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gainst the background of Government targets
for reductions in atmospheric emissions of fossil
carbon and the desirability of a secure, local supply
of energy, there is now a political drive to adapt
British agriculture towards biorenewable carbon-
neutral energy production. IGER and other research
institutes are looking at the feasibility of using new
crops and agricultural practices, for example, short
rotation coppice willow (SRCW) or the introduction
of exotic species such as Miscanthus. At IGER we
are also considering a complementary approach - to
refine existing crops and practices for energy
production. This article explores the potential of
traditional pasture grass and grassland as a source of
biofuel and outlines an approach for the production
of bioethanol from grass by using hybrid renewable
technologies.

Why use pasture grasses for bioenergy
production?
Britain as a nation is already good at producing
grass. We have the expansive grasslands, the
experience and the machinery already in place to use
for biofuel production. Relatively little agricultural
conversion would be necessary, and maintaining
pastoral agriculture is consistent with conserving the
traditional landscape of the British countryside.
Grass has been used as animal fodder for centuries,
and in modern times it has undergone intense
selection to breed varieties for high biomass yield.
We would therefore envisage changes in the use of
the product rather than radical changes in agricultural
production methods.

IGER breeding programmes continue to produce
improved fodder varieties with high biomass yield
and sugar content which are directly transferable to
the energy market. Resources available at IGER
include the necessary breeding skills and germplasm
collections, together with genetic maps and markers.

Developments involve the study of candidate genes,
the use of mapping families for traits of importance
and identifying regions of the plant chromosomes
responsible for determining specific characteristics.
Traits relevant to biofuel production include mineral
content (ashing qualities and potential to recycle as
fertiliser), combustibility, low nutrient requirement
and drying qualities. Since climate change is already
having an impact, breeding for adaptation to altered
environments is also important. Grasses bred for
tolerance to altered temperature regimes, drought
and/or water logging will be required for all future
grassland production, regardless of end use.

How much energy does grass contain?
Fodder ryegrass dry matter yields can reach 20 t/ha/y
in the UK, and the total sugar content of the dry
matter is roughly 0.66 t/t, equivalent to 13.2
t/ha/year. Based on the energy of combustion of
glucose at 15.6 GigaJoules/t, we may therefore
estimate the theoretical energy yield of ryegrass to
be 206 GJ/ha/y. This compares well with published
values of 300 and 174 GJ/ha/y, respectively, for
Miscanthus and SRCW, the crops currently viewed
as the most promising bioenergy sources for the UK.
Based on this preliminary calculation, ryegrass may
well have the potential to match Miscanthus and
SRCW as an energy crop. Miscanthus and SRCW
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Fig. 1. In terms of biomass energy yield, conventional fodder is intermediate
between Miscanthus and short-rotation coppice, willow the two primary
candidates for future bioenergy production in the UK.



have some inherent advantages over ryegrass in that
they are dense and contain less water but,
conversely, grass is less lignified. These differences
in properties may make these species suited to
alternative methods of bioenergy production.

Grass as biofuel: direct combustion for
heating and electricity generation
The two main routes for biomass conversion into
energy are 1) direct combustion and 2) as a substrate
for the production of bioethanol. Pilot schemes for
Miscanthus and SRCW biomass energy production
are already well developed and involve the
combustion of chips/pellets for local combined heat
and power (CHP) production. Because of their bulk,
traditional grasses are probably also highly
appropriate for such localised energy production,
since this avoids the energy penalties associated with
transportation, thus making grass pellets a promising
alternative for rural communities. Furthermore,
Canadian economic studies have shown pelleted
grass to be competitive with conventional wood
pellets and willow biomass. In larger electricity
generating stations, ‘co-firing’ is employed where
biomass (e.g., Miscanthus and willow) is mixed with
a second material such as coal to improve
combustion and replace fossil carbon.

Grass as biofuel: conversion to bioethanol
The overall process of converting biomass to ethanol
is more energy- and labour-intensive than direct
combustion and, hence, less efficient. This is largely
due to incomplete utilisation of all the available
substrate and the more complex processing involved.
However, because the product is valuable as a high-
energy liquid fuel suitable for use in vehicles, the
conversion is attracting much attention. Technology
for the conversion of sugar cane sucrose and maize
starch to bioethanol is already well advanced, and
sugar cane sucrose has been used commercially as a
feedstock for automotive biofuel in Brazil for many
years. However, whereas starch and sucrose are
carbohydrate substrates which are readily fermented,
whole plant dry biomass also contains ca. 50% of
lignocellulosic structural material. While this
lignified content is primarily found in the form of
polysaccharide sugars, such structural carbohydrates
can be more difficult to utilise. Lignocellulose

releases its energy easily during combustion, but
currently it is difficult to render it into a form
suitable for fermentation by micro-organisms. As a
result, much potential bioenergy is unavailable for
bioethanol conversion and the process is inefficient.
Indeed, this biological recalcitrance of lignocellulose
is the primary obstacle to the efficient adoption of
grass as a feedstock for ethanol production.

Corn stover: a paradigm for ryegrass
bioethanol
There is an emerging body of understanding relating
to the conversion of lignocellulose to a fermentable
product in maize stover, a by-product of corn
production. Stover has a structural composition
similar to ryegrass and hence information relating to
its conversion to ethanol is directly relevant to the
potential use of grass biomass. Currently, pre-
treatments of stover, generally including hot water
and/or chemical agents, are employed to improve the
biological accessibility of the lignified structural
polysaccharide. Hydrolytic enzymes are then used to
release sugar monomers (mainly glucose and xylose)
from the cellulose and hemicellulose which
comprise the lignocellulose. These interim
monomers are subsequently fermented by yeast and
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Fig. 2. Consolidated bioprocessing (CBP) merges the individual
process steps for conversion of grass to ethanol. The combined
heat pre-treatment, lignocellulose hydrolysis, fermentation and
distillation process takes place in a single vessel and at an
elevated temperature. These factors maximise production
efficiency.



the ethanol is recovered by distillation. In stover
conversion, there is increasing interest in the concept
of ‘consolidated bioprocessing’ (CBP) as a means to
improve process efficiency. CBP involves the use of
a single vessel for all process steps, which greatly
expedites the production cycle. Where possible,
CBP merges the production steps to occur
simultaneously and, where appropriate, at high
temperatures, using thermostable enzymes and
thermophilic microbes. By applying the information
available for stover, we can envisage a hypothetical
ideal CBP process for grass where fresh biomass is
loaded into a vessel, pre-treated by steaming, and the
subsequent process temperatures maintained steady
at approximately 70ºC. A multi-functional
thermophilic microbe (or mixture of microbes)
would be used both to secrete thermostable
hydrolytic enzymes (which will have a high catalytic
rate at elevated temperatures) and to ferment the
sugars so released. Ethanol could be continuously
distilled during the process, with the added
advantage of preventing its accumulation in the
reactor. The solids remaining after the process has
been completed could be burned to provide energy
for process heating, composted to nourish
subsequent crops of grass, or used for animal feed
(Fig. 2).
We can identify a number of areas where future
biological research would be useful to this end. In
terms of biomass, similar plant genetic

improvements to those listed above for direct
combustion (e.g., high sugar content) would also be
desirable. An additional and vitally important trait
for ethanol production will be the selection or
development of grass cell walls for maximally
biodegradable lignocellulose. Through IGER’s
maize and plant cell biology programmes (which
include the study of fungal enzymes for cell wall
breakdown), we are currently developing methods
for making the lignocellulose fraction more
accessible to enzyme breakdown/fermentation.
Towards this end, we have identified maize mutant
plants with altered cell walls, rendering them more
susceptible to enzyme degradation (Fig. 3A, 3B).
Outcomes from these programmes will help to
overcome the lignocellulose digestibility problem
which is central to the efficient production of ethanol
from grass.

In concert with research into improving the
accessibility of cell wall content by altering the plant
biochemistry, work is also under way at IGER to
identify more suitable microbial enzymes for
breaking down the plant cell wall material. The grass
lignocellulose fraction is exploited highly efficiently
as an energy source in ruminants and IGER expertise
in rumen microbiology offers an exciting prospect
for the isolation of such enzymes. In terms of the
microbiology, a microbial species which is
thermophilic, biomass degrading, and ethanol-
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Hemicellulose, Cellulose and Lignin results for two control lines
(A and B) and a sugar release mutant. Results were calculated

from NDF, ADF and Lignin results. Error Bars are Standard
errors of 5 replicates
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Sugar release following enzyme digest of washed, dried maize
stem after 18 hours at 50ooC. Glucose and other reducing

sugars were measured from 2 control Lines (A and B) and a
Mutant Line. Error Bars are Standard errors of 5 replicates
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Fig. 3. A mutant maize line with cell wall components more susceptible to enzyme hydrolysis leading to the release of sugars, which
subsequently can be used in fermentations to produce bioethanol. The amounts of hemicellulose, lignin and cellulose in maize stover in
control and the mutant lines are similar (A); however, following enzyme digestion, more sugar is released from the mutant line (B).



tolerant is the new ‘Holy Grail’ for ethanol
production. This organism may already exist in
nature and we may be able to find it by selection.
Alternatively, it may be possible to engineer a
microbe with the optimal combination of desirable
traits.

Solar energy and hybrid renewable processes
If we consider only distillation, ethanol production
by fermentation is an energy-consuming process.
The thermophilic consolidated bioprocess (CBP)
proposed above will require a continuous and
substantial input of thermal energy. Using fossil
carbon as fuel to make biofuel is clearly self-
defeating, so it is difficult to conceive how carbon-
neutral, yet energy-efficient, bioethanol production
can be achieved. Existing schemes generate heat
partly by burning unprocessed solids but this also
seems to be accepting defeat. Given that
photosynthetic energy yield is roughly only 1%, any
fixed carbon would be better converted to the more
valuable and useful ethanol, rather than being burnt.
This emphasises the need to develop completely
biodegradable lignocellulose in grasses such that
maximal conversion of fixed carbon may be
achieved.

So how can we fuel bioethanol production? Whilst it
may be stating the obvious, we point out that
abundant solar energy is available in the UK (3.6
GJ/m2/y), and the greatest intensity of this coincides
with the highest rates of grass growth in the summer
months. This is a vast local resource available
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wherever biomass is produced. Solar thermal energy
conversion can be 40% efficient (cf. 1% for
photosynthesis), and could provide a ‘free’,
renewable and fossil carbon-independent source of
energy for pre-treatment of feedstocks, thermophilic
hydrolysis, thermophilic fermentation and
continuous distillation. Solar thermal energy is a
mature technology and is not complex. Panel
collectors and control equipment are commercially
available and are relatively inexpensive (Fig. 4).
Useful temperatures can be generated: 200 litres of
water at 60°C is routinely obtained in the summer
from a day’s irradiance using domestic-scale
equipment in the UK. Higher temperatures (e.g., for
steam generation) and greater capacities are feasible
using different configurations and areas of solar
collectors. The systems can be made to work at
scales ranging from the domestic to the industrial.
Electrical energy for pumps, motors and control
equipment can also be sourced using these
photovoltaic cells. To reduce transport distances
(and thereby increase energy and carbon efficiency),
we envisage farm- or district-scale plants for the
consolidated hydrolysis, fermentation and
distillation of locally-produced biomass in self-
contained, stand-alone solar-powered systems. The
future of lignocellulosic ethanol may thereby lie in
the integration of complementary renewable energy
technologies.

Fig. 4. Bioethanol production is energy intensive. In hybrid-renewable technology, solar thermo panels (left) will provide the heat energy to
drive the consolidated bioprocessing of grass and the distillation of ethanol. Solar photovoltaic panels (right) will provide the electricity for
pumps, motors and control equipment.
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