were performed twice and an average glucose
concentration is reported. For ground, alkali pretreated and acid pretreated
samples the saccharification step was followed by an ethanol fermentation by
adding 0.167g yeast preparation, venting the 250mL Schott bottle with a
0.65mm needle and allowing the saccharified preparation to ferment at 37C
and 150 strokes/min for 6 days with 1.5mL samples being taken daily for
ethanol analysis.
In an attempt to achieve higher ethanol concentrations and conversion
efficiencies from ground wheat straw two further simultaneous saccharification
and fermentations were carried out on ground wheat straw in 500mL baffled
Erlenmeyer flasks inclined at 25 to the horizontal, rotated at 20rpm and held at
37C using a purpose built temperature-controlled rotater. A one-way valve
was used to vent the headspaces which were purged with nitrogen at the
beginning of the fermentations and after sampling.

Initial solids loadings of

5g/100mL and 15g/100mL were used, the latter being approximately the
maximum before the slurry appeared to become too thick for effective mixing.

RESULTS AND DISCUSSION
Grinding
Comparison of ground and unground wheat straw fermentations after 15 hours
of saccharification at 50C shows increased glucose yields due to grinding of
62%, 178% and 86% for unpretreated, hot water pretreated and hot acid
pretreated wheat straw respectively (table 3.1). No improvement in glucose
production was measured for the hot alkali pretreated wheat straw.
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Table 3.1. Effect of grinding on enzymatic saccharification of unpretreated wheat straw and
wheat straw pretreated with hot water, hot alkali and hot acid.

Pretreatment
no pretreatment
hot water
hot alkali
hot acid

glucose (g/L)
unground
ground
2.36
3.83
2.68
7.46
7.11
6.89
4.83
8.96

With the exception of the hot alkali pretreated wheat straw, these results
confirm the established principle that particle size reduction is an effective
means of increasing the accessibility of cellulose in lignocellulose for enzymatic
hydrolysis into fermentable sugars. This is primarily due to the larger surface
area of exposed cellulose, corresponding to smaller particle size, available for
the cellulase to act upon.

Hot water
Hot water pretreatment produced an increase in glucose concentrations of 14%
and 95% respectively for non-ground and ground wheat straw (table 3.1),
suggesting that hot water is an effective pretreatment. It is not possible to tell
how much of the increased yield is due to physical changes caused by the hot
water pretreatment and how much is due to the sterilising effect. An alternative
means of sterilisation which does not produce physical changes in the
substrate, such as the addition of a suitable antibiotic, would be necessary to
isolate the effects of hot water as a means of increasing the saccharification of
wheat straw.

Steam
Results suggest that neither of the steam pretreatments employed were
effective (table 3.2). Significant improvements in enzymatic hydrolysability of
wheat straw through the use of steam pretreatments have been reported, but
these have involved the higher temperatures (180-220C) and pressures (146

2.3MPa) than were utilised here. The reductions in energy intensity achieved
by the use of lower temperatures and pressures appear to have been
accompanied by a complete loss of effectiveness.
Table 3.2. Effect of steam pretreatment on the enzymatic saccharification of wheat straw.
Pretreatment
no pretreatment
steam at 100C, not dried
steam at 121C, dried

Glucose
(g/L)
2.36
2.44
2.03

Soaking
In three out of the four situations in which wheat straw was soaked for 1 week,
significant reductions in glucose were measured (table 3.3). It is considered
unlikely that soaking actually produced physical changes resulting in a decrease
in enzymatic hydrolysability. One possibility is that, in the absence of complete
sterility, soaking for one week at 20C provided an ideal environment for the
growth of bacterial contamination which consumed some of the glucose
produced during the saccharification assay, though this would not explain the
decrease in measured glucose for the case where the preparation was
autoclaved after soaking and before saccharification.

Another possibility is the

formation of compounds during soaking that were inhibitory to the action of
cellulase.
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Table 3.3. Effect of soaking for one week at 20C on enzymatic saccharification for wheat
straw pretreated by grinding and autoclaving.

Pretreatment
ground
autoclaved
ground & autoclaved
ground & autoclaved

glucose (g/L)
not soaked
3.83
2.68
7.46
7.46

soaked
1.44
1
4.56
1
5.16
2
4.26

1. Soaked after autoclaving.
2. Soaked after grinding but before autoclaving.

White-rot fungi
Of the four white-rot fungi tested (Stereum illudens, Stereum hirsutum,
Pycnoporus coccineus and Trametes versicolor), only S. illudens consistently
grew well on wheat straw without visible contamination by other fungi. Limited
results were achieved with P. coccineus (table 3.4).
The highest glucose yield from the enzymatic saccharification of white-rot fungi
pretreated wheat straw was 7.08g/L, obtained by using S. illudens, with the
addition of 10% wheat bran and 2% yeast extract (percentages are of dry wheat
straw) and by drying and grinding the fermented substrate after fermentation
(table 3.4).

Comparing this with the average glucose yield of 7.46g/L for the

ground and autoclaved samples shows that glucose yields were reduced by
pretreatment with white-rot fungi.
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Table 3.4. Effect of pretreatment with white-rot fungi on the enzymatic saccharification of wheat
straw.
Stereum illudens

unground
pregrind
nutrients
nutrients +
postgrind

glucose
(max-g/L)
4.77
4.04
3.80
7.08

time
(days)
28
14
16
16

Pycnoporus
coccineus
glucose
time
(max-g/L) (days)
4.20
14
3.36
7
5.25
8

Although white-rot fungi take their name from their ability to selectively degrade
lignin over cellulose, they are still known to degrade cellulose. It may be that
cellulose degradation led to a decrease in glucose yields. Another possibility is
that the fungal mycelia, which were not separated from the wheat straw,
reduced the accessibility of the cellulose for enzymatic hydrolysis.

Hot alkali
Hot alkali treatment gave mixed results (table 3.5). An increase in glucose yield
of 200% was obtained for unpretreated wheat straw, which could be due to the
sterilsing effect of hot alkali pretreatment reducing the presence of
contaminating microorganisms.

For ground and autoclaved wheat straw no

significant improvement in glucose yields was obtained by the use of hot alkali
pretreatment suggesting the pretreatment was not effective in this case,
potentially because lower temperatures than usual were employed (125C
compared to 180-220C, see table 2.2).
Table 3.5. Effect of hot alkali pretreatments on enzymatic saccharification of wheat straw.

no pretreatment
ground & autoclaved

Glucose (g/L)
no chemical pretreatment hot alkali pretreatment
2.36
7.11 (4% NaOH)
7.46
5.60 (2% NaOH)
6.89 (4% NaOH)
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Hot acid
Hot acid pretreatment produced an increase in glucose concentrations of 105%
and 20% for unpretreated and ground wheat straw respectively (table 3.6)
suggesting that the pretreatment was effective. These improvements are as
expected since hot dilute sulphuric acid is an established pretreatment for
lignocellulosic materials, and typically lower temperatures (as low as 100C) are
required compared to hot alkali pretreatment. The larger increase in the case of
the unpretreated wheat straw is likely to be due to the fact that the acid
treatment in this case was performing the two roles of sterilisation and
chemically exposing the cellulose for hydrolysis. The increase of 20% in the
latter case provides a truer indication of the effects of the acid pretreatment
alone, since the non acid-pretreated sample was autoclaved.
Table 3.6. Effect of hot acid pretreatment on enzymatic saccharification of wheat straw.

Pretreatment
no pretreatment
ground & autoclaved

Glucose (g/L)
no chemical pretreatment hot acid pretreatment
2.36
4.83
7.46
8.96

In summary, of all the low energy, non-chemical pretreatments tested, only
grinding showed consistent, significant improvements in the enzymatic
saccharification of wheat straw, resulting in a maximum increase of 178% in
glucose measured. Chemical pretreatment of ground wheat straw with 0.5%
H2SO4 increased the glucose concentration by a further 20%.

Chemical

pretreatment of ground wheat straw with 2% and 4% NaOH produced no
measured gain.

Ethanol fermentations
Following the saccharification assays ethanol fermentations were carried out on
the samples pretreated by grinding alone and grinding plus hot acid and hot
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alkali (fig 3.1). All pretreatments involved some loss of substrate and this is
taken into account when calculating conversion efficiencies so that comparisons
are made on the basis of the same amount of starting material (table 3.7).

7
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3
2
1
0
0

1

2

3

4

5

6

time (days)
grinding
hot alkali

grinding
hot alkali

hot acid

hot acid

Fig 3.1. Comparison of ethanol produced from wheat straw pretreated by grinding alone with
grinding plus hot alkali and hot acid.

Table 3.7. Comparison of ethanol fermentations obtained by the fermentation of saccharifed
wheat straw pretreated by grinding alone, and grinding plus hot acid and hot alkali.
pretreatment
grinding
grinding+hot acid
grinding+hot alkali

max.
1
ethanol (g/L)
5.1
5.3
4.3

time (days)
4
6
6

loss of
substrate (%)
5
46
55

conversion
2
efficiency (%)
45
26
18

1. Tabulated results are averages of two trials.
2. This is the overall conversion efficiency taking into account the loss of substrate during pretreatment, hydrolysis gain
of 10% and stoichiometric conversion of glucose to ethanol. An assumed value of 40% cellulose for wheat straw is
used.

The ethanol fermentations do not show consistent improvements as a result of
hot acid or hot alkali pretreatment, and when the overall conversion efficiency is
taken into account grinding alone appears to be the superior treatment (fig 3.1,
table 3.7).
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The high percentages of substrate lost during rinsing of the chemically
pretreated wheat straw samples prior to drying suggest that higher overall
conversion efficiencies might have been obtained if liquids were retained after
the chemical pretreatments rather than rinsed out.

In order to test this

possibility, an additional simultaneous saccharification and fermentation was
performed using hot alkali pretreated wheat straw without rinsing the pretreated
substrate. Instead of separating the pretreated solids and liquids, the mixture
was brought to a pH of 5.0 by the addition of sulphuric acid prior to
fermentation. A maximum ethanol concentration 4.2 g/L was achieved showing
no significant improvement over fermentations where the pretreatment
hydrolysate liquids were rinsed out. This is consistent with the literature which
indicates that hot alkali pretreatment removes mainly lignin and hemicellulose
(Klinke et al., 2003).
Overall, the results of the ethanol fermentations support the results of the
saccharification assays and suggest that of the pretreatments tested, grinding
alone might be the pretreatment of choice. This conclusion is examined further
in a later section in light of the energy consumption associated with the
pretreatment processes.
Comparing the maximum ethanol concentrations obtained with the use of a
rotating 500mL baffled flask (figs 3.2, 3.3) with the previous fermentations (fig
3.1) show increased ethanol concentrations and conversion efficiencies were
achieved by the use of the rotating baffled flask and one way valve (table 3.8).
These improvements are probably due to a combination of an improved mixing
regime and reduced contamination from the air.
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Fig 3.2.
Simultaneous saccharification and fermentation of ground wheat straw in rotating
baffled 500mL flask (initial solids loading 5g/100mL).
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Fig 3.3 Simultaneous saccharification and fermentation of ground wheat straw in rotating
baffled 500mL flask (initial solids loading 15g/100mL).

Table 3.8. Comparison of ethanol concentrations and conversion efficiencies for different
pretreatments and fermenters.
pretreatment

fermenter type

hot acid
hot alkali
grinding
grinding
grinding

250mL Schott bottle
250mL Schott bottle
250mL Schott bottle
rotating flask
rotating flask

initial substrate
(g/L)
50
50
50
50
150

max ethanol
(g/L)
6.6
4.4
5.2
7.2
23.6

conversion
efficiency (%)
59
40
47
65
72

Chemical oxygen demand was measured at the end of the ten day fermentation
shown in fig 3.3. A summary of the fermentation products after 4 days (when
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ethanol production peaked) and 10 days is shown in table 3.9.

At the

maximum ethanol production the total of lactic and acetic acid represents 30%
of the ethanol present. This suggests that in spite of autoclaving the substrate,
the use of sterile technique when sampling, and the use of a one-way valve,
significant bacterial contamination developed during the fermentation. As well
as the possibility that some contamination from the air passed through the oneway valve (a minimum pressure is required to stop backflow), the non-sterile
commercial cellulase and yeast preparations may also have contributed to
contamination effects. Further reductions in contamination could lead to higher
ethanol concentrations.
That glucose concentrations rose slightly and then declined to negligible
amounts (fig 3.3) suggests that enzymatic saccharification is the rate limiting
step once the yeast population has had time to establish, re-iterating the
importance of an effective pretreatment.
Table 3.9.
Summary of fermentation products for simultaneous saccharification and
fermentation of ground wheat straw. Initial solids concentration was 15g/100mL.

COD (O2)
COD (EtOH equiv.)
ethanol
acetic acid
lactic acid
misc. organics

conc. day 4
(g/L)
71.7
34.3
23.6
3.3
3.8
3.6

final conc.
(g/L)
78.8
37.8
21.2
6.1
3.2
7.3

A maximum ethanol concentration of 24 g/L was obtained at a conversion
efficiency of 72%. One of the limiting factors in cellulose to ethanol conversion
is the amount of (cellulose in the) substrate that can be added to the
fermentation before the slurry becomes too viscous for effective mixing.

It is

possible that some of the more energy intensive pretreatments reported in the
literature could result in higher ethanol concentrations because by removing
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lignin and hemicelluloses they can produce a substrate which has a significantly
higher proportion of cellulose than ground wheat straw. Nevertheless, it defeats
the ultimate purpose of pretreatment if higher ethanol yields are obtained
through a pretreatment process which uses more than its share of energy.

ENERGY CONSUMPTION
Estimates were made of the energy consumption for grinding at two scales:
bench scale as performed in these experiments and scale-up using
manufacturers data for a small agricultural grinder (Project Support Services,
2006).

Energy calculations were also performed for hot acid and hot alkali

pretreatments at the bench scale. Also calculated was the energy yield ratio,
defined as the ratio of energy contained in the ethanol produced to the energy
consumed in the pretreatment process.

An energy yield ratio less than one

means more energy has been used in production than can be extracted from
the fuel and would suggest the process is not worth carrying out.
The mechanical energy of grinding was calculated based on power ratings for
equipment used. The heat energy required to raise the temperature of water
and straw to 121˚C was calculated using an enthalpy values for water taken
from steam tables and a value of the specific heat capacity of straw taken from
He et al. (2006).

The ratio of mass of wheat straw to water/acid or alkali

solution used was 1:10. Heat losses are neglected.
The embodied energy of manufacture of sodium hydroxide was taken from an
Australian database (Department of Environment and Heritage, 2001).

The

production of sulphuric acid is a net exothermic process so the energy required
was estimated as the energy required to mine the sulphur, calculated using data
from Shock (1992). A primary energy factor of 3 is used to convert electrical
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energy and chemical embodied energy back to fossil fuel energy. The results
are summarised in table 3.10. Further details of the calculations are given in
Appendix A.
Table 3.10. A comparison of primary energy consumptions and energy yield ratios for different
wheat straw pretreatments.
pretreatment

mechanical
work (kJ/kg)

grinding
(coffee grinder)
grinding (agricultural
grinder)
hot acid
hot alkali

900

embodied
total
1
chemical energy energy
(kJ/kg)
(kJ/kg)
900

108

-

-

108

55

-

4380
4380

160
9500

4540
13,880

1.3
0.43

heat (kJ/kg)

energy
2
ratio
6.6

1. All energy units are per kg of wheat straw and are referred back to the primary energy contained in the original fuel
source using a primary energy factor of 3.
2. Defined as the ratio of energy contained in the ethanol produced to the energy consumed by the pretreatment. A
lower heating value of 26,700 kJ/kg is used for ethanol.

Grinding shows significantly higher energy ratios than either hot acid or hot
alkali pretreatments, with an increase by a factor of 8.3 being achieved by
scale-up.

Established methods of bioethanol production typically produce

energy ratios in the range 1 to 8 (Von Blottnitz & Curran, 2007), taking into
account

all

parts

of

the

conversion

process

including

pretreatment,

fermentation, distillation and transport. An energy ratio of 55 for pretreatment
still leaves plenty of room for the rest of the process to be included and still give
an overall energy ratio significantly greater than 1.
These calculations, along with the previous results of saccharification assays
and ethanol fermentations, show that grinding is the pretreatment of choice,
producing significant improvements in enzymatic saccharification of wheat
straw, without excessive energy consumption. Hot sulphuric acid pretreatment,
due to lower concentration and embodied energy has an energy ratio three
times that of sodium hydroxide pretreatment. However, considering only the
energy required for pretreatment has been evaluated, it would appear that both
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chemical pretreatments fall into the category suggested by Hayn et al. (1993)
“of academic interest”.
In order to minimise the effects of contamination in this experiment, the ground
samples which were compared with the chemically pretreated samples were
autoclaved. The energy of autoclaving (approximately 4240 kJ per kg wheat
straw), which is significantly more than that of grinding (300 kJ and 36 kJ per kg
wheat straw for kitchen coffee grinder and agricultural grinder respectively) has
deliberately not been included in the calculation of grinding energy. This is
because it is considered that autoclaving the lignocellulosic substrate would be
impractical for scale-up, precisely because of the high energy required.

In

order to make practical use of grinding alone as a pretreatment, alternative
means of minimising contamination would be necessary such as the addition of
a sterilising agent (pursued in Chapters 7 and 8) with a low embodied energy or
the use of solar sterilisation.

CONCLUSION
Of the pretreatments tested, only grinding produced significant improvements in
enzymatic saccharification without excessive energy consumption, and is thus
the pretreatment sought by this study.

Pretreatment by soaking, low

temperature steaming and white-rot fungi did not demonstrate gains in
enzymatic saccharification. Hot water pretreatment showed significant gains in
glucose produced but, as no alternative method of sterilisation was used, it was
not possible to separate the effect of hot water as a thermal-physical
pretreatment from its sterilising effect.
Comparison with hot acid and hot alkali pretreatments showed that hot acid
pretreatment produced a further 20% increase in saccharification of ground
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wheat

straw,

saccharification.

but

hot

alkali

pretreatment

produced

no

increase

in

When overall conversion efficiency and energy consumption

were taken into account, grinding alone was the best pretreatment.
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CHAPTER 4
Ethanol from Lignocellulose Using Crude Unprocessed
Cellulase from Solid-state Fermentation
INTRODUCTION
The economics and environmental sustainability of enzymatic lignocellulose-toethanol conversion processes are adversely affected by the use of purchased
cellulase preparations. Commercial cellulase preparations are provided by only
a small number of suppliers. Lacking the microorganisms that produce them,
these preparations cannot be cultured and thus are an ongoing expense.
Commercial cellulase production is energy intensive and a significant
contributor to the overall environmental impact of the cellulose to ethanol
conversion process (McLean & Spatari, 2009).
Cellulase is produced by growing cellulolytic fungi either in submerged liquid
fermentation

or

in solid-state

fermentation.

While submerged liquid

fermentation has the advantage of being amenable to high levels of process
control and monitoring, the method can be complex. It usually involves mixing,
forced aeration, control and monitoring of temperature, pH, dissolved oxygen
and gas flow rates.
Solid-state fermentation can be simpler and less energy intensive, and low
grade lignocellulosic substrates can be used. The risk of contamination is lower
than in submerged fermentation because the hyphal growth mode of the
filamentous fungi employed gives them an advantage over potential
contaminating bacteria which cannot easily access the cellulose inside the
substrate in the absence of free water (Cen & Xia, 1999, Lonsane & Ghildyal,
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1993). An optimal enzyme complex may be produced with improved economics
compared to submerged liquid fermentation (Tengerdy & Szakacs, 2003).
A crude cellulase can be obtained from solid-state fermentation either by using
the fermented substrate (koji) directly or by mixing the fermented substrate with
water, separating the solids and making a liquid extract.

Using this crude

extract avoids several processing steps associated with commercial cellulase
preparations (purification, concentration, addition of buffers, stabilisers and
preservatives, freeze drying and packaging).
These factors have led to the suggestion that using the crude cellulase extract
from solid-state fermentation may be a relatively simple method of providing
cellulase on-site for the cellulose to ethanol conversion process (Szakacs et al.,
2006, Lonsane & Ghildyal, 1993).

The majority of published reports on

cellulose ethanol tend to focus either on cellulase production or ethanol
fermentation. The former studies focus mainly on the optimisation of process
parameters

such

as

temperature

(approximately

30°C

for

solid-state

fermentation), moisture content (60-70%) and pH (not considered critical with
solid-state fermentation because the lignocellulosic substrates act as a buffer).
In these type of studies ethanol is not generally produced (see Cen & Xia, 1999,
for a summary of optimum processs parameters for cellulase production by
solid-state fermentation).
The studies into cellulose ethanol production generally employ a commercial
cellulase preparation. Therefore it remains unclear whether or not the use of a
crude unprocessed cellulase obtained from solid-state fermentation is feasible
for cellulose ethanol production. This chapter investigates the possibility of
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producing a crude unprocessed cellulase extract on-site via solid-state
fermentation and using it directly in the cellulose to ethanol conversion process.

MATERIALS & METHODS
Materials
Trichoderma reesei CBS 439.92 (QM9123) supplied by the Centraalbureau
voor Schimmelcultures culture collection (Netherlands) was used for the
production of cellulase in all solid-state fermentations. It was subcultured on to
potato-dextrose agar (PDA) in petri dishes at 30C for 1 week prior to
inoculation of solid-state fermentations. Two methods of inoculation were used
– spore inocula and mycelial plus spore inocula.
A spore suspension containing 4 x 109 spores/mL in Toyama’s mineral salt
solution (specified later) was prepared from T.reesei on PDA plates and stored
frozen at -20C prior to use.

10mL of suspension was used as inoculant.

Mycelial plus spore inoculation was carried out by cutting T. reesei on PDA
plates into ca. 5mm squares and thoroughly mixing into the substrate/nutrient
mix.

In both cases the moisture content was kept constant at 66% (10mL less

mineral salt solution was used to moisten substrate inoculated with 10mL spore
suspension) and a quantity of inoculant corresponding to half a petri dish was
used per fermentation so that the two methods of inoculation could be
compared.
For simultaneous saccharification and fermentation of wheat straw to ethanol,
crude unprocessed cellulase extract was used for saccharification, and
commercial distillers yeast preparation (Alcotec 24hour Pure Turboyeast)

61

containing nutrients was used for fermentation. Yeast preparation was added at
3.3 % dry substrate weight.
The substrate for solid-state fermentation and ethanol production was wheat
straw (chaff) from a wheat farm in Northam Western Australia, which was
ground and sieved through a 1.8mm mesh. Toyama’s mineral salt solution
(Toyama & Ogawa, 1977), with composition (g/L): KH2PO4, 3; (NH4)2SO4, 10;
MgSO4.7H2O, 0.5; CaCl2.2H2O, 0.5, was added in the ratio 2mL:1g dry
substrate.

In addition, for all fermentations the insoluble organic nutrients

wheat bran and kelp powder (obtained from local health food stores) were
added at 10% and 2% dry substrate weight respectively and thoroughly mixed.

Analytical methods
Crude unprocessed cellulase solution was extracted by adding deionised water
to removed fermented substrate in 250mL Schott bottles and shaking at 200
rpm for one hour at 20C in an orbital shaker. The ratio of deionised water
added for extraction to moist fermented substrate was kept constant at 100mL :
24g, (equivalent to a ratio of 12.5mL : 1g initial dry substrate, neglecting
fermentation losses). The mixture was decanted into 40mL lots, centrifuged at
2500rpm for 10 min and 10mL supernatant was removed and frozen for
subsequent cellulase assay.
Cellulase activity was measured by the IUPAC filter paper assay (Ghose, 1987)
with the variations that 1mL of cellulase extract was added to 2mL citrate buffer
pH 4.8, instead of adding 0.5mL extract to 1mL buffer, and actual glucose was
measured instead of reducing sugars by the DNS method. Glucose
measurement was with a YSI 2700 Select Biochemistry Analyser (John Morris
Scientific, Perth). One FPU is defined as the amount of cellulase activity which
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releases 1 µmol/min of glucose.

Units are reported in FPU/gDS (filter paper

units per gram of initial dry substrate).
Ethanol measurement was with a Varian 3400 Gas Chromatograph with auto
sampler and flame ionisation detector. The column was an Alltech EC-1000
15m x 0.53mm ID column with 1.2μm film.

Injector, column and detector

temperatures were 200C, 75C and 240C respectively. For all measurements
an average of two readings per sample was used.

Procedure
A series of solid-state fermentations was carried out starting with 25g or 50g dry
ground wheat straw and 50mL or 100mL nutrient solution in 500mL Schott
bottles with cotton bungs and aluminium foil.

Initially batch solid-state

fermentations, were run in duplicate for 10 and 14 days. The entire fermented
substrate was removed at one time and assayed for cellulase activity in three
layers.

With subsequent fermentations, fermenting substrate was removed

sequentially. After an initial time fermenting substrate was removed at time
intervals of 2 or 4 days from the top of the fermenting bed, until none remained.
Initial time periods, removal intervals and the amount removed were varied. For
all solid-state fermentations the substrate nutrient mix was autoclaved at 121C
for 25 minutes prior to inoculation. All solid-state fermentations were incubated
at 30C.
Three ethanol fermentations were carried out in 500mL Erlenmeyer flasks
inclined at 25 to the horizontal, rotated at 20rpm and held at 37C using a
purpose built temperature-controlled rotator. A one-way valve was used to vent
the headspace which was purged with nitrogen after each sampling. Two of
these were batch fermentations with cellulase loadings of 0.023 FPU/mL and
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0.053 FPU/mL. They consisted of of 3.75 g autoclaved ground wheat straw
added to 75mL of crude unprocessed cellulase.

In addition, a fed-batch

fermentation was run which consisted of an initial amount of 10g autoclaved
ground wheat straw added to 100mL of crude unprocessed cellulase extract
with cellulase concentration 0.05 FPU/mL.

An additional 5g of autoclaved

ground wheat straw was added to the fermentations at T=1 and T=3 days.

RESULTS & DISCUSSION
Solid-state fermentations
It was thought that if a cellulase gradient existed in the fermenting substrate bed
due to decreasing air availability with depth it might be possible to increase
cellulase yield by removing fermenting substrate from the top in regular
intervals. If there was no cellulase gradient then this would mean the top layer
was representative of the whole bed and successive removal of the top layer
was a valid method of obtaining time course cellulase data, simpler than the
conventional method of using a separate vessel for each extraction.
Results showed that there was no consistent cellulase gradient (figs 4.1, 4.2,
4.3), suggesting that the method of removing substrate in layers from the top
was a valid method of obtaining time course cellulase data but that it would not
lead to improvements in cellulase yields compared to batch mode (where all the
substrate is removed at once).

The latter finding is confirmed by a comparison

of average values for cellulase concentration and productivity between the two
modes which were inoculated by spore suspension (table 4.1, 4.2).
It was hypothesised that the use of a mycelial plus spore inoculant (cut-up agar
plates) would give higher cellulase activity than a spore suspension, and solid64

state fermentations were carried out which confirmed this (fig 4.4). Even though
reproducibility was reduced, a mycelial plus spore inoculant was used for
subsequent fermentations because higher cellulase levels were desired.
Batch fermentations also exhibited higher cellulase activity and reduced
reproducibility with the use of mycelial plus spore inocula than with spore
inocula alone (figs 4.1, 4.2, 4.3).
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Fig 4.1. Comparing layers for 10 day batch fermentations inoculated with mycelium plus
spores. Fermentations commenced with 50g ground wheat straw mixed with 100mL nutrient
solution in 500mL Schott bottles.
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Fig 4.2. Comparing layers for 10 day batch fermentation inoculated with spore suspension.
Fermentations commenced with 50g ground wheat straw mixed with 90mL nutrient solution
plus 10mL spore suspension in 500mL Schott bottles.
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Fig 4.3. Comparing layers for 14 day batch fermentation inoculated with spore suspension.
Fermentations commenced with 50g ground wheat straw mixed with 90mL nutrient solution
plus 10mL spore suspension in 500mL Schott bottles.
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Table 4.1. Average cellulase concentrations and productivities obtained from batch solidstate fermentations of T. reesei on wheat straw.
Mode

Duration (days)

batch
batch
batch
batch

10
10
14
14

Average Cellulase
Concentration
(FPU/gDS)
0.325
0.425
0.525
0.588

Average
productivity
(FPU/day)
1.62
2.12
1.88
2.10

Table 4.2. Average cellulase concentrations, yields and productivities for sequentially
removed solid-state fermentations.
Mode

sequential
sequential
sequential
sequential

Initial
removal
period
(days)
10
10
10
10

Cellulase Average
Removal Average
frequency Concentration
Productivity
(days)
(FPU/gDS)
(FPU/day)
2
2
4
4

0.512
0.650
0.500
0.512

1.31
2.19
1.17
1.28

The effect of varying the initial period and the subsequent removal interval were
investigated (figs 4.5 and 4.6). Though the shapes of the fermentation profiles
vary, in general they approximate sigmoidal curves with lag and exponential
phases (where measurements were taken early enough), followed by a peaking
of cellulase activity and subsequent decay (possibly due to the fungus
consuming its own cellulase when substrate has run out).
From the profiles there appears to be no significant difference between
maximum cellulase levels reached by fermentations with initial sampling times
of 4, 6 and 8 days (fig 4.5). This supports previous findings (figs 4.1, 4.2, 4.3) of
a lack of cellulase gradient suggesting no gains would be achieved by
successively removing substrate from the top of the fermenting bed, and that
this method of removal was valid for obtaining time course cellulase data. As
mentioned, it is considered that this method is simpler than the conventional
method of using a separate vessel for each extraction. Further it does not rely
on the assumption that fermentations in separate vessels proceed identically.
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Reducing the subsequent substrate removal interval from 4 to 2 days had the
effect of reducing cellulase activity (fig 4.6), possibly because more frequent
disturbance of the fermenting bed disrupted fungal hyphae and therefore
cellulase production.
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Fig 4.4. Comparing cellulase production from solid-state fermentations inoculated with
mycelium plus spores to fermentations inoculated from a common spore suspension. Open
and closed symbols show duplicate trials.
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Fig 4.5. Effect of varying initial substrate removal time. After an initial period (first number,
days) fermented substrate was removed from the top of the fermentations and this was
continued at regular intervals (second number, days) until all the fermented substrate was
removed.
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Fig 4.6. Effect of varying substrate removal interval. After 8 days equal masses of fermented
substrate were removed from the top of the fermentations and this was continued at two or four
day intervals until all the fermented substrate had been removed.
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Ethanol fermentations
Diluted crude cellulase extract obtained from solid-state fermentations was used
to carry out the simultaneous saccharification and fermentation of ground wheat
straw to ethanol. It was desired to see if the crude unprocessed cellulase could
actually be used to produce ethanol, to get an indication of the levels of
cellulase activity required and to see the effect of varying cellulase activity on
the amount of ethanol produced.

Two batch fermentations and one fed-batch

fermentation were carried out (fig 4.7).
An approximate doubling of cellulase activity in batch fermentations had a
negligible effect on ethanol production suggesting cellulase loading was not a
rate-limiting factor.

For the fed-batch fermentation a maximum ethanol

concentration of 21g/L at a conversion efficiency of 56%, was attained after 4
days. The results indicate the cellulase loading rates used were sufficient to
produce ethanol and the crude unprocessed cellulase employed did not contain
substances which significantly inhibited the ethanol fermentation.
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Fig 4.7. Ethanol production using crude unprocessed cellulase extract of different cellulase
activities in batch and fed-batch fermentations.
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Before deeming the method feasible it is necessary to determine how much
wheat straw would be required to produce the cellulase needed to convert a
given amount of wheat straw to ethanol. For example, if 10 kg of straw was
required to grow the cellulase needed to convert 1kg of straw to ethanol, it is
unlikely to be a practical method compared to commercial preparations due to
the unwieldy requirement for additional substrate.
The ratio of substrate required for cellulase production to the resulting substrate
converted to ethanol depends primarily on two values - the cellulase activity
extracted from the solid-state fermentation, and the cellulase loading employed
in the ethanol fermentation (and hence the dilution factor employed).

Using a

typical range of cellulase activities obtained in these experiments (0.75 to 1.2
FPU/gDS) and the values of cellulase loading employed in the ethanol
fermentations (0.02 and 0.05 FPU/mL) it was calculated that the amount of
wheat straw required as substrate for cellulase production varied from
approximately 5% to 25% of the straw converted to ethanol.

It is considered

realistic to assume that with further development values at the low end of this
range could be consistently achieved, and hence an inordinate quantity of
additional substrate would not be required.
Overall, the results suggest that the simplified method of on-site cellulase
production via solid-state fermentation described here could be a practical
alternative to the use of commercial cellulase preparations.
Values of cellulase activity achieved are at the low end of the range in published
reports (table 2.3). Several factors may account for the wide variation including
the type and degree of pretreatment of substrate, the fermenting organisms
used, nutrient mixes employed and the fermentation conditions themselves.
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Higher attained cellulase activities generally correspond to more energy
intensive and complex methods. Though it would be advantageous to obtain
further increases in cellulase activity than were achieved here, for the process
to be viable on-site the complexity and energy intensity would need to remain
low compared to the processes employed for the production of commercial
preparations.

CONCLUSION
No consistent cellulase gradient was measured when batch fermentations were
removed and measured in layers. Hence removing the fermenting substrate in
intervals from the top of the fermenting bed did not lead to increases in cellulase
productivity, but was a valid method for obtaining time course cellulase profiles
in solid-state fermentation. The use of a mycelial plus spore inocula produced
greater cellulase activity, but lower reproducibility than the use of spore inocula
alone.
The cellulase activities in the crude unprocessed cellulase obtained via solidstate fermentation were at the low end of the range reported in the literature yet
sufficiently high to carry out the simultaneous saccharification and fermentation
of wheat straw to ethanol, using as little as 5% additional substrate to grow the
cellulase. This suggets that a crude unprocessed cellulase produced at the site
of ethanol production via solid-state fermentation, may be used in lieu of
expensive and energy intensive commercially produced cellulase preparations.
Potential energy savings through the use of such a method are quantified in
Chapter 8.
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CHAPTER 5
Modelling Cellulase Production by Semi-Continuous SolidState Fermentation
INTRODUCTION
Though a variety of solid-state reactor types have been employed in the food
and other industries, there is little available information on the effects of varying
the basic mode of solid-state fermentation. Reactor types utilised include tray,
deep trough, rotating drum, rocking drum, packed bed, stirred and fluidised bed
reactors (Szakacs et al., 2006, Mitchell et al., 1992). Published reports on the
solid-state fermentation of lignocellulosic substrates have focused on
fermentation conditions (temperature, pH, moisture content, aeration rate),
nutrients, fermenting organisms and pretreatment regimes. Only one type of
continuous solid-state reactor has been reported (De Lagemaat & Pyle, 2004).
As well as experimental data, there have been attempts to model solid-state
fermentation in both static (Hamidi-Esfahani et al., 2004) and continuous
(Khanahmadi et al., 2006) modes of operation. The ground between batch and
continuous mode, however, appears relatively unexplored.
The objective of the research described in this Chapter was to investigate
cellulase production by semi-continuous solid-state fermentation, in which an
equivalent amount of fresh substrate is added and mixed in with each removal
of fermented substrate.

On the one hand it was thought that this mode could

increase cellulase productivity by maintaining a higher cellulase production rate
since the fungal biomass does not need to build up each time (as established in
continuous submerged liquid fermentations). On the other, it was realised that
disruption of fungal hyphae caused by mixing (required to deliver fresh
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substrate to the growing fungus), could negatively impact cellulase production.
The research question investigated was which of these factors would tend to
dominate.
Semi-continuous mode of solid-state fermentation was modelled using
Michaelis-Menten

Kinetics.

A

number

of

semi-continuous

solid-state

fermentations of Trichoderma reesei on wheat straw were carried out with
varying amounts and rates of substrate addition and removal. The results were
compared with the models.

MODELLING METHODS
The equations below were used to calculate the change in cellulase activity
over time.
The Michaelis-Menten equation shows how enzyme velocity varies according to
substrate availability (Willey et al., 2008):
v = Vmax . S/(Km + S)

(equation 1)

where v = enzyme velocity(g/L/h),
S = substrate concentration (g/L)
Vmax = maximum enzyme velocity with substrate saturation (h-1)
Km = Michaelis constant (g/L), substrate concentration corresponding
to ½ Vmax
Enzyme velocity is defined by:
v = (dX/dt)/X

(equation 2)

where X = mass of enzyme (g) and t = time (h)
During the exponential growth phase it can be readily shown that the
relationship between enzyme doubling time (td) and velocity is:
v = ln2/td

(equation 3)
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Specific modelling parameters were estimated from a typical previous
experimental solid-state fermentation (see fig 4.5, fermentation labelled 4,4).
Based on a measured loss in dry weight of 6g/L and assumed growth yield coefficient (grams of dry biomass produced per gram of substrate consumed) of
0.5, a starting (consumable) substrate mass of 12 g/L was used.

From the

experimental profile a doubling time of 2.4 days was estimated which translates
via equation 3 to a value of 0.012 for Vmax. A Km value of 1.0 was decided upon
after trying different values (fig 5.1). This value is larger than typically used in
submerged liquid fermentations, possibly due to cellulose being more difficult to
access than dissolved substrates.
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Fig 5.1. Effect of different Km values on modelled fermentation profile. Dashed line shows
experimental fermentation. From left to right profiles correspond to Km values of 0.1, 1.0 and
5.0.

Modelling was carried out in Microsoft Excel spreadsheets using numerical
methods. The fermentation time was divided into 4 hour intervals (no significant
difference in results was observed using shorter periods).

For each interval

dX/dt was calculated using equation 2 and used to keep a running total of X. In
order to convert the calculated cellulase biomass into standard enzyme activity
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units (IU – identical in magnitude to FPU), a constant of proportionality of 0.1
was applied, determined from the experimental profile. Substrate depletion was
modelled by assuming the ratio of substrate consumed in each interval to the
incremental mass of enzyme produced was fixed. Varying this ratio had the
effect of changing the value of activity at which the profile levelled off but had no
effect on the profile up to 12 days when the peak activity was measured for the
experimental fermentation (fig 5.2).
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Fig 5.2. Effect of varying the assumed ratio of substrate consumed to mass of cellulase
produced. Dashed line indicates experimental data. Modelled profiles correspond to ratios
from top to bottom of 3, 5 and 6.

In order to model semi-continuous fermentations it was assumed that after an
initial period of 12 days, a given percentage of the initial substrate was removed
and replaced with fresh substrate every four days. At the end of each four day
period, the amount of cellulase and substrate were adjusted accordingly.

EXPERIMENTAL MATERIALS & METHODS
Materials
The substrate used was wheat straw (chaff) from a wheat farm in Northam
Western Australia, which was ground and sieved through a 1.8mm mesh.
Toyama’s mineral salt solution, with composition (g/L): KH2PO4, 3; (NH4)2SO4,
10; MgSO4.7H2O, 0.5; CaCl2.2H2O, 0.5, was added in the ratio 2mL:1g dry
76

substrate.

In addition, for all fermentations the insoluble organic nutrients

wheat bran and kelp powder (obtained from local health food stores) were
added at 10% and 2% dry substrate weight respectively and thoroughly mixed.
Trichoderma reesei CBS 439.92 (QM9123) supplied from the Centraalbureau
voor Schimmelcultures culture collection (Netherlands) was used for the
production of cellulase in all solid-state fermentations. Inoculation was carried
out by growing T. reesei on potato-dextrose agar (PDA) in petri dishes at 30C
for 1 week, cutting half a plate per fermentation into ca. 5mm squares and
thoroughly mixing into the substrate/nutrient mix.

Analytical methods
Crude cellulase solution was extracted by adding deionised water to the
fermented substrate in 250mL Schott bottles and shaking at 200 rpm for one
hour at room temperature (20C) in an orbital shaker bath. The ratio of
deionised water to moist fermented was kept constant at 100mL : 24g
(equivalent to a ratio of 12.5mL : 1g initial dry substrate, neglecting fermentation
losses). The mixture was decanted into 40mL lots, centrifuged at 2500rpm for
10 min and the supernatant was removed and frozen for subsequent cellulase
assay.
Cellulase activity was measured by the IUPAC filter paper assay (Ghose, 1987)
with the variations that 1mL of cellulase extract was added to 2mL citrate buffer
pH 4.8, instead of adding 0.5mL extract to 1mL buffer, and actual glucose was
measured instead of reducing sugars by the DNS method. Glucose
measurement was with a YSI 2700 Select Biochemistry Analyser (John Morris
Scientific, Perth). One IU is defined as the amount of enzyme activity which
releases 1 mol/min of glucose.
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Procedure
A series of semi-continuous solid-state fermentations was conducted with
varying substrate feed rates and removal/ replacement intervals and amounts.
Fermentations were carried out in 500mL Erlenmeyer flasks starting with 25g or
40g ground wheat straw and 50mL or 80mL nutrient solution, keeping the
moisture content constant.

The substrate nutrient mix was autoclaved at

121C for 25 minutes prior to inoculation.

After an initial time interval the

fermenting bed was thoroughly mixed aseptically with a stainless steel rod, a
given percentage of the fermenting substrate was removed and replaced with
an equivalent amount of fresh, moistened, autoclaved substrate/nutrient mix
and thoroughly mixed again.

RESULTS & DISCUSSION
Modelling
Semicontinuous fermentation profiles were modelled with varying percentages
of substrate removed and replaced with fresh substrate at four day intervals (fig
5.3).
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Fig 5.3. Modelled semi-continuous fermentation profiles with varying percentages of substrate
removed and replaced at four day intervals. From top to bottom profiles correspond to 25%,
50% and 75% of substrate replaced. Repeated batch fermentations are joined with dashed line.
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Modelled profiles indicate that with 25% replacement approximately threefold
gains in cellulase activity compared to repeated batch mode are achieved after
20 days. Substrate becomes depleted between 2 and 3 days after the third and
subsequent replacements suggesting that shorter replacement intervals would
be appropriate for this level of replacement according to the model.
With 50% replacement a similar magnitude of increase is achieved but at a
slower rate.

Substrate does not become depleted within the first 30 days

suggesting that a 4 day time interval is about right for this level of replacement.
At 75% replacement level, some gain in activity is achieved with the first
replacement but subsequently cellulase activity declines as substrate is
removed too fast for growth to keep up.

Longer time intervals would be

required at this level of replacement in order to achieve gains in cellulase
activity compared to repeated batch fermentations.
According to the model, higher cellulase activities are obtained in semicontinuous fermentation by the use of smaller replacement amounts and shorter
time intervals. The maximum theoretical productivity would correspond to a
continuous mode of operation, which is why submerged liquid bioprocessing is
frequently carried out continuously with the use of a chemostat.

However, as

noted in the introduction to this chapter, the growth mode of fungus in solidstate fermentation is not adapted to frequent mixing so it is unlikely that the full
gains suggested by this simplified model will be achieved in actuality.
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Experimental
The effects of varying the replacement interval with a constant overall substrate
feed rate, varying the substrate feed rate with a constant replacement interval,
and varying the total amount of substrate used were investigated. Varying the
replacement interval and substrate feed rate showed no consistent significant
effect compared to the variations between identical trials (figs 5.4, 5.5 & 5.6).
Varying the amount of substrate used showed that the smaller fermentations
(25g initial dry substrate) resulted in higher cellulase concentrations than the
larger ones (40g), possibly due to the greater availability of air as the substrate
was more loosely packed in the flasks in the smaller fermentations (fig 5.7). In
general, cellulase activity declined after the first or second replacement.
Average and maximum values of cellulase concentration, yield and productivity
were calculated for each semi-continuous fermentation (table 5.1).

Overall

average values are calculated for all the semi-continuous fermentations and
these are compared with results for similarly inoculated batch and sequentially
removed fermentations carried out in the previous chapter (table 5.2). These
data show that semi-continuous solid-state fermentations consistently produced
lower cellulase levels than batch or sequentially removed fermentations. This is
further supported by a comparison of fermentation profiles for semi-continuous
and sequentially removed fermentations (fig 5.8).
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Fig 5.4. Effect of varying replacement interval at constant substrate feed rate for cellulase
production in semi-continuous solid-state fermentations. Fermentations commenced with 25g
ground wheat straw moistened with 50mL nutrient solution. A fixed percentage of the initial
substrate was removed and replaced at the given frequency after 8 or 12 days.
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Fig 5.5. Effect of varying substrate feed rate at constant replacement interval of 8 days in semicontinuous solid-state fermentation. Fermentations commenced with 25g ground wheat straw
moistened with 50mL nutrient solution and were replaced with a given percentage of the starting
amount every 8 days.
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Fig 5.6. Effect of varying substrate feed rate at constant replacement frequency of 12 days for
cellulase production in semi-continuous solid-state fermentation. Fermentations commenced
with 40g or 25g dry ground wheat straw moistened with 80mL or 100mL of nutrient solution and
were replaced with a given percentage of the starting amount after 12 days.
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Fig 5.7. Effect of varying starting mass of substrate for cellulase production in semi-continuous
solid-state fermentation. Fermentations commenced with 40g or 25g ground wheat straw mixed
with 80mL or 50mL nutrient solution. After 12 days, a fixed percentage of the starting weight
was removed and replaced at 4 or 6 day intervals.
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Table 5.1. Average and maximum cellulase concentrations, yields and productivities in semicontinuous solid-state fermentation
Dry
Mass
(g)

Period
(days)

Replace
(%)

Feed
Rate
(g/d)

Res.
Time
(d)

40
25
40
25
25
25
25
40
40
25
25

4
4
6
6
8
8
8
12
12
12
12

20
20
30
30
20
40
40
20
40
60
80

2.00
1.25
2.00
1.25
0.625
1.25
1.25
0.667
1.33
1.25
1.67

20
20
20
20
40
20
20
60
30
20
15

Concentration
(IU/mL)

Yield (IU/gds)

Productivity
(IU/day)

Av.
0.038
0.071
0.038
0.060
0.049
0.055
0.049
0.062
0.050
0.048
0.051

Av.
0.474
0.888
0.475
0.753
0.613
0.691
0.613
0.775
0.625
0.604
0.633

Av.
0.975
1.307
1.054
0.966
0.828
1.180
1.170
1.050
1.342
0.970
1.167

Max
0.055
0.084
0.049
0.101
0.060
0.094
0.079
0.070
0.061
0.062
0.064

Max
0.688
1.05
0.613
1.263
0.750
1.175
0.988
0.875
0.763
0.775
0.800

Max
2.175
2.188
2.042
2.630
1.344
3.133
2.477
2.833
2.542
1.219
1.406

Table 5.2. Comparison of average values for cellulase concentration, yield and productivity for
three modes of solid-state fermentation.
Mode

Concentration
Yield
Productivity
(IU/mL)
(IU/gds)
(IU/day)
Average Max
Average Max
Average Max
batch
0.146
1.825
9.10
sequential
0.073
0.106
0.913
1.321
2.136
10.66
semi-continuous
0.052
0.071
0.649
0.885
1.092
2.181
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Fig 5.8. Comparison of cellulase production in sequentially removed and semi-continuous
solid-state fermentation. All fermentations commenced with 40g ground wheat straw mixed with
80mL nutrient solution.
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Modelling vs experimental
Clearly the experimental semi-continuous solid-state fermentations did not
produce the enhanced cellulase levels which the simplified model based on
Michaelis-Menten Kinetics alone suggested might be achievable. Two reasons
are postulated. Firstly, it can be seen that there is some decay of cellulase
activity over time even in non-semi-continuous fermentations (fig 4.5 & 4.6),
possibly due to the fungus consuming its own cellulase as substrate and
nutrients become limiting.
Secondly, as has already been suggested, the thorough mixing which occured
with each substrate replacement would have disturbed the fungal mycelium
significantly, potentially impacting its ability to grow and produce cellulase. As
described in Chapter 2, the usual method for industrial cellulase production is
submerged liquid fermentation which is subject to continuous stirring, and
cellulolytic fungi are typically able to adapt. One way they do this is by forming
mycelial balls which are able to protect the hyphae, allowing them to grow and
secrete cellulase in a moving liquid environment.
However, solid-state fermentation is different.

In the method used here the

fermentations are static for 4 to 12 days and then subject to vigorous mixing for
a minute or so. During growth hyphae radiate in all directions, interpenetrating
the solid substrate deeply.

This is precisely the growth mode to which

cellulolytic fungi are so well adapted in nature, thriving in media such as soil and
decaying vegetation. Vigorous mixing would not only disturb hyphae but would
tend to cut them up into short lengths. The experimental fermentation profiles
suggest that after one or two mixing events it may be difficult for the fungus to
re-establish significant growth.
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As a first approximation to including the effect of mixing in the model, mixing
can be treated as effectively destroying a portion of the cellulase with each
replacement of substrate (fig 5.9). Comparison of this modified model with a
typical experimental profile shows that a ‘disturbance factor’ as high as 70% is
required for the model to come near the experimental data (fig 5.10).
If semi-continuous mode of solid-state fermentation is to produce enhanced
cellulase activity then a more gentle method of introducing fresh substrate to the
growing fungus would need to be employed (this thinking is no doubt behind
some of the moving-bed reactor designs mentioned in the opening paragraph of
this chapter), such that the effects of disturbance did not outweigh the gains
potentially realisable by maintaining optimum growth rates.
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Fig 5.9. Effect of including in the model the disruptive effect of mixing on cellulase activity. Top
profile correspond to a 25% replacement regime with no negative impact due to mixing. Middle
and bottom profiles assumes mixing destroys respectively 30% and 50% of the cellulase.
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Fig 5.10. Bringing the model into the realm of the experimental. Dashed line indicates
experimental semi-continuous fermentation with 20% replacement regime every 4 days (fig 5.4).
Model is normalised to the data at day 12 and a 70% reduction in cellulase due to mixing is
assumed at each replacement.

CONCLUSION
Experimental

semi-continuous

solid-state

fermentations

exhibited

lower

cellulase activity than batch or sequentially removed fermentations, and
significantly lower activities than those initially modelled using Michaelis-Menten
kinetics. Results suggest the disruption of fungal hyphae caused by mixing was
more significant than any gains which might have been be obtained through
movement towards a continuous mode of operation. According to a modified
model, more than half the cellulase activity was effectively destroyed with each
replacement. More gentle methods of substrate replacement and mixing may
yield better results.

86

CHAPTER 6
Simplifying Cellulose Ethanol by Eliminating Pure Culture
Cellulase Production and Recycling Ethanol Fermentation
Solid Residue
INTRODUCTION

Most cellulase production for research or commercial purposes involves the use
of ‘hypercellulolytic’ fungi which have been developed by traditional or
molecular methods.

This practice can be associated with a number of

complexities, costs, energy expenditures and technical difficulties. Firstly there
are those which relate to the infrastructure required to carry out strain
development and maintain culture collections.

Secondly there are on-site

issues related to the maintenance of the chosen micro-organism in pure culture
over long periods. Modified strains have been shown to be less robust than
their wild ancestors, requiring great care with inoculum preparation (Szakacs et
al., 2006), and cellulase activity can reduce over time.

Further, there are

labour, energy and technical problems associated with sterilising substrates and
trying to maintain sterile conditions during solid-state fermentation at scale-up
(Lonsane et al., 1992).
Generally in published reports on cellulase production contamination is
prevented. In research contamination can impact reproducibility and interfere
with the interpretation of results when a specific microorganism is under study.
In scale-up excessive contamination may lead to the production of unwanted or
harmful metabolites in lieu of desired products. The literature on mixed culture
solid-state fermentation shows varying results, with some studies showing
synergistic gains in cellulase production compared to monocultures (Muhannad
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et al., 2001, Gutierrez-Correa et al., 1997), and others showing the reverse
(Yang et al., 2004). While it is known that in nature cellulolytic microbes act in
naturally selected communities, the mixed-culture studies generally involve
researchers selecting the species to be used and growing them in pure culture
under sterile conditions.
In this chapter it was hypothesised that, by deliberately incorporating the use of
environments

selective

for

the

growth

of

high

cellulase

producing

microorganisms, the need for specialised strains and sterile conditions might be
eliminated.

A number of alternatives were examined. Firstly the performance

of a ‘cellulase enhanced’ strain of Trichoderma reesei was compared with three
wild strains of Trichoderma viride obtained from a culture collection. Secondly
the cellulase activity of a strain of Aspergillus niger isolated in the laboratory (as
a contaminant of a solid-state fermentation) was measured, and the effect on
cellulase activity of exposing solid-state fermentations to contamination from the
air was examined. Then the cellulase activities of impure enrichment cultures
obtained from compost and horse manure were measured.

Finally, as a

separate but related objective, the viability of re-using ethanol fermentation
solid-residue as substrate for cellulase production under non-sterile conditions
was investigated.

MATERIALS & METHODS
Materials
The substrate for solid-state fermentation was wheat straw ground and sieved
through a 1.8mm mesh. In two fermentations the solid residue from previous
ethanol fermentations of similarly treated ground wheat straw was used. The
residue was dried prior to re-use. Substrates were moistened with Toyama’s
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mineral salt solution (Toyama & Ogawa, 1977) of composition (g/L): KH2PO4, 3;
(NH4)2SO4, 10; MgSO4.7H2O, 0.5; CaCl2.2H2O, 0.5, added in the ratio 2mL:1g
dry substrate. In addition, for all fermentations the insoluble organic nutrients
wheat bran and kelp powder (obtained from local health food stores) were
added at 10% and 2% dry substrate weight respectively and thoroughly mixed.
Trichoderma reesei CBS 439.92 (QM 9123) supplied from the Centraalbureau
voor Schimmelcultures culture collection (Netherlands), described as ‘a
cellulase enhanced mutant derived from QM6’ was used as the hypercellulolytic
strain.

Three strains of Trichoderma viride were obtained from the West

Australian Culture Collection at the WA Department of Agriculture. The strains
were WAC 7797 (isolated from wheat), WAC 13006 (isolated from plasterboard)
and WAC 13008 (isolated from the bark of Eucalyptus viminatus). A wild strain
of Aspergillus niger, isolated in the laboratory (originally, noticed as a visible
contaminant of a previous solid-state fermentation inoculated with T. reesei),
was also used as an inoculant and measured for cellulase activity.

Analytical methods
Fermented substrate was removed from the top of the fermenting bed at regular
intervals for cellulase assay (which was verified as a valid method in Chapter 4).
Crude unprocessed cellulase solution was extracted by adding deionised water
to the removed fermented substrate in 250mL Schott bottles and shaking at 200
rpm for one hour at 20C in an orbital shaker. The ratio of deionised water
added for extraction to moist fermented substrate was kept constant at 100mL :
24g, (equivalent to a ratio of 12.5mL : 1g initial dry substrate, neglecting
fermentation losses). The mixture was decanted into 40mL lots, centrifuged at
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2500rpm for 10 min and the supernatant was removed and frozen for
subsequent cellulase assay.
Cellulase activity was measured by the IUPAC filter paper assay (Ghose, 1987)
with the variations that 1mL of cellulase extract was added to 2mL citrate buffer
pH 4.8, instead of adding 0.5mL extract to 1mL buffer, and actual glucose was
measured instead of reducing sugars by the DNS method.

Glucose

measurement was with a YSI 2700 Select Biochemistry Analyser (John Morris
Scientific, Perth).

An average of two readings per sample was taken. One

FPU is defined as the amount of enzyme activity which releases 1 mol/min of
glucose. Units are reported in FPU/gDS (filter paper units per gram of initial dry
substrate).
The laboratory isolate was identified by DNA sequencing carried out by
Murdoch University Plant Pathology Laboratory using the methods detailed in
Burgess et al., 2005.

Procedure
Inoculation of all pure cultures was carried out by growing the strains on potatodextrose agar in Petri dishes at 30C for one week, cutting half a plate into ca.
5mm squares and thoroughly mixing into the substrate/nutrient mix. Enrichment
cultures were obtained by adding 20g of wet compost or horse manure to
200mL of mineral salt solution, placing in an orbital shaker at 200rpm for 30
minutes, and inoculating solid-state fermentations with 25mL of supernatant.
Solid-state fermentations were carried out in 500mL Schott bottles with cotton
bungs covered with aluminium foil. 50g ground wheat straw was mixed with
100mL nutrient solution (plus bran & kelp), except in the case of the enrichment
cultures where, to keep the moisture content constant, 75mL of nutrient solution
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was used and 25mL of compost or horse manure inoculum was added
subsequent to autoclaving the substrate/nutrient mix (121C, 25 min).
Solid-state fermentations were carried out using T.reesei, three native strains of
T.viride, a laboratory isolate of A. niger and enrichment cultures from compost
and horse manure. Non-autoclaved, non-inoculated controls were carried out to
check for the effects of the natural contamination of wheat straw alone. The
effects of natural contamination were also investigated by exposing some
fermentations to the air. Fermentations were also carried out using the dried
solid residue from previous ethanol fermentations under non-sterile conditions.

RESULTS & DISCUSSION
T.viride strains vs T. reesei
Solid-state fermentations were run with T. reesei and each of the three strains
of T.viride (fig 6.1). After 10 days of fermentation, the highest level of cellulase
activity of the T. viride strains was exhibited by WAC 7797, followed by WAC
13008 and WAC 13006.
This is consistent with the fact that the strains were isolated respectively from
wheat, Eucalyptus bark and plasterboard which are in order from most similar to
least similar to wheat straw, the substrate employed for solid-state fermentation.
T. reesei cellulase activity was in-between the strains isolated from wheat and
bark. After 18 days some crossing over of the fermentation profiles occurred.
The ‘cellulase enhanced’ T. reesei strain did not demonstrate consistently better
performance than the native T. viride isolates.
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Fig 6.1. Comparison of cellulase production in solid-state fermentation by T. reesei and three
Western Australian strains of T.viride. Strain WAC 7797 was isolated from wheat, WAC 13006
from plasterboard and WAC 13008 from the bark of Eucalyptus viminalus.

Effect of exposing of T. Reesei cultures to air contamination
A solid-state fermentation inoculated with Aspergillus niger, isolated as a visibly
distinct contaminant (white mycelium with black spores tending to dominate the
fermentation over time) from a previous solid-state fermentation inoculated with
T. reesei was carried out (fig 6.2). Cellulase production was higher than the T.
reesei strain.
A. niger is a well-known high cellulase producing fungus, commonly found as a
contaminant in the laboratory. It is likely that the environment under which this
isolate was initially noticed (i.e. a visible contaminant of earlier solid-state
fermentations) is related to its high level of cellulase activity, as was the case
with the strains of T.viride tested. An autoclaved, nutrient enriched rich bed of
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moistened ground wheat straw on which the cellulolytic T. reesei was growing
may well have provided an environment selective for the growth of high
cellulase producing species.

In the case of the contaminated solid-state

fermentation A. niger eventually outcompeted the inoculant T. reesei.
This idea was supported by finding that after exposing initially sterile T. reesei
solid-state fermentations to air contamination they became contaminated by
mycelia with Aspergillus-like black spores and that cellulase activity increased in
proportion to the degree of

visible contamination (fig 6.3).

The level of

cellulase activity in the fermentations with major visible contamination was more
than twofold higher than in the previous uncontaminated T. reesei fermentations
(compare fig. 6.1, 6.2 and 6.3) and 5 times higher than in the control (fig. 6.3) .
The result suggests contaminating species of a different genus might be of
benefit as they may “fill a different ecological niche”, potentially enhancing
cellulase activity.
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Fig 6.2. Comparison of cellulase production in solid-state fermentation by T.reesei and a
laboratory isolate of A. niger.
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Fig 6.3. Effect of air contamination on cellulase production in solid-state fermentation. One
fermentation had no visible contamination throughout. One had some visible contamination
appearing after 12 days and two fermentations had major visible contamination evident from 8
days onward.

Enrichment cultures
Solid-state fermentations were inoculated with enrichments from compost and
horse manure. Enrichment cultures displayed higher cellulase activities than
cultures inoculated with T. reesei (fig 6.4) and T. viride (fig 6.1).

This is

thought to be due to the fact that the enrichments were chosen from aerobic
environments rich in cellulose and microbial populations (compost and horse
manure).

Inoculating from these environments into a nutrient enriched and

moistened bed of wheat straw would have further enhanced the selection
pressures in favour of high cellulase producers.

Comparison with the non-

autoclaved, non-inoculated control suggest that the enrichments raised
cellulase levels compared to those produced by the microflora on the wheat
straw alone (fig 6.4), although after 18 days the activity of the control overtook
that of the T. reesei culture.
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Fig 6.4. Comparison of cellulase production in solid-state fermentation by T.reesei with
enrichment cultures inoculated with compost (EC) and horse manure (EH) liquor. Controls were
not autoclaved or inoculated.

Overall, the results support the main hypothesis of this chapter, that controlled
environmental selection pressures may be used to enhance cellulase activity
and that isolation and culturing of individual species may not be essential.
Contrary to what might be expected, fermentations with undefined enrichments
showed a high level of reproducibility (figs 6.3, 6.4).
The levels of cellulase activity achieved are lower than those generally reported
in the literature. Factors which may account for the differences include the type
and degree of pretreatment of substrate,

the fermenting organisms used,

nutrient mixes employed and the fermentation conditions themselves.

Higher

attained cellulase activities generally correspond to more energy intensive and
complex methods. Nevertheless, the range of cellulase activities obtained in
these experiments are similar to those obtained in Chapter 4 where it was
shown that such levels are sufficient for the production of ethanol.
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Ethanol fermentation solid residue
A potential method for reducing the total amount of straw required for an on-site
cellulase production process is to re-use the spent lignocellulosic material from
the cellulose to ethanol fermentation as substrate for cellulase production.
Since cellulolytic fungi do not need to produce cellulase when simple sugars are
available it was thought that cellulase production might be enhanced since most
of the sugars contained in the original wheat straw would have been released
by cellulase and consumed by yeast during the ethanol fermentation.
New solid-state fermentations were carried out in duplicate using dried solid
residue from previous simultaneous saccharification and fermentations of wheat
straw to ethanol. New controls were run on fresh wheat straw. Non-sterile
conditions were used by omitting autoclaving of the recycled wheat straw. Final
cellulase levels were on average 52% higher and the onset of cellulase
production was more rapid on the recycled substrate (Fig. 6.5) compared to the
controls.
It was calculated that the ethanol fermentation solid residue can provide
sufficient substrate for the production of all the cellulase needed for that
fermentation. The need for additional substrate for cellulase production might
be eliminated (with the exception of start-up).

Hence recycling spent

lingocellulosic material from ethanol fermentations could be an effective
strategy to reduce the amount of wheat straw required for a cellulose ethanol
process incorporating the use of on-site crude unprocessed liquid cellulase,
grown on a common substrate.
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Fig 6.5. Comparison of cellulase production on ground wheat straw (GWS) and ethanol
fermentation solid residue (EFSR). All fermentations were inoculated with T. reesei and carried
out under non-sterile conditions. Open and closed symbols show duplicate tests.

CONCLUSION
This chapter showed that it may be possible to eliminate the need for
specialised strains of cellulolytic fungi grown under sterile conditions by the use
of environments selective for the growth of high cellulase producers.

The

possibilities demonstrated were: inoculating with native cellulolytic organisms
isolated from environments similar to the substrate employed, the use of nonsterile conditions to enhance cellulase production, inoculating fermentations
with undefined enrichment cultures from compost and horse manure, and reusing the solid residue of ethanol fermentation as substrate for cellulase
production.

The findings may help to simplify the on-site manufacture of

cellulase for ethanol production.
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CHAPTER 7
The Use of Sterilising Agents to Improve Ethanol Yield
INTRODUCTION
When producing ethanol by the simultaneous saccharification and fermentation
of lignocellulosic materials, contaminating bacteria reduce ethanol yield by
utilising glucose and forming products other than ethanol.

Not only does this

rob the fermenting yeast of its feed, but since the products of contaminants are
frequently organic acids, they can lower the pH below the optimum fermentation
range. In addition, some bacterial products, such as lactic acid and acetic acid,
can inhibit yeast growth (Chang et al., 1997).
In bench-scale fermentations contamination is typically minimised by the use of
sterile or semi-sterile technique, the latter involving autoclaving substrates,
nutrients and water but not cellulase or yeast preparations. Due to its high
energy requirements autoclaving is unlikely to be a practical treatment for scaleup.

Another strategy which has been used is the addition of antibiotics.

However, these are expensive and are falling out of popular use with increasing
awareness of the public health issues associated with growing levels of
antibiotic resistance in the general environment. Therefore it is desirable to
consider alternative means of minimising contamination.
For starch and sugar based ethanol fermentations the addition of compounds
containing sulphite, metabisulphite and hydrogen peroxide have been shown to
reduce contaminating bacterial populations and improve ethanol yields
(Gibbons & Westby, 1986, Chang et al., 1997, Narendranath et al., 2000).
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The purpose of the experiments described in this chapter was to determine
whether the addition of the sterilising agents sodium metabisulphite and
hydrogen peroxide, to the simultaneous saccharification and fermentation of
wheat straw to ethanol, can reduce contamination without adversely affecting
the action of cellulase or yeast, and hence improve ethanol yields.

The

sterilising agents were added in varying levels to a number of simultaneous
saccharification and fermentations and their effect on ethanol production was
measured. As indicators of contamination, acetic acid and lactic acid were also
measured, and glucose was measured to check for effects on cellulase action.

MATERIALS & METHODS
Materials
The substrate used for all fermentations was wheat straw ground and sieved
through a 1.8mm mesh.

A commercial cellulase preparation from the native

fungus Trichoderma reesei (TR Cellulase 4000CMC) supplied by Genencor via
Enzyme Solutions (Sydney), as well as crude unprocessed liquid cellulase
extract produced by the methods detailed in Chapter 4 and stored frozen at 20ºC prior to use, was employed for all fermentations. A commercial distillers
yeast preparation (Alcotec 24hour Pure Turboyeast) containing nutrients was
used for ethanol fermentations.

Analytical methods
Glucose and lactic acid measurement was with a YSI 2700 Select Biochemistry
Analyser (John Morris Scientific, Perth), which operates by detecting the current
passing through a membrane impregnated with the appropriate enzyme
(glucose or lactate oxidase) from a chamber containing the analyte.

The
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current is calibrated against an internal standard. External standards were run
with each analysis.

Standard curves consistently produced correlation co-

efficients within 0.05% of 1. Ethanol and acetic acid were measured using a
HP6890 gas chromatograph with auto sampler, flame ionization detector and
Zebron ZB wax column 0.25mm ID, 0.2µm film thickness. A flow rate of 1
mL/min and split inlet ratio of 20:1 were used.

Injector and detector

temperatures were 200ºC.

Procedure
Two sets of simultaneous saccharification and fermentations were carried out.
The initial set was to determine whether ethanol production could proceed in the
presence of the sterilising agents and to identify individual effects of the agents
on cellulase, yeast and contamination. These were carried out in 250mL Schott
bottles to which were added 10g ground wheat straw, 50mL deionised water
and two levels of treatment with sterilizing agents sodium metabisulphite (0.4g/L
and 2.14g/L) and hydrogen peroxide (0.34g/L and 1.36g/L), added separately.
Fermentations were vented with a 0.65mm needle.

All initial fermentations

were run in duplicate.
For a contaminating agent, 5mL anaerobic sludge (from a local sewerage
treatment plant) diluted 10:1 was added to 45mL deionised water. Controls for
the effects of the treatments, anaerobic sludge, cellulase and autoclaving were
also carried out. Fermentations without sludge were autoclaved.
0.025g commercial cellulase preparation was added to all bottles (except no
cellulase controls) which were then fermented at 37ºC in an orbital shaker at
200rpm for 2 hours whereupon samples were taken for glucose assay. This
provided the benefits of being able to identify any immediate effects of the
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sterilising agents upon cellulase activity as well as providing some time for
biocidal action to occur (reducing the remaining levels of agents) prior to the
addition of yeast.

Then 0.167g yeast preparation was added and the

fermentations were continued at 37ºC and 200rpm for a further 60 hours after
which samples were taken for ethanol, acetic acid and lactic acid measurement.
The second set of fermentations was for the purposes of obtaining time course
ethanol profiles at varying treatment levels, including higher levels than had
been used previously, and also to use realistic levels of contamination, i.e. that
contained in the unautoclaved wheat straw and the crude unextracted cellulase
liquid. No additional contamination was added.

These fermentations were

carried out at 37C in 500mL baffled Erlenmeyer flasks rotated at 25 to the
horizontal and 20rpm using a purpose built temperature-controlled rotater.
Flasks were vented by a one-way valve.
15g ground wheat straw was added to 100mL crude unprocessed liquid
cellulase extract.

Prior to each fermentation the extract was thawed, its

cellulase activity was measured and it was diluted to give an activity of 0.1
FPU/mL.

The sterilizing agent (hydrogen peroxide only) was added at the

desired level and the fermentation was run for two hours, after which 0.5g yeast
preparation was added and the fermentation was run for three to five days.
Samples were taken daily for ethanol, acetic acid and lactic acid measurement
and the headspace was purged with nitrogen after each sampling.
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RESULTS & DISCUSSION
Initial fermentations
A number of 62hr fermentations in 250mL Schott bottles were carried out in
order to determine whether ethanol production could proceed in the presence of
the sterilising agents and to identify individual effects of the agents on cellulase,
yeast and contamination.
For uncontaminated fermentations, at 0.34g/L hydrogen peroxide addition no
significant change in ethanol, acetic acid or lactic acid levels were measured
(table 7.1).

Addition of hydrogen peroxide at 1.36 g/L corresponded to

increased ethanol (46%) and acetic acid (82%) production, and no change in
lactic acid (Percentages in brackets are averages of two trials).
No drop in ethanol production suggests there were no detrimental effects on
cellulase or yeast action at either level. The increases in ethanol and acetic
acid corresponding to higher levels of addition of hydrogen peroxide might be
explained by the prevention of natural contamination from the air (these
fermentations were vented with a needle which would have permitted the
ingress of air) and improved ethanol yield.

More ethanol could result in

increased acetic acid production if the increased feed for ethanol degrading
bacteria outweighed the effects of the hydrogen peroxide.
1

Table 7.1. Effect of hydrogen peroxide on ethanol, acetic acid and lactic acid production in
simultaneous saccharification and fermentation (uncontaminated fermentations).

no hydrogen peroxide
0.34 g/L hydrogen peroxide
1.36 g/L hydrogen peroxide

ethanol (g/L)
Trial 1 Trial 2
5.61
8.77
8.05
7.11
10.8
10.2

acetic acid (g/L)
Trial 1 Trial 2
0.308
0.499
0.455
0.405
0.787
0.684

lactic acid (g/L)
Trial 1 Trial 2
1.24
1.45
1.18
1.37
1.21
1.47

1. Glucose is not reported because the presence of H2O2 interfered with the measurement process (since H2O2 is a
product of the glucose oxidase reaction).
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For uncontaminated fermentations, the simultaneous saccharification and
fermentation process showed no evidence of hindrance due to the addition of
sodium metabisulphite at the lower level but at the higher level no ethanol
production was detected at all (table 7.2).

Both treatment levels gave

increased glucose production suggesting that cellulase action was not interfered
with at either level and that some antibacterial action may have occurred. The
glucose present in the no cellulase controls is that present in the wheat straw
initially.
Table 7.2. Effect of sodium metabisulphite (SMB) on cellulase and ethanol production in
simultaneous saccharification and fermentation (uncontaminated fermentations).

no SMB
0.40 g/L SMB
2.14 g/L SMB
no cellulase
control

glucose (g/L)
Trial 1
Trial 2
1.59
1.65
2.14
1.88
1.91
1.94
1.09
1.18

ethanol (g/L)
Trial 1
Trial 2
5.61
8.77
10.1
9.78
0.00
0.00

acetic acid (g/L)
Trial 1 Trial 2
0.308
0.499
0.369
0.383
0.035
0.295

lactic acid (g/L)
Trial 1 Trial 2
1.24
1.45
0.007
0.002
0.00
0.00

The addition of sodium metabisulphite to uncontaminated fermentations at
0.40g/L produced increased ethanol (38%), no significant change in acetic acid
and an almost complete elimination of lactic acid (table 7.2). At 2.14 g/L sodium
metabisulphite addition no lactic acid was measured and acetic acid was
significantly reduced (by widely differing amounts between the two trials - 91%
and 59%).

A complete lack of ethanol production at the higher level suggests

that the yeast had been rendered inactive. Hence the effect of sodium
metabisulphite on the (uncontaminated) simultaneous saccharification of wheat
straw to ethanol was dose dependent, providing some improvement in ethanol
yield and mitigation of contamination at the lower dose, but preventing ethanol
fermentation at the higher dose.
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The addition of hydrogen peroxide to contaminated fermentations showed no
impact on contamination (acetic acid or lactic acid) at lower treatment levels. At
higher levels acetic acid production was significantly reduced (67%), whereas
lactic acid showed a significant reduction (96%) in one trial and no reduction in
the other.

No increase in ethanol production was measured at either level of

treatment with hydrogen peroxide (table 7.3).
Table 7.3. Effect of hydrogen peroxide on ethanol, acetic acid and lactic acid production in
contaminated fermentations.

no hydrogen peroxide
0.34 g/L hydrogen peroxide
1.36 g/L hydrogen peroxide

ethanol (g/L)
Trial 1 Trial 2
7.83
7.74
3.96
7.20
7.45
6.18

acetic acid (g/L)
Trial 1 Trial 2
1.82
1.26
0.795
1.26
0.588
0.439

lactic acid (g/L)
Trial 1 Trial 2
1.70
1.65
1.96
2.67
0.063
2.14

Similarly, the effects of sodium metabisulphite on contamination appeared to be
dose dependent, and no improvement on ethanol yield was observed (table
7.4).

At higher levels of sodium metabisulphite, acetic acid was significantly

reduced (55%) and lactic acid was virtually eliminated. No significant effect on
cellulase activity (glucose) was detected.
Table 7.4. Effect of sodium metabisulphite on cellulase, ethanol, acetic acid and lactic acid
production in contaminated fermentations.

no SMB
0.40 g/L SMB
2.14 g/L SMB
no cellulase
control

glucose (g/L)
Trial 1
Trial 2
1.69
1.62
1.72
1.54
1.36
1.74
1.09
1.18

ethanol (g/L)
Trial 1
Trial 2
7.83
7.74
8.00
7.96
7.76
7.36

acetic acid (g/L)
Trial 1 Trial 2
1.82
1.26
1.61
1.73
0.539
0.837

lactic acid (g/L)
Trial 1 Trial 2
1.70
1.65
2.53
3.74
0.00
0.0008

Hence, data from the first set of fermentations demonstrated evidence of
reduction in contamination, as indicated by reduced levels of acetic acid and
lactic acid production, due to the addition of both sterilizing agents.

No

inhibitory effect of either agent upon cellulase action was detected. Evidence of
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inhibitory action on yeast was observed at the higher dosage of sodium
metabisulphite.

Although significant gains in ethanol production were not

observed at the treatment levels used, which had been taken from published
reports (Gibbons & Westby, 1986, Chang et al., 1997, Narendranath et al.,
2000), it was considered that further investigation was merited, including the
use of higher treatment levels.
A strong smell of hydrogen sulphide was given off by the fermentations to which
sodium metabisulphite was added.

The potential for resulting operator

discomfort due to odours, as well as the observation that SMB had the potential
to inactivate yeast were considered sufficient to render the use of sodium
metabisulphite impractical, so the second set of fermentations investigated the
use of hydrogen peroxide only.

Time course data (2nd set of fermentations)
A second set of fermentations was carried out in rotating 500mL baffled
Erlenmeyer flasks for the purposes of obtaining time course ethanol profiles at
varying treatment levels, including higher levels than had been used previously,
and also to use realistic levels of contamination, i.e. that contained in the
unautoclaved wheat straw and the crude unextracted cellulase liquid. No extra
contamination was added.
Ethanol production increased with increasing levels of hydrogen peroxide (fig
7.1 top),

with a maximum ethanol concentration of 18g/L at a conversion

efficiency of 56%, corresponding to a hydrogen peroxide dosage of 5.44g/L.
This represents a 20% increase compared to the no dosage fermentation. The
rate of ethanol production in the first 12 hours does not show a consistent
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decrease suggesting that there has been negligible effect on the yeast
populations due to the addition of hydrogen peroxide.
No significant reduction in acetic acid production occurred at a hydrogen
peroxide dosage of 1.36g/L compared to no treatment (Fig 7.1 middle). After
the first day, fermentations dosed with 2.72g/L and 5.44 g/L hydrogen peroxide
showed successive reductions in acetic acid production with time. After three
days the fermentation with 5.44g/L hydrogen peroxide contained 52% less
acetic acid than the no dosage control. After 2 days lactic acid production
showed a decrease with increasing hydrogen peroxide but after three days the
differences between the no dosage, 1.36g/L and 2.72g/L fermentations were
negligible (fig 7.1 bottom). The fermentation with 5.44g/L hydrogen peroxide
showed no significant lactic acid production during the first four days.

In fact,

lactic acid production did not begin to significantly increase until the second half
of the sixth day (data not shown).
Data from the second set of fermentations indicate that the addition of hydrogen
peroxide had the dual effects of reducing bacterial contamination and increasing
ethanol production.

At a dosage of 5.44g/L hydrogen peroxide effectively

controlled the growth of acetic acid and lactic acid bacteria which led to a 20%
increase in ethanol production.
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Fig 7.1. Addition of H2O2 to simultaneous saccharification and fermentation of wheat straw to
ethanol. Top-ethanol, middle-acetic acid, bottom-lactic acid.
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CONCLUSION
Hydrogen peroxide and sodium metabisulphite both demonstrated the capacity
to limit the growth of acetic acid and lactic acid bacteria during the simultaneous
saccharification and fermentation of wheat straw to ethanol, without adversely
impacting on cellulase performance.

At the higher dosage of sodium

metabisulphite (2.14g/L) there was evidence of inhibition of yeast action in
uncontaminated fermentations.

The addition of sodium metabisulphite led to

the formation of noxious hydrogen sulphide odours, an additional drawback.
A dosage of 5.44 g/L hydrogen peroxide resulted in a 52% reduction in acetic
acid, near complete elimination of lactic acid and a 20% increase in ethanol
compared to the controls. Further optimisation would be of interest, potentially
resulting in higher ethanol yields or lower dosages of hydrogen peroxide for the
same yield achieved here. These findings suggest the addition of hydrogen
peroxide is a viable alternative to the energy intensive use of steam for reducing
contamination in cellulose ethanol fermentations.

An estimate of the energy

saved through the use of this method is included in the following chapter.
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CHAPTER 8
Modelling a Cellulose to Ethanol Process with On-Site
Cellulase Production and Anaerobic Digestion
INTRODUCTION
The overall objective of the present research was to investigate the viability of a
small-scale process for the conversion of wheat straw to ethanol, which utilises
a simplified on-site process for the production of cellulase by solid state
fermentation.

It was hypothesised that potential losses in cellulase activity

compared with commercial preparations would be offset by reductions in
complexity and energy requirements for two reasons. Firstly, the method of
solid-state fermentation is simpler than the conventional method of submerged
liquid fermentation for cellulase production. Secondly, transport and several
processing steps can be eliminated if a crude unextracted liquid cellulase is
produced where it is used.
The objective of this concluding chapter was to make an assessment of the
feasiblity for scale-up of an overall cellulosic ethanol process utilising the
simplified method of cellulase production proposed in this thesis. An anaerobic
digester, proposed to allow improvements in efficiency and environmental
impact due to recovery of materials and energy, was included in the
assessment.
An overall process is proposed and modelled based on the research completed
thus far (Chapters 3 to 7) combined with fundamental calculations and
published data related to aspects of the process not studied here (anaerobic
digestion, distillation, embodied energy of process inputs). Firstly, the process
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is presented and described as a sequence of interconnecting unit operations.
To facilitate the estimation of mass and energy flows, three specific operating
cases are considered. Unit operations are then considered individually and
assumptions are made for each to form the basis of the calculations, which are
carried out in Microsoft Excel spreadsheets.
This enables a “cradle-to-gate” evaluation of the process, from acquisition of
raw materials through manufacture and transport of process inputs and the
conversion process itself up to the production of azeotropic ethanol but not
including subsequent dehydration, distribution and combustion.

Surplus

energy , energy yield ratios, energy required for cellulase production, distillation,
sterilisation, and material savings resulting from re-using the solid residue of
ethanol fermentation for cellulase production are evaluated and discussed.
Conclusions are drawn about the potential of the proposed process for scaleup and suggestions are made as to future research to consolidate the
knowledge required to proceed.

Proposed process
The process consists of six interconnected unit operations – pretreatment,
cellulase production, ethanol fermentation, anaerobic digestion, distillation and
cogeneration (fig 8.1). Untreated wheat straw is ground and sieved through a
1.5 to 1.8mm mesh. Crude unprocessed liquid cellulase from the cellulase
production unit enters the ethanol fermentation tank where it is diluted to the
appropriate volume and the ground wheat straw is added. Hydrogen peroxide
is added and the mixture is stirred at 37°C for two hours to allow antibacterial
action to occur prior to the addition of yeast.

Yeast preparation (including

nutrients) is then added and the fermentation proceeds at 37°C for 2.5 (single
batch) or 5 (fed-batch) days.
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Fig 8.1. Process flows for proposed cellulose to ethanol conversion.

The fermented mash is separated into solids and liquids using a screw press.
At the discharge of the screw press, the option is available for the solids to be
dried and recycled as substrate for solid-state fermentation or transferred
directly to anaerobic digestion. Fresh or recycled ground wheat straw enters
the solid-state fermentation tanks where it is brought to the appropriate moisture
content.

Nutrients and inoculant (cultivated on-site within the cellulase

production unit) are added and mixed into the substrate, which is then allowed
to statically ferment at 30°C for 8 to 12 days. When the optimum cellulase
activity has been reached (or the predetermined time has elapsed) the solidstate fermentation tanks are flooded with water and mixed for 1 hour to bring
the cellulase into solution.

The liquid cellulase solution is pumped to the

ethanol fermentation tank and diluted to the full volume for the next ethanol
fermentation. Solids from the solid-state fermentation process are pressed to
extract further liquid cellulase solution and then transferred to the anaerobic
digester via a conveyor.
After the ethanol fermentation is complete the beer is transferred to the
distillation unit where it is continuously distilled for five to six hours to produce
ethanol at approximately the azeotropic concentration of 95.6% (wt). Stillage
from the distillation column is transferred to the anaerobic digestion unit where it
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combines with the solid residues from ethanol fermentation and cellulase
production. Biogas is produced at the anaerobic digester and used to provide
process heat and electricity.

After meeting the heating needs of the

fermentation, cellulase production and distillation units, surplus biogas is piped
to the cogeneration unit where electricity and further heat are produced using a
gas generator equipped with exchangers for heat recovery from oil, water and
exhaust gases.

Supplementary energy sources will need to be utilised for

startup.
The anaerobic digestion unit also produces liquid effluent and solid compost.
Liquid effluent is pumped from the digester to be used and solid compost is
augered and conveyored to a stockpile. Ideally digester effluent and compost
are returned to cropland.

With proper research and management of the

anaerobic digestion unit it is proposed that a significant portion of soil carbon
and most key nutrients can be returned to the soil, facilitating an increase in soil
organic matter and net sequestration of carbon over time.

Relationship between pretreatment, ethanol
distillation energy & fermentation of C5 Sugars

concentration,

An evaluation of pretreatment options is described in Chapter 3 where it was
concluded that the most practical option from an energy perspective was
grinding alone without additional thermal or chemical pretreatment.

It was

shown that grinding significantly enhanced the enzymatic hydrolysability of
wheat straw whilst consuming less than 2% of the energy contained in the
ethanol ultimately produced.

However, the decision to utilise a low energy

pretreatment rather than one with maximum physical or chemical impact (such
as those detailed in tables 2.1 and 2.2) has important flow-on effects.
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Improving the amenability of cellulose for enzymatic hydrolysis is only one
function of pretreatment.

Another important role is also performed by

conventional thermo-chemical pretreatments and that is the removal of lignin
and hemicellulose portions (the latter is sometimes fermented separately) in
order to render the remaining substrate more concentrated in cellulose. This
permits more cellulose to be suspended in water and thus higher ethanol
concentrations to be obtained than would be possible by simultaneous
saccharification and fermentation if the substrate had not been thermochemically pretreated (with separate hydrolysis and fermentation sugars from
the saccharification step can be concentrated by evaporation prior to
fermentation).
Hence the choice of a low energy pretreatment comes at the cost of a lower
ethanol concentration than might otherwise be obtained.

If ethanol

concentration is too low the ethanol fermentation liquids become practically
undistillable.

This is due to the rate at which distillation energy per litre of

ethanol rises as ethanol concentration in the feed to the distillation column is
lowered, and column and stillage losses. The energy problem is that as ethanol
concentration in the feed decreases the reflux ratio (fraction of condensate
returned to the distillation column) required to obtain the same final composition
rises rapidly, and so does the heat required to re-vaporise it (fig 8.2).
High distillation energy is one of the frequently cited issues related to cellulose
ethanol since the concentration of the fermented beer is typically one third to
one half that obtained from sugar or starch based feedstocks.

The other

problem is that at low concentrations the ethanol remaining in the stillage and
held up in the trays or packing of the column becomes a significant proportion of
the original amount contained in the feed.
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Fig 8.2. Relationship between ethanol concentration, reflux ratio (left) and distillation energy
(right). Data taken from Kvaalen et al. (1984)

Taking these limitations into account, the practical minimum for ethanol
concentration in the fermentation beer is taken to be 30g/L (3% wt). However,
the highest ethanol concentration that has been obtained in batch or fed-batch
fermentations in the present research is 24g/L (2.4%) using commercial
celulase and 21g/L (2.1%) using crude unprocessed cellulase. These values
are therefore considered too low to be of practical use.
In order to raise the ethanol concentration to practical levels for modelling
purposes it is assumed that both C5 and C6 sugars are fermented. The use of
C5 fermenting yeasts raises the amount of potentially fermentable materials in
the wheat straw feed from approximately 40% to 70%.

It is not necessary to

rely on recombinant organisms to justify this assumption since there are a
number of wild yeasts which can ferment C5 sugars (Sanchez et al., 2002) and
strains of Saccharomyces cerevisiae which can ferment C5 sugars have been
developed by conventional strain development methods (Attfield & Bell, 2006).
Agbogo & Guillermo (2008), in a review of studies of lignocellulose to ethanol
conversion with the yeast Pichia stipitis list 18 studies where C5 and C6 sugars
are fermented with overall conversion efficiencies from 47% to 94%. In the
present modelling, the effect of varying conversion efficiency is investigated by
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using efficiencies of 54% and 72%, leading to ethanol concentrations of 3% and
4% (wt) in the fermentation beer. It assumed that additional enzymes would not
be necessary to ferment C5 sugars because what has been referred to as
“crude unprocessed cellulase” would in fact be a mixture of “-ases” (and other
substances) including hemicellulases (Tangnu et al.,1981).

METHOD
For an overall evaluation of the process it is necessary to have some mass and
energy data to work with. Specific assumptions need to be made regarding
what conversion efficiencies will be obtained in the ethanol fermentation, what
cellulase activities will be obtained in the solid-state cellulase fermentation and
how long the fermentations will take.
Three operating cases are evaluated which enable an investigation of the effect
on the performance of the process of varying fermentation efficiency and
resulting ethanol concentration in the fermentation beer and recycling ethanol
fermentation solid residue as substrate for solid-state fermentation (table 8.1).
All scenarios are based on an ethanol batch fermentations with an initial liquid
volume of 16 000L, considered representative of farm-scale production (though
this assumption does not affect the overall energy balance).

It is further

assumed that two ethanol fermentations of 2.5 days duration (consistent with
data from Chapter 7) each are carried out per week.
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Table 8.1 Operating cases assumed for modelling
Case

ethanol ferm.
solids loading
(g/100mL)

A

15

B

15

C

15

1

1.
2.
3.
4.

substrate for
cellulase production

conversion
2
efficiency

ethanol
concentration
in beer (wt)

weekly
ethanol
(L)

10% additional
3
fresh wheat straw
10% additional
fresh wheat straw
recycled from
4
ethanol ferm.

72%

4%

715

54%

3%

536

72%

4%

715

This was found experimentally to be about the maximum loading which still permits a fermentable slurry.
Including saccharification and fermentation efficiencies.
It was calculated in Chapter 4 that the additional substrate for cellulase production was 5 to 25% of the
amount converted to ethanol. 10% is considered a reasonable figure to use for modelling purposes.
As calculated in Chapter 6 it is assumed that, with the exception of startup, the ethanol fermentation solid
residue is sufficient for the production of all the cellulase required for ethanol production.

The weekly mass and energy flows corresponding to the above scenarios are
calculated for each unit operation (tables 8.2A to 8.2C).

The basis for the

calculations is described in the following sections. Power ratings for electrical
equipment are estimated based on a combination of equipment manufacturers
data and operating data for farm-scale ethanol plants (Blume, 2008, Butterfield,
1984).

Pretreatment
The pretreatment used is grinding, which it was shown in Chapter 3 significantly
enhanced the enzymatic hydrolysability of wheat straw whilst consuming less
than 2% of the energy contained in the ethanol ultimately produced.

The

weekly mass flow of wheat straw is the sum of that required for ethanol
fermentation and cellulase production. A figure of 36kJ/kg (Appendix A) is used
as the electrical energy required for grinding.

Material losses during grinding

are neglected. An allowance is included for transport of the feedstock to site as
detailed later.
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Ethanol fermentation
Ethanol fermentation calculations are based on using an initial liquid volume of
16,000 L. In practice this could be two tanks sized for an initial liquid volume of
8000L each, which is considered to be representative of farm-scale production
(Blume, 2008). A solids loading of 150g/L is assumed, which was found
experimentally to be about the maximum which permits a readily fermentable
slurry. The mass of commercial yeast preparation is, as per experimental work
(Chapters 3,4,5,7) based on a rate of 3.33% by weight of the dry mass of
substrate used (this is far higher than necessary and was chosen in order to
ensure that cellulose hydrolysis rather than sugar fermentation was the ratelimiting step).
growth.

The commercial preparation used included nutrients for yeast

Hydrogen peroxide is added at 5g/L as determined in Chapter 7.

Residual solids were determined experimentally to be, after drying, 50% of the
starting amount.

Residual fermentation liquids were calculated by adding to

starting liquids the amount of ethanol produced based on the stated conversion
efficiencies and subtracting 10% for losses due to liquid soaking into the
substrate and evaporation.
Electrical energy is calculated assuming a 1.5 kW mixer operates continuously
for 120 hours per week, a 1.5 kW pump operates for 10 hours per week and a
1.5kW screw press operates for 6 hours per week.. To calculate the heat
required to bring the fermentation to 37ºC an initial temperature of 20ºC is
assumed, a specific heat capacity for wheat straw of 1.414kJ/kgK is taken from
He et al.(2006), and 10% is added to allow for heat losses. Values used for the
embodied energy of yeast and hydrogen peroxide are respectively 6.32MJ/kg
(S & T consultants, 2006) and 13.6 MJ/kg (Eka Chemicals, 2002).
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Cellulase production
Wheat straw for cellulase production for Cases A & B is 10% of that used in the
ethanol fermentation.

In Chapter 5 cellulase activities an average of 52%

higher were obtained using the solid residue from ethanol production as
substrate for cellulase production compared to using fresh ground wheat straw.
Correspondingly, for case C only 66% of the mass of substrate and nutrients
would be required for cellulase production (to achieve the same activity)
compared to cases A & B, and no additional wheat straw would need to be
transported to site for cellulase production (except possibly for startup which is
discussed separately).
Solid-liquid separation is assumed to be carried out by a 1.0kW screw press
delivering to a 0.5kW conveyor which transfers the moist solids to the anaerobic
digester. Screw press and conveyor are assumed to operate for 2 hours per
week. To calculate the heat required to bring the fermentation to 30ºC an initial
temperature of 20ºC is assumed, a specific heat capacity for wheat straw of
1.414kJ/kgK is taken from He et al.(2006), and 10% is added to allow for heat
losses.
The embodied energies used for nutrients in cellulase production are calculated
as follows. Nutrient recipe is as per Chapters 4 to 6. A figure of 0.32 MJ/kg for
wheat bran is taken from Sainz (2003). In the absence of data for kelp farming,
kelp is assumed to be harvested sustainably from naturally occurring areas.
The energy for harvest is neglected and only transport energy is considered, as
described later. An embodied energy of 17.6MJ/kg for KH2PO4 is calculated
based on conversion to P2O5 and K2O equivalents and typical figures from
Ramirez & Worrell (2006).

A value of 4.3MJ/kg, taken from Kobayashi &
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Ryuichi (2001), is used for (NH4)2SO4. CaCl2 is assumed to be produced by
evaporation of 10% solution produced as a waste stream from the Solvay
process (Tetra Chemicals Europe, 2005) giving an embodied energy of
20.4MJ/kg. MgSO4.7H2O is assumed to be produced by evaporation of a 16%
solution produced as tailings from a rock phosphate mine (Ranawat et al.,
2008), giving an embodied energy figure of 11.9MJ/kg.
It is assumed that the inoculant is a solid-state fermentation 10% the size of the
main one using the same substrate and nutrients. Though not shown in the
individual line items for cellulase production, 10% is added to the totals for heat
and embodied energy as an allowance for energy attributable to preparation of
inoculant (electricity is not counted because the press and conveyer are not
utilised with the inoculant).

Anaerobic digestion
The inputs to the anaerobic digestion unit are the moist solid residues from
ethanol fermentation and cellulase production as well as the liquid stillage from
the distillation unit.

Although the biogas produced will be a mixture of gases

only methane is of interest as it contains the heating value for the purposes of
providing process heat and electricity.
The calculation of methane and effluent produced from liquid stillage is based
on data from Wilkie et al. (2000) who investigated anaerobic digestion from
ethanol stillage from a range of cellulosic and non-cellulosic feedstocks.
Average values for cellulosic feedstocks are used for organic loading
(61.3gCOD/L stillage) and methane yield (0.3L/gCOD) which convert to a figure
of 18.4LCH4/Lstillage.
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Additional methane would be available from anaerobic digestion of the solid
residue from ethanol fermentation and cellulase production.

For example,

Moller et al. (2004) give values for volatile solids and ultimate methane yield of
959 gVS/kg DM (dry matter) and 195 L/kgVS for wheat straw which is
equivalent to a yield of 187LCH4/kgDM. Kaparaju et al. (2009) give values of
875gVS/kgDM and 297L/kgVS, equivalent to 260LCH4/kgDM.
Since the sequence of operations investigated here is unique, no data is
available to give an accurate indication of the methane yield. Reasons can be
given why the methane yield might be higher or lower than that for untreated
wheat straw. Since the straw has undergone submerged liquid fermentation in
the presence of cellulase and yeast, (and for case C additional solid-state
fermentation in the presence of cellulolytic fungi) it is likely that a significant
percentage of the original sugars are gone, having been converted to ethanol,
volatile fatty acids (which have been transferred to the liquid stillage), fungal
biomass, CO2 and other byproducts. On the other hand, living cellulolytic fungi,
hydrolytic enzymes, fungal biomass, organic and inorganic nutrients would be
present in the solid residue, which could improve methane yield compared to
untreated wheat straw.
For the purposes of this calculation an average of the above two values is taken
and halved (to allow for fermentation inefficiencies), giving a methane yield of
114LCH4/kgDM. The amount of compost produced is estimated using values of
959 g volatile solids per kg dry matter and 358g non-degradable carbohydrates
per kg volatile solids., given by Moller et al. (2004) for wheat straw.
The stillage leaves the distillation column at close to 100°C and after being used
to preheat the incoming feed would still be at significantly higher temperatures
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than required for digestion, so no additional heating is allowed to bring the
digester to operating temperature. For estimation of electricity consumption it is
assumed that a 4.5kW mixer is running for 120 hours per week, a 1.5kW pump
operates for 10 hours per week to remove the liquid effluent, and a 0.5kW auger
operates for 6 hours per week to remove the compost.

Distillation
Ethanol flow rate is calculated from the liquid feed using the concentration
corresponding to the given case and assumed column and stillage losses of
5%. The stillage rate is the feed minus the ethanol flow rate. Distillation energy
required is calculated by summing the sensible and latent heat components of
feed, reflux and distillate (see Appendix B).

It is assumed that the hot stillage

leaving the distillation column is passed through a heat exchanger to preheat
the incoming feed to 80°C. Overall heat losses are taken as 5% and reboiler
efficiency is taken as 80%.
Since distillation energy is the single largest energy user, comprising 60-64% of
the total energy inputs and 44% or 60% of the energy content of the ethanol
(Note, for reasons explained earlier, the drastic increase in distillation energy
between cases A & B, due to the drop in ethanol concentration from 4% to 3%.)
it is of interest to compare the results of this fundamental calculation with more
detailed analyses.
For comparison purposes, the weekly distillation energies can be divided by the
mass of ethanol produced giving specific distillation energies for cases A & B of
13.1 and 17.4MJ/kg ethanol, which in both cases represent 85% of total
process heat requirements.

These figures can be compared with the

calculations of Lorenz & Morris (1995) whose figures for process steam
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translate to 17.1MJ/kg.

They do not give a breakdown but taking 85% of this

figure gives a value for specific distillation energy of 14.5MJ/kg in the mid-range
between the calculation for cases A & B. Kemppainen & Shonnard (2005) in a
life cycle assessment for an enzymatic cellulose to ethanol conversion process
(based on computer simulations) using two different feedstocks give data from
which specific distillation energy consumptions of approximately 5.1 MJ/kg
ethanol (from both feedstocks) can be calculated, significantly less than for this
process.
To date, actual cellulose ethanol plant operating data remains unavailable and
the published simulations do not give sufficient detail to establish the reasons
for differences.

Nevertheless, these comparisons suggest the calculations

performed here are either in the ballpark or conservative (i.e. calculate larger
distillation energies than would be employed in practice).

Cogeneration
Biogas needs for the fermentation, cellulase production and distillation units are
calculated by assuming a heating efficiency of 80%. This means the heat input
to the distillation column from the reboiler is now divided by 80% twice, which
allows for a configuration whereby a heat exchange fluid (e.g. vegetable oil for
farm-scale distillation) is used to heat the distillation column. Surplus biogas is
transferred to the cogeneration unit where it is assumed 30% is converted to
electricity and 50% to heat. This surplus heat and electricity could be used for
ancillary purposes on-site such as power for instrumentation & control, lighting,
space & water heating, exported to the grid (electricity only), nearby homes or
light industry (heat and electricity).
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Supplementary energy
In theory, there are a number of options to provide process heat and electricity
for startup. In grid-connected areas electricity can be imported and exported
back as surplus when the plant is running.

Stand-alone renewable energy

systems can be installed in areas where there is no grid. Natural gas or LPG
can substitute for biogas for heating purposes.

Alternatively, an initial amount

of biomass can be sourced for the anaerobic digester which could be started up
in advance of ethanol production.
Considering it is desirable for the process to be feasible in off-grid areas, an
additional renewable energy system would be highly capital intensive compared
to using the anaerobic digester already there, natural gas or LPG cannot be
“re-credited” once they are consumed (biogas cannot be bottled for sale or
exported to a grid though it may be possible in some situations to find a local
user), and one of the key principles of the present research is to eliminate (as
far as practical) the direct use of fossil fuels, the preferred option is the
importing of additional biomass in order to start the anaerobic digester in
advance of ethanol production.
Allowing a four week period for the digester to come to the necessary
productivity to bring ethanol production on-line, and assuming additional wheat
straw is brought in for start up means approximately 14.6 tonnes of wheat straw
must be available for start up for case A (more than four weeks operating
supply as the stillage is not available for digestion during this time). Averaging
this figure over a 48 week period gives 300kg per week or an additional 11%.
An allowance is included for start up materials in the transport calculation as
detailed below.
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Transport
The embodied energy calculations for process inputs have not so far included
the energy associated with transport from the production facility to the site. Two
separate transport calculations are performed. One is for the local inputs wheat
straw and wheat bran for which it is assumed a round trip of 100km in a rigid
(i.e. not articulated) truck is required (Appendix C). This trip could also include
transport of compost to farmland on the return journey.
The other calculation is for process chemicals and nutrients, which could come
from anywhere in the world (Appendix D). It is assumed that the inputs are
transported as a group in one tonne lots in ratios corresponding to the rates of
use at the site.

Obviously this would not happen in practice as the inputs

would come from various locations, but in the absence of an actual operating
plant this assumption is as good as any and simplifies the calculation compared
to allocating a different location to the manufacture of each input.

It is further

assumed that the inputs travel 2000km by ship, 500km by articulated truck,
200km by rigid truck and 50km by light commercial vehicle in their journey from
the manufacturing facility to the site.
While these figures are thought to be typical for a rural location in Australia, they
are of necessity somewhat arbitrary.

Sensitivity to changes in the assumed

distances can be investigated using the spreadsheet in Appendices C and D.
For example, doubling the shipping distance from 2000km to 4000km only
raises the total transport energy by 6%, whereas doubling the distance traveled
by light commercial vehicle from 50km to 100km

raises the total transport

energy by 44%.
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Table 8.2A. Weekly mass and energy flows for case A
Cellulase
Pretreatment
Fermentation
Production
mass (kg)
inputs
WS
2640 GWS
2400 GWS
4
water
13000 water
2
cellulase
3000 WB
3
yeast
80 kelp
H2O2

80

KH2PO4
(NH4)2SO4
CaCl2.2H2O
MgSO4.7H2O

outputs

GWS

energy
(MJ)
inputs

grinding

2

2640

solids
liquid

1200
15060

cellulase
solids

95

mixer
pump
press
heat
yeast

648
54
32.4
1316
506

press
conveyor
heat
WB

H2O2

1088

(NH4)2SO4

KH2PO4
CaCl2.2H2O
MgSO4.7H2O

total:
elec

95
heat
emb

outputs
1.
2.
3.
4.

5.

Anaerobic Digestion
240
3480
24
4.8
1.44
4.8
0.24
0.24
3000
216

7.2
3.6
25.8
7.7
25.3

solids
stillage

1416
14488

methane(L)
compost
effluent
pump
auger

Distillation

Cogeneration

liquid

15060

427998
485.7
13728

ethanol
stillage

572
14488

54.0
10.8

heat
pumps

7497
18

Transp.

methane
(L)

103044

methane

3503

Total

374

20.6
4.9
2.9

734

10.8

1316
1594

25.8
67.6

65

18

923

7497
374
5

methane

14552

ethanol

5

13735

heat
elec

8839
2035

1752
1051

WS = wheat straw, GWS = ground wheat straw, WB = wheat bran, solids are calculated on a dry basis
Crude unprocessed liquid cellulase solution
This flow represents a commercial distillers yeast preparation which includes nutrients for yeast growth.
Includes water used to moisten solids for solid state fermentation and water added after fermentation for cellulase extraction.
Values of 34kJ/L and 24MJ/L are used for lower heating values of methane and ethanol respectively.
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Table 8.2B. Weekly mass and energy flows for Case B.

mass (kg)
inputs

Pretreatment

Fermentation

Cellulase
Production

WS

GWS
water
2
cellulase
3
yeast

2400
13000
3000
80

GWS
4
water
WB
kelp

240
3480
24
4.8

80

KH2PO4

1.44
4.8
0.24
0.24

2640

H2O2

(NH4)2SO4
CaCl2.2H2O
MgSO4.7H2O

outputs

GWS

energy (MJ)
inputs

grinding

2

2640

solids
liquid

1200
15060

cellulase
solids

95

mixer
pump
press
heat
yeast

648
54
32.4
1316
506

press
conveyor
heat
WB

H2O2

1088

(NH4)2SO4

KH2PO4
CaCl2.2H2O
MgSO4.7H2O

total:

elec
heat
emb

outputs

95

Anaerobic Digestion
solids
stillage

1416
14631

3000
216

methane(L)
compost
effluent

7.2
3.6
25.8
7.7
25.3

pump
auger

Distillation

Cogeneration

liquid

15060

430631
485.7
13863

ethanol
stillage

429
14631

54.0
10.8

heat
pumps

7689
18

methane
(L)

98500

methane

3349

Transp.

Total

374

20.6
4.9
2.9

734

10.8

1316
1594

28.4
67.6

65

18

923

7689
374
5

methane

14641

ethanol

5

10301

heat
elec

9034
2035

1675
1005
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Table 8.2C. Weekly mass and energy flows for case C

mass (kg)
inputs

Pretreatment

Fermentation

Cellulase Production

Anaerobic Digestion

WS

GWS
water
2
cellulase
3
yeast

2400
13990
2010
80

GWS
4
water
WB
kelp

161
2332
16.1
3.2

solids
stillage

1183.9
14488

liquid

15060

80

KH2PO4

0.965
3.216
0.161
0.161
methane(L)
compost
effluent

401541
406.1
13728

ethanol
stillage

572
14488

54.0
10.8

heat
pumps

7497
18

2400

H2O2

(NH4)2SO4
CaCl2.2H2O
MgSO4.7H2O

outputs

GWS

energy (MJ)
inputs

grinding

2

2400

solids
liquid

1200
15060

cellulase
solids

86

mixer
pump
press
heat
yeast

648
54
32.4
1316
506

press
conveyor
heat
WB

H2O2

1088

(NH4)2SO4

KH2PO4
CaCl2.2H2O
MgSO4.7H2O

total:
elec

86

heat
emb
outputs

2010
144.72

7.2
3.6
17.3
5.1
17.0

pump
auger

Distillation

Cogeneration
methane
(L)

76900

methane

2615

Transp.

Total

332

13.8
3.3
1.9

734

10.8

1316
1594

17.3
45.3

65

18

914

7497
332
5

methane

13652

ethanol

5

13735

heat
elec

8830
1971

1307
784
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Table 8.3. Summary of mass and energy flows
Case A

Case B

Case C

mass(kg)
inputs
wheat straw
water

2640
16480

2640
16480

2400
16321.6

outputs
ethanol
compost
effluent

572
486
13728

429
486
13863

572
406
13728

11048
3074
2035
16157
28

11292
3074
2035
16401
38

11038
3045
1971
16053
28

14552
13735

14641
10301

13652
13735

12130

8541

11334

1752
1051
1605

1675
1005
1760

1307
784
2401

9

6

6

energy(MJ)
inputs
1
heat
2
electricity
3
embodied
total
4
specific energy
(per kg ethanol)
outputs
methane
ethanol
5

net surplus
6
on-site surplus
- heat
- elec.
7
net deficit
energy yield
8
ratio

1. The sum of all heat inputs divided by an assumed 80% efficiency of conversion for biogas fuelled heaters
2. The sum of electricity inputs divided by an assumed efficiency of 30% for electricity conversion
3. Due to manufacturing & transport for process inputs.
4. Of production, as opposed to energy content released upon combustion (30MJ/kg)
5. Includes energy content of ethanol and embodied energy of process inputs.
6. Does not take into account energy content of ethanol or embodied energy of process inputs.
7. Does not include energy content of ethanol. Gives an indication of fossil fuel energy embodied in process inputs
which is not offset by surplus biogas.
8. Energy content of ethanol divided by net deficit.
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RESULTS & DISCUSSION
Summary
Detailed results of process modelling are shown in tables 8.2A to 8.2C and
summarised in table 8.3. Before discussing these results it is of interest to set
the context by reviewing some key points of the bioethanol debate (for reviews
of this debate see Morris, 2009 and Farrel et al., 2006). The two main issues of
contention are the competition for arable land between food and fuel and
whether or not the manufacture of ethanol leads to a net production of energy.
Cellulose ethanol holds promise in both of these areas because the residue of a
food producing plant (wheat, corn, rice, sugarcane) can be utilised after the food
has been harvested so no additional land or energy inputs are required to
produce the feedstock.
One frequently used measure of the energy efficiency of ethanol (or any fuel) is
the ratio of the energy contained in the fuel to the non-renewable energy
invested in producing it. This ratio has been called the energy yield ratio or
energy returned on energy invested. Typically the energy invested includes
agricultural inputs (fertilizer, pesticide, fuel) transport and the conversion
process itself. It is reasonable to conclude that if a process has an energy ratio
less than one, it is hardly worth carrying out, and certainly not sustainable. A
wide range of values for this ratio have been reported for ethanol, which is
highlighted in a review of ethanol life cycle assessments carried out by Von
Blottnitz & Curran (2007, table 8.4).
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Table 8.4. Energy yield ratios for bioethanol systems. From Von Blottnitz & Curran, 2007
Feedstock and country

Energy yield ratio

sugarcane, Brazil

7.9

sugar beet, Great Britain

2.0

corn, USA

1.3

molasses, India

48

molasses, South Africa

1.1

corn stover, USA

5.2

bagasse, India

32

The value of the energy yield ratio depends not only on the feedstock but also
on the situation, a point highlighted by the sharp contrast between the values for
the molasses ethanol plants. The authors explain the vast difference as due to
the Indian distillery being fully integrated into a sugar mill where excess steam
is used (and transport of feedstock would be minimal), whereas the South
African distillery was remote from sugar mills, utilizing coal and grid electricity.
The authors also suggest that some non-factory fossil inputs were neglected in
the Indian study.
The results of the present modelling show an on-site surplus of heat and
electricity for all three cases (table 8.3), implying no direct fossil fuel inputs are
required for plant operation. Yet since the electricity and transport networks of
the world are mostly powered by fossil fuels and most manufacturing processes
use primarily non-renewable energy it is assumed that the embodied energy of
process inputs is of the fossil kind.

Some of this energy can be offset by the

surplus heat and electricity produced on-site.

The remainder (entitled ‘net

deficit’ in table 8.3) is indicative of the net fossil fuel inputs to the process from a
cradle-to-gate perspective and forms the denominator of the energy yield ratio.
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In all cases the energy yield ratios are significantly greater than one (table 8.3).
Further improvements could be made by reducing the amount of yeast added to
the ethanol fermentation (at least a factor of 10 reduction is possible), and by
obtaining nutrients for cellulase production locally, from low value residues from
other processes where possible.
In summary, the modelling of the proposed process shows in all cases a net
surplus of energy when all inputs and outputs are accounted for, an on-site
surplus of process heat and electricity meaning no direct fossil-fuel inputs are
required, and high energy yield ratios with ready potential for further gains.
These findings suggest that the proposed process of cellulose to ethanol
conversion, with on-site cellulase production via solid-state fermentation and the
use of anaerobic digestion, is potentially feasible for scale-up and therefore
worth pursuing.

On-site vs commercial cellulase production
Since the overall objective of the present research is to investigate the feasibility
of on-site cellulase production via solid-state fermentation, it is of interest to
compare the estimate of energy required for the cellulase production unit with
figures from the literature for commercial cellulase facilities.

Though limited

data is available due to commercial cellulase (for bioethanol) production being
relatively undeveloped and proprietary, some data is available.

The published

data is explained below and the comparisons are shown in table 8.5.
McLean & Spatari (2009) investigated the contributions of chemicals and
enzymes to the life-cycle of ethanol for two cellulose to ethanol conversion
processes involving simultaneous saccharification and fermentation, differing in
their pretreatment regimes – one involving ammonia fibre explosion and the
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other dilute acid treatment. From their graph of fossil energy inputs to the
process, the total contribution of chemicals plus enzymes is estimated to be 0.1
and 0.15MJ/MJ ethanol for the two processes. An average figure is taken and
divided by two in accord with their statement that the contributions from
chemicals and enzymes were in the same proportions, to give a value of
0.0625MJ/MJ ethanol as an estimate for the embodied energy of cellulase
production.
A detailed life-cycle assessment of enzyme manufacture was performed by
Novozymes in collaboration with the Technical University of Denmark based on
actual production data for five Novozymes products (Nielsen et al., 2007).
Unfortunately none of the products evaluated were cellulase, but for comparison
purposes data for product ‘B’ (fungal glucoamylase) is used here. From a graph
of primary energy consumption a figure of 85MJ/kg cellulase is used. In order
to translate this into terms comparable with the process developed here an
enzyme loading rate needs to be assumed which corresponds to the cellulase
activity employed here of 0.1IU/mL or 0.667IU/g substrate (a factor of ten or
more smaller than that typically reported).

This data is taken from S & T

Consultants report (2006) which gives a ratio of 45.5 FPU/g substrate per
kgcellulase/L ethanol (an FPU and IU are the same in magnitude). Combining
these figures gives an enzyme loading of 0.0147kg cellulase/L ethanol and
1.25MJ/L ethanol.
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Table 8.5. Estimated values for embodied energy of cellulase production for commercial
processes and present study

Reference.
MacLean & Spatari (2009)
Nielsen et al.(2007)
present study

weekly energy (MJ)
case A
case B
824
618
894
671
104
107

1

ratio

0.12

0.17

case C
824
894
73
0.09

1. This is the ratio of the energy consumed by the simplified method (present study) to the average of the figures for
commercial cellulase preparations.

The findings of the published studies are in good agreement when converted to
terms corresponding to the present modelling (table 8.5). The simplified on-site
process proposed here consumes, for cases A, B and C respectively, only 12%,
17% and 9% of the energy consumed by the commercial processes.
It was originally hypothesised (Chapters 1 and 2) that such energy savings
might be obtained for several reasons. The use of solid-state as opposed to
submerged liquid fermentation eliminates aeration and mixing and enables the
use of low value (including low embodied energy) lignocellulosic residues as
substrate for cellulase production instead of energy intensive purpose grown
crops.

In addition, the on-site production and use of a crude unprocessed

liquid cellulase solution removes the need for several processing steps
associated with commercial preparations. Though the published data is not
broken down, the modelled energy savings for cellulase production support the
central hypothesis of this thesis.

Conversion efficiency, ethanol concentration and specific energy of
production
The quantity of ethanol produced is directly proportional to ethanol
concentration in the fermented beer, which is in turn proportional to the
assumed conversion efficiency .

Hence cases A & C (where an assumed
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conversion efficiency of 72% lead to an ethanol composition 4% in the beer)
show 33% more ethanol than case B (where an assumed conversion efficiency
of 54% lead to an ethanol composition 3% in the beer). The increase in specific
energy (of production) associated with the drop in beer concentration is 36%,
due to the higher distillation energy required at the lower ethanol concentration
(table 8.3).

A decrease of one third in ethanol production and an increase by

more than one third in distillation energy at the lesser conversion efficiency
would suggest that the greater conversion efficiency is highly desirable.

Recycling wheat straw
Comparison of case C with case A shows that by using the ethanol fermentation
solid residue as substrate for cellulase production the same weekly ethanol is
produced with the same specific energy of production (table 8.3). Reductions in
grinding, transport and embodied energy due to less wheat straw being used
overall

turned

out

to

be

insignificant

(approximately

0.1MJ/week).

Nevertheless, since 9% less wheat straw is employed for the same overall
result it is considered that this option is worth pursuing.

Sterilisation
In Chapter 7 the use of hydrogen peroxide to improve ethanol yields by
reducing contamination during ethanol fermentation was investigated because it
was considered that the energy required for autoclaving (calculated in Chapter
3) was excessive. Although the effectiveness of hydrogen peroxide was shown,
an energy comparison was not performed and that is done here (Appendix E).
A value for the embodied energy of hydrogen peroxide was used previously for
estimating the embodied energy of process inputs. This value is combined with
the relevant proportion of the transport calculation (Appendix D) to compare the
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use of hydrogen peroxide, with autoclaving and also for interest the more
conventional method of reducing contamination in ethanol fermentations by
boiling the mash prior to fermentation (Appendix E), (even though boiling and
autoclaving are problematic because either the cellulase would be destroyed or
the mash would have to be sterilised prior to the addition of cellulase in which
case it would not remain sterilised).

The calculated energy values are for

hydrogen peroxide, autoclaving and boiling respectively 1210MJ, 11600MJ and
10800MJ per week. Thus the use of hydrogen peroxide uses approximately
one tenth the energy of autoclaving or boiling. This supports the hypothesis
that the use of hydrogen peroxide can save considerable energy and may
therefore be useful for scale-up.

Sensitivity
Clearly results of the modelling depend upon a large number of assumptions.
In some cases the results are more sensitive to the accuracy of the
assumptions than in others.

For example, if the ethanol fermentation and

cellulase production tanks were not properly insulated and located in a
temperature controlled building, and the temperature of the contents dropped to
10C instead of the 20C assumed for heating calculations, the total heating
requirement would increase by approximately 10% (900MJ) for case A and the
energy yield ratios for cases A, B and C change from 9, 6 and 6 to 5, 4 and 4. If
the assumed efficiency of biogas heaters for the ethanol fermentation and
cellulase production units was lowered from 80% to 70% the total biogas energy
for heating would increase by 14% (1600kJ) for case A and the energy yield
ratios drop to 4, 3 and 3. On the other hand, if increases in cellulase activity by
using recycled substrate are neglected (they might not be consistently obtained
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in practice) then only an additional 1.7% (152MJ) of heat energy and 1.4%
(28MJ) of embodied energy would be consumed.
While a net surplus of on-site heat and electricity is maintained in spite of the
more sensitive of the above assumptions, the energy yield ratio is sensitive to
them. In practice, if some assumptions turned out to be too optimistic the issue
might be dealt with by good engineering design in accordance with actual site
conditions under consideration (e.g. solar heating could be used for ethanol
fermentation and cellulase production,

methods for improving distillation

efficiency are described in Chapter 2).
Other assumptions, however, might be critical. For example, if the estimates of
biogas production from wheat straw are not borne-out in practice and turn out to
be an order of magnitude too high, this could have a significant effect on the
energy efficiency and viability of scale-up.

Considerable further laboratory

research would be required before actual scale-up would be recommended (see
later section).

The modelling tools developed here could be updated in

response to future research and eventually used as an aid to energy efficient
engineering design for scale-up.

Environmental impact
Assuming there are no biodiversity issues related to the location of the plant,
environmental impacts can be broadly divided into three categories for
consideration. Firstly there are those impacts related to substances discharged
into the environment by the process.

In this process the discharges are

compost and effluent from the anaerobic digester, and exhaust gases from the
combustion of biogas.
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Anaerobic digestion is an established technology which has been used with
many kinds of farm wastes, municipal solid waste and human effluent.

No

environmentally toxic substances have been introduced into the process, so it is
unlikely that any insurmountable obstacles to clean performance would be
encountered. Nevertheless, monitoring would be necessary since there is the
potential for pollution of air, soil and waterways.
From a climate change perspective it is proposed that, with proper land
management, a net sequestration of carbon is possible. Excessive biomass
should not be removed from soil in the first place as to cause a decrease in soil
organic matter content over time.

Published data is available on the impact of

straw removal on soil fertility (Gabrielle & Gagnaire, 2008), and it has been
shown that a net sequestration of carbon is possible with the use of low-input
high diversity grasses grown on degraded land and used for the production of
cellulose ethanol and other biofuels (Tilman et al., 2006).
Additionally, since it is only carbon, hydrogen and oxygen which are required for
ethanol and biogas there is no reason why most key nutrients, as well as the
undigested carbon portion, cannot be returned to the soil from which the
biomass was originally removed (or elsewhere if not required there) by
appropriate use of the liquid effluent and solid compost from the biogas
digester.
Secondly there are those indirect impacts related to the manufacture and
combustion of fossil fuels (coal, natural gas, petrol, diesel, fuel oil) for process
heat, electricity and transport. In published life-cycle assessments of cellulose
ethanol (Kemppainen & Shonnard, 2005, Fu et al., 2003) these impacts have
been assessed by indicators of global warming, smog formation, ozone
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depletion, acidification (acid rain), solid waste, human inhalation, heavy metals
and carcinogens (the latter two arising from the manufacture of petrol).

Since

the modelling suggest that the proposed process may require no external
source of process heat or electricity, the energy required to make cellulase has
been reduced by a factor of five to ten (table 8.5) and transport requirements
are reduced due to the use of local feedstock, it follows that impacts in this
category would be substantially reduced compared to other cellulose ethanol
processes.
The third kind of environmental impact comes from the agriculture to produce
the crops used as feedstock for ethanol and cellulase production (fertiliser
manufacture, eutrophication, pesticides).

If the feedstock is grown for the

purpose of ethanol production the agricultural impacts are allocated to ethanol
production. Even in this case it is important to note that cellulosic crops can
require significantly lower inputs than conventional starch crops (Tilman et al.
2006). However, if the feedstock is a byproduct of another process (e.g. wheat
straw, sugar cane bagasse), then the impacts due to growing the crop would
not typically be allocated to ethanol production.
In reality however, the use of any feedstock has an opportunity cost and this
should be taken into consideration. If straw which was previously returned to or
left on the field is now being removed (and nothing is returned from the residue
of the ethanol production process) then this could have a negative impact on
soil fertility. On the other hand, if straw which was previously being transported
overseas to feed racehorses or burned in the field (both practices abound) is
converted to ethanol nearby then there may be no negative impact or even a
positive impact due to reduced transport energy or improved soil fertility, the
latter if some of the residue of the ethanol process is returned to the soil.
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The present process uses an agricultural byproduct, wheat straw, as feedstock
for ethanol production (possible with most cellulose ethanol processes), and
also as substrate for cellulase production (unique to this process). Provided the
removal of excessive organic matter does not lead to a deterioration in soil
fertility, the environmental inputs associated with agriculture would be reduced
compared to sugar/starch ethanol and also in comparison with other cellulose
ethanol processes.
In summary, provided biogas combustion and discharges from the anaerobic
digester are properly monitored and managed, and soil is not degraded, the
sum of all the improvements in process efficiency which have been proposed
and modelled should lead to significant reductions in total environmental impact.

CONCLUSION
A farm scale process for converting wheat straw to ethanol which incorporates
the on-site production of a crude unprocessed liquid cellulase using solid-state
fermentation, and the anaerobic digestion of process residues to supply heat
and electricity, has been modelled using experimental findings from Chapters 3
to 7 combined with fundamental calculations and published data.

Three

operating cases were assumed which led to modelled energy yield ratios of 9, 6
and 6. The modelled energy consumption for the simplified cellulase process
was 12%, 17% and 9% of that required for commercial enzyme preparations. In
all cases an on-site surplus of heat and electricity resulted.

The recycling of

ethanol fermentation solid residue by using it as substrate for cellulase
production resulted in negligible energy savings but is considered worthwhile for
the reduction of 9% in the amount of wheat straw required.
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The modelling thus supports the central hypothesis of this thesis, that
reductions in complexity attained through the use of a simplified on-site process
for cellulase production via solid-state fermentation could lead to significant
improvements in energy efficiency. Further, it suggests that the whole process
can become energy independent through the integration of anaerobic digestion.
Since no toxic or hazardous substances are directly employed in the process
environmental impacts are linked to energy production and consumption, so it is
likely that significant reductions in environmental impact would follow from the
improvements in process efficiency.
The magnitude of the modelled improvements in energy efficiency is sensitive
to some key assumptions and future laboratory research is necessary before
the construction of a pilot-plant could be recommended. The tools developed
here could be used as an aid to future research and engineering design for
scale-up.

RECOMMENDATIONS FOR FUTURE RESEARCH
A number of recommendations can be made with regard to further research
required to validate the modelling carried out here and to obtain further
improvements.
Key assumptions of the present modelling are that C5 and C6 sugars are
utilised with a combined efficiency of hydrolysis and fermentation of 72%, which
includes

the

assumption

that

the

crude

cellulase

contains

sufficient

hemicellulase for the saccharification of xylans. Although higher efficiencies
have been obtained in the conversion of lignocellulosic materials to ethanol
(Agbogo & Guillermo, 2008), the highest overall efficiencies of conversion
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obtained in the present research have been 72% with a commercial cellulase
preparation (Chapter 3) and 56% with crude unprocessed cellulase (Chapter 7).
It was suggested previously that in light of the dependence of ethanol yields and
distillation energy on conversion efficiency it is highly desirable to achieve 72%
conversion efficiency or higher in practice.

That high enough conversion

efficiencies can be consistently obtained is perhaps the most important issue
which needs to be researched to ascertain with more certainty the potential for
the process modelled here.
Though it is claimed that the cellulase activities obtained in the present research
are sufficient, improvements would lead to further gains in process efficiency by
reducing the amount of substrate required for solid-state fermentation (and
hence equipment sizes) and reducing ethanol fermentation times. As indicated
in Chapter 6, it is possible that the right combination of ‘contaminant’ and
‘inoculant’ could consistently improve cellulase yield or that pure inoculant could
be dispensed with entirely, simplifying the process further. The best method of
inoculation has not been established and needs further work. It also needs to
be established what activities can be consistently obtained by using the solid
residue from ethanol fermentation as substrate for cellulase production.
In order to further reduce the embodied energy of process inputs it would be
desirable to eliminate the use of remotely manufactured mineral salts as
nutrients for cellulase production and instead find local substitutes. Though
ultimately it depends on the choice of site, a general screening of typical
products and byproducts of common agricultural and other rural industrial
processes for their capacity to enhance the cellulase productivity of cellulolytic
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fungi would be helpful (This kind of study is becoming increasingly common
under the auspices of the emerging field of industrial ecology).
Anaerobic digester management is a complex affair and digesters can fail easily
if the right conditions are not maintained. The figures used for methane yields
were estimates based on averages of differing numbers from published data.
Two factors of primary importance which would need to be validated prior to the
construction of a plant like the one proposed are that methane yields can be
consistently achieved in practice to render the process energy independent (or
at least close to), and that the compost produced is in fact beneficial for the soil.
On a final note, it is important not to lose sight of the fact that no matter how
much research is carried out it is unlikely that any cellulose to ethanol
conversion process will produce yields comparable with ethanol from sugar or
starch feedstocks. As mentioned in Chapter 1, cellulose ethanol poses several
obstacles in comparison with conventional bioethanol including energy intensive
pretreatments and cellulase production processes, and low concentrations of
ethanol in the beer. Though these difficulties have been taken up in some
measure in the present research, there are costs associated with the proposed
solutions (higher distillation energy, longer fermentation times).
Due to a doubling or tripling of ethanol concentration in the beer, and reduction
in fermentation time by at least a half, a plant the same size as the one outlined
here could produce four to six times as much ethanol per week, possibly more,
from a sugar or starch based feedstock, and at a significantly lower specific
energy of production. The gains would be the highest for sugar cane because
no saccharification step is necessary. Sugar cane also has the advantage of
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high agricultural yields because it grows in climates with an abundance of
sunshine and rain.
Before being too easily swayed by the “food versus fuel” debate it should be
remembered that the market consequences of using possible food producing
land for fuel are related to vested industrial interests and the functioning of the
global economy. Much of the negative publicity around ethanol is related to the
US practice of feeding corn to cattle.

It would be more sensible to make

ethanol from corn and feed cattle the residual distillers grains, arguably a better
feed. That there are locations where there is enough land to meet both food
and fuel needs has been demonstrated in developing countries including Brazil,
India and Papua New Guinea.
The difficulties associated with cellulose ethanol production are considerable
and all options should be researched before deciding what kind of feedstock to
use and what kind of processing facility to build.

In rural areas where

lignocellulosic feedstocks are abundant and cheap, where space is readily
available enabling the use of larger tanks to compensate for slower
fermentation times, or where cellulosic crops can remediate degraded land, the
process proposed here may ultimately find a niche.
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Appendix A - Details of Energy Calculations for Pretreatments

Grinding
bench grinder
power consumption:
mass wheat straw :
grinding time:
150W x 30sec =
0.015kg x 1000

150W
15g
30 sec
300 kJ/kg wheat straw

Using a primary energy factor of 3 to convert from direct electrical energy to the fuel required to
produce the electricity, gives a primary energy for grinding of 900 kJ/kg wheat straw
Assuming 40% of the wheat straw is cellulose, adding 10% for hydrolysis gains and neglecting
hydrolysis and fermentation inefficiencies:
mass of ethanol produced from 1 kg of wheat straw
=
1 x 0.4 x 1.1 (hydrolysis gain) x 0.511 (stoichiometry)
=
0.224 kg
Energy content of ethanol
=
26 700 kJ/kg (LHV) x 0.224 kg
=
5980 kJ
Energy yield ratio
=
5980/900
=
6.6
Agricultural grinder (Project Support Services, 2006)
Model: Flake Muller FS-4020
Capacity: 750-1100kg/hr
Power required: 7.5 to 11kW
Taking values in the mid-range for capacity and power
Time to grind 1 kg of wheat straw
=
3600 sec/hr
925 kg/hr
=
3.89 sec/kg
Direct energy required
=
9.25 kJ/sec x 3.89 sec
=
36 kJ per kg wheat straw
Primary energy required
=
36 x 3
=
108kJ/kg wheat straw
Energy yield ratio
=
5980/108
=
55
This machine can be powered by an electric or diesel motor. In either case, the primary energy
factor refers everything back to a theoretical fuel source. Whether it be coal, petroleum diesel
or biodiesel, a PEF of 3 is equvalent to assuming an efficiency of conversion of 33.3%.

Hot Alkali Pretreatment
It is assumed that the heat lost during the high temperature phase is negligible compared with
the heat required to bring the substrate and solution to 121C. The energy required to heat the
substrate itself is neglected compared to the energy used in heating the water.
Energy required to heat 1kg water from 20C to 121C
=
change in specific enthalpy
=
hf (121) – hf (20)
=
508
- 84
kJ/kg (from steam tables)
=
424 kJ/kg
Energy required to heat 0.1kg straw from 20C to 121C
=
0.1 x 1.414 x (121-20) (value of 1.414 kJ/kgC taken from He et al., 2006)
=
14 kJ/kg water
Mass of NaOH at 4% (wt) in 1 kg of water (approximate)
=
0.04 x 1000g
=
40g
Embodied energy of sodium hydroxide
=
7.92 kJ/g x 3 x 40g (value of 7.92kJ/g taken from DEH, 2001)
=
950 kJ
Total direct energy
=
424 + 14 + 950
=
1388 kJ/kg water
Assuming the amount of wheat straw able to be effectively soaked in 1kg of water is
approximately 100g, that 40% of the wheat straw is cellulose, adding 10% for hydrolysis gains
and neglecting hydrolysis and fermentation inefficiencies:
Maximum obtainable ethanol
=
100 x 0.4 x 1.1 x 0.51 (stoichiometry)
=
22.4g
Energy content of ethanol
=
26 700 kJ/kg (LHV) x 0.0224 kg
=
598 kJ
Energy yield ratio
=
598/1388
=
0.431
Hot Acid Pretreatment
Energy required to heat 1kg water + 0.1kg straw from 20C to 121C
=
424 + 14 (above)
=
438 kJ/kg
Mass of H2SO4 at 0.5% (wt) in 1 kg of water (approximate)
=
0.005 x 1000g
=
5g
A value for the embodied energy of sulphuric acid was not readily available so a simple analysis
was performed as follows.
The predominant process for sulphuric acid production in the world today is the contact process
in which sulphur dioxide is catalytically oxidised to sulphur trioxide. The sulphur trioxide is then
absorbed into water to make sulphuric acid. The sulphur dioxide feed for the process most
often comes from the combustion of sulphur. Since the combustion of sulphur is highly

exothermic, sulphuric acid is one of the few chemicals which is synthesised in a process
producing a net surplus of energy. Typically this surplus heat is used to generate steam and
electricity for export or to supplement the manufacture of other chemicals, typically other acids
(e.g. phosphoric, nitric) in the same plant.
Theoretically then, if a cellulose ethanol plant was located near a sulphuric acid plant there
might be synergies which could significantly reduce the energy required for the production of
cellulose ethanol. This is unlikely to be the general situation however, so in this analysis no net
energy credit from the production of sulphuric acid from sulphur is considered. The embodied
energy contribution from this part of the production of sulphuric acid is taken as zero.
The primary energy contribution then comes from the sulfur mining process itself. In this
process water at around 1MPa and 160C and compressed air are pumped underground to the
sulphur deposits. Sulphur, which has a melting point of 115C, is thus liquified and pumped to
the surface. Shock (1992) gives the following typical figures:
I. an average mining water requirement of 5000 gal/long ton of sulphur produced
II. 2700 to 3000 thousand cubic feet of natural gas are required per million gallons of mine
water
Putting these statements together, converting to metric units, and using an energy content for
natural gas of 23.3 kJ/L gives an embodied energy for sulphur of 9.74 kJ/g.
Mass of S in 5g H2SO4
=
32/98 x 5
=
1.63 g
Therefore, embodied energy of H2SO4 per kg of water
=
1.63 x 9.74
=
15.9 kJ
Total energy required
=
438 + 15.9
=
454 kJ
Maximum obtainable ethanol
=
100 x 0.4 x 1.1 x 0.51
=
22.4g
Energy content of ethanol
=
26 700 kJ/kg (LHV) x 0.0224 kg
=
598 kJ
Energy yield ratio
=
598/454
=
1.3

Appendix B – Estimation of Distillation Energy
Case
feed sensible heat
feed quantity (kg/wk)
feed rate (kg/hr)
feed temp (ºC)
heating rate (kW)

A&C

B

15060
3012.0
80
70.06

15060
3012.0
80
70.06

reflux sensible heat
distillate rate (kg/hr)
distillate temp (ºC)
reflux ratio
heating rate (kW)

114
60
7
10.59

86
60
10
11.35

ethanol latent heat
feed conc. (wt. %)
heating rate (kW)

4.00
29.58

3.00
22.19

207.09

221.88

5
80

5
80

time to distill
(hr)
total heating power (kW)
total heating energy (MJ)
specific energy (kJ/kg eth.)

5
416.48
7497
13,100

5
427.18
7689
17,915

heating value eth. (kJ/kg)
% heating value

30000
44

30000
60

reflux latent heat (kW)
heat losses (%)
reboiler efficiency (%)

Appendix C – Estimation of Transport Energy for Wheat Straw and Wheat
Bran

wheat straw (kg/wk)
wheat bran (kg/wk)
journey frequency (wk)

vehicle
fuel
1
energy content (MJ/L)
fuel efficiency (L/100km/tonne)
total distance (km/trip)
weekly distance (km/week)
energy consumed (MJ/wk)

Case A&B
2930
24
2.16

Case C
2664
48
2.35

rigid truck
diesel
38.6
4.49
100
46.4
80.4

rigid truck
diesel
38.6
4.49
100
42.6
73.8

6.37
28.6
4.49

6.37
28.6
4.49

2

Fuel Efficiency of Trucks
av. load per trip (tonne)
av. fuel eff. (L/100km)
av. fuel eff. (L/100km/tonne)

1. National Greenhouse Accounts (NGA) Factors, November 2008,
http://www.climatechange.gov.au/workbook/pubs/workbook-nov2008.pdf
2. Figures for articulated, rigid and light commercial trucks are taken from Australian
Bureau of Statistics survey of motor vehicle use, October 2007
http://www.abs.gov.au/Ausstats/abs@.nsf/mf/9208.0/

Appendix D – Estimation of Transport Energy for Process Inputs (Case A)
kg/wk
80
80
24
1.44
4.8
0.24
0.24
190.7

yeast
hydrogen peroxide
kelp
KH2PO4
(NH4)2SO4
CaCl2.2H2O
MgSO4.7H2O
total
journey frequency (wk)

kg/tonne
419
419
126
8
25
1
1
1000

5.24

vehicle
fuel
1
energy content (MJ/L)
fuel efficiency (L/100km/tonne)
total distance (km/trip)
weekly distance (km/week)
energy consumed (MJ/wk)

ship
fuel
oil
39.7
0.113
2000
381
17.2

art. truck

rigid
truck

light comm.

total

diesel
38.6
2.21
500
95
81.2

diesel
38.6
4.49
200
38
66.1

diesel
38.6
35.01
50
10
128.9

293.4

24.75
54.6
2.21

6.37
28.6
4.49

0.357
12.5
35.01

av.
speed
(knots)
13
15

dist
(km/day)
578
667

fuel cons.
(tonnes/day)
19
25

2

Fuel Efficiency of Trucks
av. load per trip (tonne)
av. fuel eff. (L/100km)
av. fuel eff. (L/100km/tonne)
Fuel Efficiency of Shipping
1989 tanker
1984 bulk
average

3

DWT

4

32000
37000

fuel eff.
(L/100km/tonne)
0.114
0.113
0.113

References
1. National Greenhouse Accounts (NGA) Factors, November 2008,
http://www.climatechange.gov.au/workbook/pubs/workbook-nov2008.pdf
2. Figures for articulated, rigid and light commercial trucks are taken from
Australian Bureau of Statistics survey of motor vehicle use, October 2007
http://www.abs.gov.au/Ausstats/abs@.nsf/mf/9208.0/
3. Input data obtained from BTE working paper no. 4 'Fuel efficiency of ships and aircraft'
http://www.bitre.gov.au/publications/33/Files/WP004.pdf
4. Deadweight tonnes - a measure of carrying capacity

Appendix E – Comparison of Energy required for Autoclaving, Boiling
and Addition of Hydrogen Peroxide
autoclaving at 120C
∆Hwater (kJ/kg straw)

4240

∆Hstraw (kJ/kg straw)
total (kJ/kg straw)
total (MJ/week)

141
4381
11567

boiling at 100C for 1 hr
sensible heat
∆Hwater (kJ/kg straw)

2458

∆Hstraw (kJ/kg straw)
1
latent heat

113

∆Hwater (kJ/kg straw)
total (kJ/kg straw)
total (MJ/week)

1507
4078
10766

2

hydrogen peroxide
2
manufacturing (MJ/week)
3
transport (MJ/week)
total (MJ/week)

1088
123
1211

1. Assumes 10% of the water is evaporated during boiling.
2. Assumes added at 5g/L liquid at an energy content of 13.6 MJ/kg from Eka Chemicals,
2002.
3. Dividing the weekly transport energy proportionally by weight.

