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1. Introduction
This document describes the current state of UK and European research into
industrial uses of forage grasses, as well as providing an overview of the components,
potential applications and research areas that may provide scope for additional
industrial uses. Forage grasses are defined as those grasses that have traditionally
been used as fodder or silage for livestock production. In UK and Europe, the rye
grasses, Lolium perenne (perennial ryegrass) and Lolium multiflorum (Italian
ryegrass), occupy about 70% of the agricultural areas with Festuca arundinacea (tall
fescue), Festuca pratensis (meadow fescue) and Dactylis glomerata (cocksfoot)
making up the remainder. This review therefore focuses on these grasses as the
traditional forage crops.
A separate sectio n describes current and potential research areas for the giant grass,
Miscanthus.
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2. Current Status of Research
The UK and mainland Europe have reached a position where they no longer seek
continued growth in food output from their agricultural resources leading to decline in
agricultural industry and rural economies. It is reasonable then to look to satisfy other
demands by utilisation of those agricultural resources. The grasslands that have
supported rural communities for centuries may again sustain those communities when
alternative, industrial uses of the resource are considered and implemented.
In mainland Europe, a number of research and development programmes are
already underway to exploit the non- food value of grasslands as sources of new
commodity and value-added chemicals and industrial fibres. Indeed, several
companies have been formed to commercialise emerging technologies. The following
discussion describes current research, development and exploitation activities within
Europe and North America.
2.1. EUROPE
2.1.1. Austria
Austria’s interest in grasses as potential sources of cellulose has been on- going
since at least 1991 when Pirringer reviewed [1] Austria’s current and potential
production of industrial crops and the land use each accounts for.
In Austria during the last four years a holistic concept for an Austrian Green
Biorefinery has been developed [2]. The system is built around grass silage
fermentation and the production of lactic acid, other organic acids, proteins, amino
acids, carotenoids, other pigments, monosaccharides, and fibres and the resulting
applications.
2.1.2. Denmark
In Denmark, a co-operation between South Danish University, Aalborg University,
and the local agro- industry in Jutland is developing the concept of integrated usage of
green crops such as grass [3]. A development company, Danish Biomass A/S, owned
by South Danish University and the local agro- industries has been established and a
pilot plant for fermentation of different residues from the involved agro- industries has
been built.
The technology for the production of amino acids, developed in co-operation
between the universities and agro- industries, is being transferred for industrial
commercialisation. All the scientific activities in the area of biotechnological
utilisation of biomass and agricultural residues are being brought together within the
new Centre for Agro-Industrial Biotechnology at Esbjerg [3].
2.1.3. Finland
In Finland, forage grasses have been investigated as fibre sources for its pulp and
paper industry [4]. Festuca pratensis and Festuca arundinacea were harvested at the
seed ripening stage and in the following spring when the plants were totally dry. The
amounts of different plant parts (stem, leaf sheaths, leaf blades and panicles) were
measured and the composition of ash, silica, iron, manganese, copper, and potassium
was measured for each plant fraction. Plant species, plant part and harvesting time
affected the mineral composition. The mineral composition was highest in the leaf
blades. In each species, stem fractions had the lowest ash, silica, potassium, iron and
manganese contents. The potassium concentration was clearly lower in plants
harvested in the spring that at the seed ripening stage in the autumn. However, the
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concentrations of silica, iron, copper and manganese were highest at spring
harvesting.
Saijonkari-Pahkala has identified Festuca arundinacea as a promising perennial
grass as raw material for pulp and paper [5]. It was selected from 24 herbaceous
plants, along with reed canary grass, as being most suitable for pulping. Spring
harvesting was found to be unsuitable for Festuca arundinacea. The fibre content of
the raw material increased the later the crop was harvested. Removing leaf blades and
using minimum fertiliser application rates increased the fibre content of biomass.
2.1.4. Germany
In Germany in 1998 the Kamm research group started to use different crop juices
for lactic acid fermentation [6]. Lactic acid is seen as the platform chemical of the
future (c.f. ethylene [7]).
Koller has considered [8] the environmental aspects of manufacturing plant based
on biomass, especially grass and organic wastes, with respect to resource
conservation, emissions reduction, greenhouse effect, ozone depletion potential, water
acidification potential, and other pollution consequences. A process is based on the
separation of green type versus fibre portions of the substrate by mechanical pressing;
the fermentable portion is fermented to protein concentrate (containing 25% lysine)
and lactic acid solution. The lactic acid is separated and polymerised to polylactides
(which can be used as substitutes for non-biodegradable polymers). The fibre-rich
portion is dried (to produce solid fuels and animal feed), fermented to produce biogas
fuel, and extracted to recover chlorophyll.
2.1.5. Sweden
Sweden has had an interest in green biomass for food, fodder, fuel, industrial fibre,
pharmaceuticals and bio- fertilisers since at least 1988. The processes of wet
fractionation for the production of leaf protein concentrate for grasses were described
[9].
2.1.6. Switzerland
In Switzerland, the biotechnology company, 2B Biorefineries AG, has developed a
technology to produce ethanol, protein concentrate, and technical fibres from forage
grasses [10]. 2B Biorefineries has a share capital of Sfr. 1.8 million. Development and
growth of 2B Biorefineries have been financed by funds from the founding
shareholders and private equity investors (e.g., Zürcher Kantonalbank) and a loan
from Credit Suisse. 2B Biorefineries has 12 employees. The first commercial grass
plant was established in Schaffhausen in 2001. The technology comprises as main
process steps pre-treatment and fractionation of wet forage grass and separation of
fibres and protein. No chemicals are added and no solid wastes are produced. The
company has plant producing ethanol and biogas (methane). Fibre fractions from
grass are marketed as ‘2B Gratec’ to fulfil applications such as loose blow- in
insulation, non-wovens, paper and boards.
The 2B Biorefineries grass process can include the extraction of a protein
concentrate. This product contains 35–45% raw protein and 8–10% raw fat,
depending on the grass quality. The amino acid composition is reported as favourable
for all feeding purposes. The product was used in pig and chicken meals and tested in
commercial scale operations throughout the last two years. Due to its methionine and
carotenoid content, and the fatty acids composition, it is particularly suited for
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chicken meals. The business of 2B Biorefineries is to license the technology and sell
certain key components and engineering to customers.
2.1.7. The Netherlands
In The Netherlands, a sustained green biomass research programme based on
forage grasses has led to the opening of a pilot plant in 2002 [11]. Avebe BA operates
the pilot plant at Veendam and with other partners has formed a consortium to explore
the potential of grass to supply a range of fibre, protein and nutraceutical products.
Other members of the consortium are Nom, a private investment group; Meppel, an
agricultural co-operative; ABCTA, an animal feed producer; Plant Research
International, a plant breeding research organisation; Nedla Co., an alcohol producer;
Mommersteeg International, a grasses breeder; and Rabobank, an investment bank.
Avebe has identified the following chemicals/materials as being feasible products
from grass which are established commodities and already have alternative sources:
ethanol, inulin, rubisco, enzymes, lipids/fatty acids, pigments, organic acids, amino
acids and potassium fertilisers. Avebe has patent applications under consideration on
the refining process that separates the juice/fibre fractions. The protein juice fraction
can reportedly replace soya protein. This may be more easily certified as an organic,
GMO-free protein source than soya protein.
The project is currently under review by the consortium. Depending on the
outcome, a full-scale (50,000 tpa) factory may be commissioned. For this, a new
company, Biorefiner bv, will be created. The current pilot plant only processes 3tph of
fresh grass. The intended full scale plant would operate at 200 tph and require
10000 hectares per annum of mixed grass sources drawing from a radius of up to
50 km but this would not be started until 2008.
2.1.8. United Kingdom
Forage grass research in the UK is largely carried out by the Institute of Grassland
and Environmental Research (IGER), Aberystwyth. The bulk of its work is focused
on the improvement of grasses for forage and amenity uses. However, research
projects carried out in the Plant, Animal and Microbial Science Department offer
opportunities for non-food, industrial uses of grasses. As part of a genomic mapping
programme, genetic manipulation techniques are being used to increase the levels of
fermentable carbohydrate content [12] within forage as well as to control the levels of
phenolic acids within grass cell walls [13]. Enhanced carbohydrate levels and
mediated phenolic acid content could provide larger quantities of more easily
accessible raw materials as feedstock for the production of fermentation products such
as industrial lactic acid.
BioComposites Centre at the University of Wales Bangor has made preliminary
investigations of fibre properties and sugar compositions of Lolium perenne and
Festuca pratensis. Results have shown that the cellulosic fibres present are readily
processable to form paper products. The fibres may offer a viable alternative to fibres
derived from hardwood pulps used in the production of higher value products such as
writing paper. Sugar analysis reveals the presence of potentially useful components
including D-xylose [14], a precursor of high- value added xylitol, a naturally occurring
sweetener.
The industrial exploitation of Miscanthus in the UK is led by Bical Ltd. Bical Ltd
was established in 1998 as a co-operative of twenty West Country farmers to exploit
Miscanthus as a non- food crop that offers a wide range of uses, such as poultry and
animal litters, thatching, fibre and insulation boards. Currently there are 300 farmers
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in the consortium. Miscanthus is sold as a horse bedding material due to low dust,
high absorbency, durability, low odour and biodegradability. Bical Ltd has its own
manufacturing facilities using custom-built modular processing plants [15].
Bical Ltd also manufactures and sells biodegradable plant pots made from
Miscanthus in the UK through Avoncrop Ltd. An expansion in the manufacture of
Biopots in the South West is planned, and a feasibility study funded by Government
Office Southwest for Miscanthus production for composite manufacture in Cornwall
is currently underway [16]. The annual market for these pots is estimated to be 20
million per annum in the UK alone. The pots are manufactured from 70% Miscanthus
blended with natural resins to produce a 100% biodegradable product that can be used
as effectively as conventional plant pots.
Bical Ltd is promoting the use of Miscanthus for thatching. To date, it has
constructed a small-scale demonstration thatch in the south west using Miscanthus
stems.
Bical Ltd engages in collaborative research with university departments. A
research programme has been initiated with the University of Warwick’s
Manufacturing Group to develop biodegradable plastic car parts using Miscanthus.
The work has demonstrated its use as a biodegradable structural filler in plastic car
parts such as wheel trims. Short lengths of fibres are used to give strength to
biodegradable plastics that were previously too weak to be used in many car parts.
The plastic car parts developed in this way will not degrade during the life of a
vehicle but will biodegrade if they are composted at the end of the vehicle's life.
Latest trials show that Miscanthus fibres can be blended with Mater-bi starch-based
biopolymer (a combination of starch and polycaprolactone) to give a product with
good physical properties [17].
Other work in collaboration with the Warwick Manufacturing Group includes
using Miscanthus as a fibre source in panel boards, paper pulps and as an energy
component of compressed fuel briquettes and garden candles. A novel application is
as a component of soaps and hand-cleaners in which the dust extracted from the
animal bedding serves as an exfoliant/abrasive [17].
A collaboration began in February 2002 with DTI, Cranfield University and Arable
Research Centres to produce and develop fully automatic planting and lifting
machines to aid in the development of growing Miscanthus. The work after its first
year has been very successful with crops of Miscanthus currently being planted at
rates higher than fifteen hectares per day [18].
2.2. NORTH AMERICA
2.2.1. Canada
In Canada, Arbokem, Inc has developed the use of agricultural fibres for newsprint
manufacture [19]. Approximately 233 tonnes of newsprint was made using a mixture
of old newspapers (68%), thermomechanical pulp (12%) and Agri-Pulp™. The
Agri-Pulp™ was made from Oregon ryegrass straw, California rice straw and British
Columbia red fescue straw. In the weeks following the paper- making test run, the
Agri-Pulp™ newsprint was test printed commercially by the Los Angeles Times and
other newspapers. The pressroom operators generally found the printing quality and
physical strength of the test Agri-Pulp™ newsprint to be somewhat better than those
of standard newsprint.
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2.2.2. United States
A ‘Roadmap for Biomass Technologies in the United States’ was published
recently [20] in which development and implementation of biorefineries is attributed
as an essential contribution to a transition from the petroleum-based economy towards
an economy based on renewable resources.
Kashmanian and co-workers in the US have examined [21] the potential quantities
and characteristics of leaves and grass clippings as fertilisers. They have further
suggested that such by-products are valuable feedstocks for a series of agronomic and
non-agronomic purposes to enhance and sustain society.
Vogel and Shearman have described [22] potential new applications for perennial
grasses including their use as industrial crops for fuel and paper production.
2.3. CURRENT RESEARCH PROPOSALS IN EUROPE
A Specific Targeted Research Project (STRP) ‘New technologies for an integrated,
strongly intensified and sustainable production of lactic acid, amino acids and fibres
from green biomass’ has been submitted into the Framework Programme 6, Priority 3
Nano-technologies and nano-sciences, knowledge-based multifunctional materials
and new production processes and devices – ‘NMP’ [23]. This STRP proposal
comprises 10 research and higher education establishments as well as 4 industrial
partners. The project is intended to transform traditional forage silage by modern
green biotechnology into commodity and higher value-added chemicals and industrial
fibres. It will focus on the optimisation of solid-state fermentation, biomass
fractionation, enzymatic conversion processes, utilisation of residual liquids,
separation technology, product upgrading and chemical conversion, fibre
characterisation and technology as well as a sustainability assessment.
The composition of the consortium broadly reflects the state-of-the-art of industrial
forage grass research and development within Europe. There are 5 representatives
from Austria (Joanneum Research, Graz University of Technology, University of
Natural Resources and Applied Life Sciences, Interuniversitaeres Forschungsinstitut
fuer Agrarbiotechno logie, and Lactoprot AG), 4 representatives from Germany
(Biorefinery GmbH, Biopos e.V., FH-Hannover, and Biopract GmbH), 2
representatives from Denmark (AgroFerm A/S and Danish Research Institute of Food
Economics), and one each from Hungary (University of Veszprem), Slovenia
(University of Maribor) and the United Kingdom (University of Wales, Bangor).
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3. Key Components of Forage Grasses
In the main, the research literature of forage grasses is concerned with their
nutritive aspects as fodder grass, hay or silage. From a biochemical perspective the
composition of forage grasses is well-described. Thus, a comprehensive inventory of
forage grass chemical/material constituents exists in the literature. The components
can be conveniently categorised according to their location within the grass, either as
a cell wall constituent or as a component within the cell.
3.1. STRUCTURAL, CELL WALL CONSTITUENTS
Cell wall constituents comprise structural polysaccharides (hemicellulose,
cellulose), lignin and pectic substances. Generally, there is compositional variation in
the amounts and extents of constituents present within cell walls during the growing
season.
3.1.1. Hemicellulose, cellulose and lignin
A comparison of the contents of hemicellulose, cellulose, lignin and crude fibre in
fresh herbage, hay and silage from meadow grasses has been made [24]. The crude
fibre content of grass harvested as fresh herbage was 24.0–35.5% of the dry matter
(DM). The crude fibre content increased with delay in harvesting and was higher in
hay and silage than in the fresh herbage. The total contents of hemicellulose, cellulose
and lignin together were twice that of crude fibre in grasses. During ensiling, the
hemicellulose content was decreased by an average of 3–11% and the cellulose
remained unchanged while the lignin content was increased by 23% in grasses.
With advancing maturity, the concentrations of cellulose, hemicellulose and lignin,
in grasses increase. In general, the digestibility of cellulose decreases during the
growing season which is commonly attributed to an increasing lack of accessibility of
the polymer to attack by micro-organisms [25]. This variation should be considered
when assessing grasses as feedstocks for industrial processes, particularly when a
decision to harvest a forage grass specifically for its fibre content is concerned.
Chemical composition and digestibility were studied in vivo and in vitro [25]. The
main finding was that although the grass species studied showed similarity in gross
chemical composition, the digestibility varied greatly at comparable stages of
maturity. Thus a rapid decrease in digestibility was observed between the two first
cuts while only small changes were observed between the two times of harvesting the
re-growth. Although the digestibility in this study was studied with reference to
ruminants, the variation in this parameter may become significant when considering
the use of grass as an industrial fermentation feedstock for, for example, xylitol or
lactic acid production.
The more digestible ryegrasses show a two to three- fold increase in (1? 4)-linked
D-xylose units without branch points at the O-2 and O-3 positions, the proportions of
those branch points being substantially reduced. The changes were greater in the early
cut samples [26].
Similarly, it has been noted that re-growth has a lower nutritional value than the
first cut at a comparable stage of growth. Dactylis glomerata and Lolium perenne
were cut 1 to 3 times and analysed chemically. The material from the first cuttings
had the highest content of total digestible nutrients, 55.96%. Protein utilisation value
was lowest in the third cut grass [27]. Contents of D-galactose and other
carbohydrates were much lower in re-growth [28].
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Åman and Lindgren studied [29] the change in chemical composition and
degradability of six grasses including Festuca pratensis, Festuca arundinacea and
Dactylis glomerata which were harvested at two stages of maturity at both the first
and second cut respectively. The results are shown in Tables 1 and 2 (overleaf).
Table 1. Composition of grasses harvested at early first cut and late first cut (% of
DM of unextracted material, sugar residues given as anhydrosugars).
Dactylis glomerata Festuca pratensis Festuca arundinacea
Early first cut
80% Ethanol Extract
Crude Protein
Polysaccharides
Rhamnose
Arabinose
Xylose
Mannose
Galactose
Glucose
Uronic acids
Glu/Xyl+Ara
Klason lignin
Ash
NDF
ADF
Permanganate lignin
Residue of organic matter
in vitro
in vivo
Leaf per cent
Late first cut
80% Ethanol Extract
Crude Protein
Polysaccharides
Rhamnose
Arabinose
Xylose
Mannose
Galactose
Glucose
Uronic acids
Glu/Xyl+Ara
Klason lignin
Ash
NDF
ADF
Permanganate lignin
Residue of organic matter
in vitro
in vivo
Leaf per cent

31.5
16.6
37.5
0.1
2.6
11.2
0.2
1.4
19.1
2.9
1.4
7.7
10.0
51.4
28.5
4.2

29.2
14.2
38.8
0.1
2.6
10.6
0.1
1.0
21.3
3.1
1.6
10.3
10.2
55.4
31.4
5.2

28.2
14.3
40.5
0.1
2.8
13.1
0.2
0.9
20.0
3.4
1.3
9.1
10.0
55.4
30.8
4.8

12.1
25.8
48.0

15.8
22.8
41.0

16.5
27.1
42.0

28.1
10.6
44.2
0.1
2.8
12.1
0.2
0.8
25.3
3.0
1.7
13.2
8.6
57.9
32.6
6.0

24.9
9.8
48.3
0.1
3.1
15.5
0.2
0.9
25.4
3.1
1.4
13.8
8.5
62.3
35.6
6.2

26.6
9.8
44.9
0.1
2.5
14.4
0.2
0.9
22.9
4.0
1.4
15.0
8.5
62.4
34.3
5.7

21.1
31.8
17.0

24.6
32.2
34.0

28.9
35.7
25.0
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Table 2. Composition of grasses harvested at early second cut and late second cut (%
of DM of unextracted material, sugar residues given as anhydrosugars).
Dactylis glomerata Festuca pratensis Festuca arundinacea
Early second cut
80% Ethanol Extract
Crude Protein
Polysaccharides
Rhamnose
Arabinose
Xylose
Mannose
Galactose
Glucose
Uronic acids
Glu/Xyl+Ara
Klason lignin
Ash
NDF
ADF
Permanganate lignin
Residue of organic matter
in vitro
in vivo
Leaf per cent
Late second cut
80% Ethanol Extract
Crude Protein
Polysaccharides
Rhamnose
Arabinose
Xylose
Mannose
Galactose
Glucose
Uronic acids
Glu/Xyl+Ara
Klason lignin
Ash
NDF
ADF
Permanganate lignin
Residue of organic matter
in vitro
in vivo
Leaf per cent

22.2
9.9
47.2
0.1
3.2
11.9
0.2
1.2
26.3
4.2
1.7
13.1
9.7
65.1
40.0
8.3

22.7
10.0
44.8
0.2
3.2
10.2
0.2
1.5
26.2
3.2
2.0
13.8
11.5
60.5
37.0
5.4

25.6
10.0
44.1
0.2
3.1
12.5
0.2
1.1
24.0
3.1
1.5
13.8
10.9
61.2
34.0
5.0

20.5
30.9
55.0

19.4
28.4
73.0

18.4
29.2
77.0

24.3
9.0
45.8
0.3
2.9
10.5
0.2
1.2
26.7
4.0
2.0
16.0
9.8
63.5
41.2
8.6

22.0
8.7
46.9
0.2
3.2
11.8
0.4
1.7
26.4
3.3
1.8
19.0
10.6
62.3
39.2
7.4

24.8
9.7
43.3
0.1
2.9
11.2
0.2
1.3
23.4
4.2
1.7
12.9
11.5
60.6
34.7
5.7

19.1
32.9
68.0

19.9
29.6
81.0

16.8
30.1
77.0

Composition studies have also been driven by recognition of the influence of
covalent bonding between the cell wall polymers on the utilisation of the cell wall as a
nutrient source.
Morrison investigated [25] the variation in hemicellulose and lignin composition of
grasses over the growing season. It is known that these two cell components are
9

covalently linked and it is believed that the lignin has a strong influence on the
digestibility of the hemicellulose moiety. In this study, ten varieties of temperate
grasses were studied by harvesting at five stages of maturity, taking only a first cut.
The lignin and hemicellulose contents were measured with the hemicellulose being
further fractionated into linear and branched hemicellulose by iodine treatment. The
hemicelluloses were analysed for the neutral sugars L-arabinose, D-xylose,
D-galactose and D- glucose. The results are shown in Table 3.
Table 3. Hemicellulose concentrations (g per kg DM) in leaf and stem tissue of forage
grasses.
Cut no.
Lolium
Lolium
Lolium
Lolium

1
perenne
perenne
perenne
perenne

S24
Reveille
S23
Barpastra

Festuca pratensis
Festuca arundinacea S170

83
79
76
78

Leaf
2
3

4

5

1

Stem
2
3

114
162
101 133
104
140
97 136
120 167 183 211 99 137
111 153 180 199 89 136

113 159
124 172

202
194

147 177
162 201

4

5

244
211
204 228 291
183 194 272
270
193

Lignin-carbohydrate complexes from Lolium perenne contained high proportions
of D-glucose residues (ca 50%). Leaf tissue complexes had the highest D-glucose
content, while stem and leaf sheath were very similar. The other neutral sugar
residues present in these complexes were mainly L-arabinose and D-xylose. The
polysaccharide components of the lignin- hemicellulose complexes contained mainly
D-xylose (63–77%) and L-arabinose (19–28%) [30].
Forage grass lignin was more extensively solubilised by acid detergent than forage
legume lignin. Forage plant lignins were characterised by guaiacyl-syringyl lignin
with p- hydroxyphenylpropane units. The number of ferulic acid cross- linkages in the
cell wall matrices of forage grasses increased with plant maturation [31].
Two classes of phenolic-carbohydrate complexes were purified from the watersoluble products obtained from the digestion of Lolium perenne cell walls with a
cellulose preparation [32]. They contained D-glucose, D- xylose, L-arabinose,
D-galactose and D- mannose in the ratios 3.6:10:6.3:1.4:2.3 and 5.3:10:3.0:1.1:2.1,
respectively. The complexes were based on (1? 4)-β- D-xylan chains to which were
attached residues of L-arabinofuranose and D-galactopyranose. Mixed linkage (1? 3),
(1? 4)-β- D-glucan chains also appeared to be integral components of these
complexes.
The principle outcomes of these studies are as follows:
• The quantities of hemicellulose increased with increasing maturity with the
increase being higher in stem tissue compared to leaf tissue. For example, the
hemicellulose content of Lolium perenne leaf tissue increased from 7.6% to 21.1% of
dry matter over the study period. The D-xylose content of the linear hemicellulose
increased concomitantly from 69% to 85%.
• The hemicellulose content of stem tissue increased from 9.9% to 29.1% with
the linear hemicellulose increasing from 74% to 91%.
• The linearity of hemicelluloses tended to increase with crop age.
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• Higher lignin contents were associated with hemicellulose of a higher linear:
branched ratio.
• Hemicellulose also showed higher D- xylose:L-arabinose ratios.
In summary:
• Time of harvesting has a significant effect on the sugar composition.
• Hemicellulose sugars increase during the growth season
• Stem tissue contains greater amounts of hemicellulose (xylans) than leaf
tissue.
• Digestibility of grasses decreases with age, which may affect yields of
fermentation-derived products such as xylitol and lactic acid. Although overall at later
maturity, the absolute quantities of potentially fermentable sugars (e.g., D-xylose,
present as hemicellulose) are greater, their accessibility to fermentation media may be
reduced.
3.1.2. Pectic substances
Extraction of mesophyll cell walls from leaves of Lolium perenne afforded 25 mg
of a uronic acid polymer per gram of material [33]. The polymer was identified as a
1,4-linked homogalacturonan essentially free from neutral sugar residues, with a low
degree of acetylation (3.6%) and methyl esterification (3.3%). Thus, the pectin was
similar to the pectins of dicotyledons but the amounts found were substantially lower
than in the majority of dicotyledonous plants. On that basis, there appears to be little
scope for industrial end-uses of forage grass pectins.
3.2. CELL CONTENTS
The cell contents of forage grasses contain sugars, fructans, amino acids, proteins,
silica, alkanes, starches, minerals, nucleic acids, lipids and alkaloids. Protein and
sugars comprise the greatest components. The non-structural carbohydrate
concentration of leaves and stems is highest in winter for Lolium perenne at 13% of
dry matter. Seasonal variations in elemental concentration are small [34]. Festuca
pratensis and Dactylis glomerata are characterised by high cell wall contents.
3.2.1. Sugars
D-Glucose, D- fructose, D-sucrose and fructans are the main non-structural
carbohydrates in Lolium perenne tissues [35]. The D-glucose, D-fructose, D-sucrose,
as well as D- xylose, D- mannitol, D-sorbitol, glycerol, and D- maltose contents of
Dactylis glomerata, Lolium perenne and Festuca pratensis cut three times at different
dates without interim harvesting have been recorded [36]. The results are reported
(Table 4) overleaf. Significant findings were:
• Lolium perenne contained the most water-soluble carbohydrate (27%) in the
early season, compared to Festuca pratensis (13.8%).
• This figure decreased steadily through the growing season to 7.8% in early
September although this rose to 16% at the end of the month.
• Lolium perenne also contained the most xylose (0.26%) in mid-season.
• In Lolium perenne, glucose levels peaked in early August and again in late
September. Although xylose levels similarly peaked in early August, there was no
corresponding peak in late September. Similar trends were observed in Festuca
pratensis.
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Table 4. Changes in water soluble carbohydrate contents and mono- and disaccharide contents (% on dry matter basis) of
Lolium perenne and Festuca pratensis
Monosaccharides
Sugar Alcohol
Disaccharides
Species
Glc
Fru
Xyl
Mann
Sorb
Glyc
Sucr
Malt
Mono+Disacch WSC
Lolium perenne
June 6
3.11
5.43
0.00
0.05
0.05
0.24
0.15
0.10
9.12
27.0
June 21
3.82
4.62
0.05
0.00
0.00
0.24
0.14
0.14
9.02
16.1
July 6
2.89
3.92
0.08
0.04
0.04
0.20
0.12
0.16
7.45
18.1
Aug 6
4.36
6.25
0.26
0.13
0.00
0.46
0.26
0.26
11.98
9.2
Aug 21
2.43
5.10
0.23
0.08
0.00
0.32
0.00
0.16
8.32
9.8
Sep 3
1.46
1.87
0.11
0.00
0.00
0.19
0.11
0.08
3.83
7.8
Sep 30
5.00
7.47
0.14
0.07
0.00
0.40
0.27
0.20
13.53
16.0
Festuca pratensis
June 6
2.38
4.91
0.00
0.00
0.00
0.24
1.42
0.10
9.04
13.8
June 21
2.93
3.48
0.00
0.00
0.00
0.19
0.12
0.12
6.85
9.0
July 6
2.13
3.33
0.07
0.00
0.00
0.18
0.00
0.21
5.95
12.5
Aug 6
2.07
3.30
0.15
0.25
0.00
0.20
0.30
0.40
6.66
4.9
Aug 21
1.74
2.81
0.07
0.07
0.00
0.34
0.00
0.20
5.22
7.6
Sep 3
1.53
0.47
1.80
0.19
0.12
0.19
0.19
0.27
4.78
6.6
Sep 30
4.56
6.56
0.13
0.13
0.06
0.44
0.19
0.19
12.25
10.3
Glc: D-glucose; Fru: D- fructose; Xyl: D- xylose; Mann: D-mannitol; Sorb: D-sorbitol; Glyc: glycerol; Sucr: D-sucrose; Malt: D- maltose;

Mono+Disacch: monosaccharides + disaccharides; WSC: water-soluble carbohydrate
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In an analogous piece of work, Fales and colleagues [37] reported results for
Festuca arundinacea but for stems. The stems were extracted with 95% ethanol and
water to afford D-glucose, D- fructose, D-sucrose and fructans. The fructan extract was
hydrolysed with sulfuric acid and shown to contain D-glucose and D- fructose. A
hemicellulose fraction was hydrolysed and found to contain D- xylose, L-arabinose and
small amounts of D- glucose.
3.2.2. Fructans
In grasses, fructan reserves are mobilised from vegetative plant parts during
seasonal growth, after defoliation during grazing. In expanding leaves, fructans are
accumulated in cells of the elongation zone [38].
Fructan structures have been characterised in Lolium perenne belonging to
essentially three series: inulin series, inulin neoseries and the levan neoseries [39].
Festuca arundinacea contains an inulin and neokestose based series of
oligosaccharides [40].
Fructans are an important class of carbohydrate that have considerable
biotechnological importance [41]. The first is that they are a potential source of
D-fructose, for which there is a growing market in the food industry as a sweetener.
The utilisation of fructans has been reviewed by Fuchs [42]. Their main uses are in
the food sector. More pertinently, fructans could be chemical feedstocks from which a
variety of chemicals can be produced. Hydrolysis to D-fructose and subsequent
dehydration leads to hydroxymethyl furfural (see 5.1.2.) which, like lactic acid, is
considered to be a key chemical intermediate for chemistry based on renewable raw
materials. Similarly, hydrolysis of inulin to D-fructose followed by catalytic
hydrogenation yields D- mannitol/ D-sorbitol mixtures from which D-mannitol can be
easily crystallised. D-Mannitol, like xylitol, is a valuable, non-cariogenic low-calorie
sweetener. Other chemicals that could be derived from fructans include ethanol, other
organic solvents and chemicals such as furans [43].
Inulin is the best known sub-class of fructans. Inulin is colourless and odourless,
and has a pleasant slightly sweet taste; it is moderately soluble in water and acts as a
gel- forming agent at concentration >30%; it is also a foam stabiliser and texturing
agent. Its calorific value is 4kJ/g, but it acts as a dietary fibre; it suppresses putrefying
bacteria and selectively supports bifidobacteria and lactobacilli in the colon. In food
applications, its main functions are to replace fat and sugar, to enrich with dietary
fibre, to activate bifidobacteria and lower cariogenicity. It is classified as a foodstuff
[44].
3.2.3. Amino acids
The amino acid composition of Festuca pratensis, Dactylis glomerata and Lolium
perenne has been studied. There were no significant differences between the species.
As the grasses aged, decreases occurred in aspartic acid, glutamic acid, alanine,
tyrosine and phenylalanine and increases occurred in threonine, serine and proline.
Lysine, histidine, arginine, glycine, valine, methionine, isoleucine and leucine did not
change with plant age nor did the total amino acid content [45].
From amino acid analysis in 6 crops and the corresponding juice, the amino acid
composition of the juice deviated only slightly from that of the crop but the contents
of glutamic acid and aspartic acids were somewhat higher and correspondingly the
content of other amino acids, in particular arginine, glycine, alanine, tyrosine and
phenylalanine somewhat lower [46].
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The degradation of protein and amino acids of juice extracted from ryegrass can be
reduced by adding hydrochloric acid. For complete preservation, the pH must be less
than 3. Heating to 80 ºC also has a preservative effect [47].
3.2.4. Proteins
Leaf protein concentrate is obtained by green crop fractionation. The acceptability
of leaf protein concentrate in the human diet has been discussed by McDougall [48].
Lesnitski has also advocated [49] the manufacture of high protein feeds from green
mass as a partial replacement of, for example, soybean protein and dried skim milk.
3.2.5. Silica
In comparison with elements commonly associated with the nutrition of higher
plants, silicon has received relatively little attention. Biogenic amorphous silica
(BAS) is a natural constituent of living matter. In some plants, a portion of BAS exists
externally as pointed or irregularly shaped fibres, and these have been implicated as
human toxicants [50].
Silica deposits commonly called phytoliths occur in cell walls, cell lumens or in
extracellular locations. Silicification occurs in roots and the shoot including leaves,
culms and in grasses, most heavily in the inflorescence. Biogenic silica structures
provide support and protection [51].
Grasses are heavy accumulators, but considerable variation occurs between and
within species. Deposition is heaviest in inflorescence bracts [52].
Silica has been detected in the leaf mesophyll of Lolium multiflorum at an
estimated concentration of 1–2%. Samples were also subjected to a range of
techniques for the removal of organic matter, that confirmed the presence of silica
throughout the cell walls [53].
In Lolium perenne, only the epidermal cell walls of the leaf edges and the
trichomes contained silica [54].
The Lolium perenne variety Fortis which shows some resistance to stem borer and
had many silica bodies between the veins of the leaf sheath [55].
The silica content of each of 4 cuts of 3 Dactylis glomerata, 4 Festuca pratensis, 5
Lolium perenne, 5 Lolium multiflorum are reported by Puffe and colleagues [56].
Silica content is lower in legumes than in grasses.
3.2.6. Alkanes
The total n-alkane (C27–C35) contents of Dactylis glomerata, Lolium multiflorum
and Lolium perenne were found to be 143, 681 and 531 mg/kg dry matter in the
species, respectively. In all cases, C29 and C31 had the highest concentration [57].
These levels do not appear to be high enough for commercial exploitation.
3.2.7. Starch
The starch content of forage grasses is low: a maximum of 3% of starch is
accumulated in field grown grasses. Cocksfoot contains more starch than Lolium
perenne or Lolium multiflorum [58]. This low level rules out the industrial use of
forage grass starches.
3.2.8. Minerals
The dry matter of extracted juice of Lolium perenne has a high mineral content
[46] that may be exploitable as plant fertiliser (see 5.8).
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3.2.9. Alkaloids
Perloline, perlolidine and loline are alkaloids of the Lolium spp. The toxicity of
lolium species is due to a symbiotic fungal infection of plants [59]. The alkaloids are
effective antifeedants and may offer utility in the agrochemical industry but their low
quantities may make extraction non- viable (see 5.4).
3.2.10. Antifreeze protein
A plant antifreeze protein from Lolium perenne has been reported [60]. Present in
organisms enduring freezing environments, antifreeze proteins have the ability to
inhibit damaging ice crystal growth. The macromolecular antifreeze protein present in
Lolium perenne has superior ice recrystallisation inhibition activity when compared
with fish and insects antifreeze proteins [61].

15

4. Processing
Green crop fractionation was considered in 1980 as a means of providing edible
protein for man [48]. Fractionation separates the crop into pressed matter which, with
the de-proteinised juice, can be used to feed ruminants, and leaf protein concentrate
that can be give directly to man [48].
The machinery for fractionating green herbage has been described in 1987 [62].
Fibre fractions and juice fractions are typically separated. The process of obtaining
and storing the fractionation products of green herbage involved cutting and chopping
of the plant material, pressing out the juice, purifying and conserving the juice,
isolating and coagulating the protein, drying of the material left after pressing and of
the juice itself and then separating the coagulate from the grass whey into containers
for storage.
Further developments have occurred since then and the pilot plant developed by
Avebe [11] has a patent pend ing on the refining process. It is not entirely clear but it
is likely that the process consists of hammer-milling and extraction of the sap with a
screw press. A prototype fractionation implement has been developed by IMAG-DLO
and an industrial partner (Avebe?). The further processing of the press sap and the
press cake is discussed [63].
Grass juice and crude protein have been separated and concentrated with a selfcleaning disc-type centrifugal machine [64]. The crude protein content of separated
and concentrated juice increased with rotor speed, discharge cycle time, feed flow
rate, original crude protein content and temperature.
4.1. PROCESSING FOR FIBRE
Non-wood fibres have been used to manufacture all kinds of papers, including
printing, writing and packaging. Interest in non-wood fibres has increased recently,
but implementation is still lagging because of the lack of economically feasible,
environmentally acceptable technology compatible with such feedstocks. Such
feedstocks are expected to play an important role in improving the sustainability of
the pulp and paper industry [65] thus permitting a more rational utilisation of forest
resources. Non-wood fibre pulps can be used effectively in combination with recycled
papers, improving many of their attributes and permitting an overall cost reduction
because of a decrease in the use of starch. Collecting non-wood fibres and using them
for pulp and paper production could provide an alternative, non- food use for the land
in those countries that have agric ultural surpluses [66].
4.1.1. Semi-chemical pulping
A process that addresses the problems of pulping and liquor recovery has been
described [66] as well as its application to the production of semi-chemical pulps. The
process starts with atmospheric alkali cooking in a continuous digester. The semichemical pulp obtained is washed, refined and screened, and sent to the paper mill for
corrugated paper manufacture. From the black liquor obtained in the pulping process,
lignin is initially recovered by precipitation followed by a post-treatment to improve
filterability. Most of the silica remains with the filtrate and the resulting lignin cake is
high in purity and contains less than 1% silica and less than 3.5% sugars. Lignin sales
increase overall mill reve nues and make possible a reduction in minimum plant scale
required for economic operation. The filtrate after lignin recovery can be processed in
a biological treatment plant. Alternatively, oxygen-based wet oxidation of the filtrate
can be used to generate energy and green liquor. From the latter, a precipitate that

16

typically accounts for 70–90% of the silica in the wet-oxidation feed can be filtered,
effectively purging silica from the cycle. The filtered green liquor can be causticised
to generate white liquor for re-use in pulping.
4.1.2. Steam explosion
Steam explosion of ryegrass straw has been reported in a patent application to yield
separate portions of usable straw pulp and a usable aqueous by-product comprising
lignins and hemicellulose. The pulp was blended with Kraft pulp and old corrugated
containers to make linerboard [67].
4.1.3. Mechanical pulping
A recent Chinese patent describes the production of non-polluting grass pulp and a
method for reclaiming its by-product [68]. Grass is processed into refined grass chip
and refined grass residue, the refined grass chips are treated by soaking with water,
softening, washing and pulping to produce high quality grass pulp, and the refined
grass residue is mixed with an additive containing functional preparation (organic
selenium, organic calcium) and carrier (refined grass powder) to produce a highquality fibre feed.
4.2. PROCESSING FOR CHEMICALS
Products based on renewable raw materials are predicted to become an important
substitute for petroleum-based goods within the next two decades. The chemical
components of forage grasses can potentially offer a broad range of chemical starting
materials and higher value-added intermediates to offset demand for petroleum-based
materials. The key to effective utilisation of these components is their effective
extraction and/or conversion in a pure enough form and in an environmentally benign
way. Products obtained by fermentation or direct extraction are discussed below.
4.2.1. Fermentation
Today, only a few chemicals are produced from renewable resources by
fermentation. In Europe, the biotechnological production of lactic acid, acetic acid
and ethanol are the only processes that are currently applied in technical scales and
which can compete with petrochemical manufacturing routes. While the fermentation
routes are limited by metabolic pathways of microorganisms, a wide range of
chemicals can be produced. Most natural compounds are degraded by some type of
microbe and even many man- made compounds can be attacked by bacteria. In
environments devoid of oxygen (or other suitable inorganic electron accepter), this
degradation involves fermentation. Fermentation is brought about under controlled
conditions by inoculation of a substrate with an appropriate yeast or bacterium. These
organisms act upon the substrate to microbiologically convert it to the desired
product.
4.2.1.1. Lactic acid
The effects of various fermentable carbohydrates on silage fermentation in Dactylis
glomerata, Lolium perenne, Lolium multiflorum and Festuca pratensis were as
follows: D- fructose and D-glucose monomers and oligomers were converted almost
exclusively to lactic acid whereas D-galactose and L-arabinose were metabolised to
ethanol and acetic acid [28]. Indeed it is well-known that the common forage grasses
yield lactic acid by fermentation as a primary product of the ensiling process.
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Lactic acid represents a chemical with a small world market volume of 54500–
59000 tonnes per year. While the market for traditional applications of lactic acid is
estimated to be growing by 3–5% annually, new products based on lactic acid may
increase the world market share significantly. Lactic acid is produced on an industrial
scale mainly by fermentation. After heating to approximately 70 ºC, the broth is
acidified with sulfuric acid to pH 1.8. The precipitated salts and biomass are removed
by filtration and the resulting liquid is treated with activated charcoal to remove any
colourants. The clarified lactic acid solution is then ion exchanged and concentrated to
80%. Good purification can also be obtained by liquid- liquid extraction where lactic
acid is extracted into an organic solvent and then back-extracted into water, or by
calcium salt formation and a re-release of the acid (for pharmaceutical grade material)
[69].
4.2.1.2. Lysine
Green juice from Lolium multiflorum has been shown by Andersen and Kiel [69] to
be well- suited as a medium for lysine fermentation. After pre-treatment with lactic
acid bacteria, it is possible to obtain high enough content s of bio-available essential
amino acids methionine and lysine that can be stored for months.
The world market for lysine comprises some 250,000 tonnes per year and is
currently growing at 8–10% per year. Different strains of Corynebacterium can be
used in lysine fermentation.
4.2.1.3. Xylitol
The production of xylitol comprises two stages: solubilisation of xylans from the
plant biomass followed by conversion to the sugar alcohol. Chemical reductions are
difficult to perform economically on the industrial scales required but biological
conversion is essentially simple and a very low-energy process.
Xylans are easily extracted from grasses by acid-catalysed steam treatment [70].
Conditions are typically 10 min exposure at 170 °C to 197 °C in the presence of
Lewis acids or calcium chloride to liberate 6% of the water-soluble xylans.
The processes for xylitol production by fermentation have been reviewed [71].
Chemical reduction is effected by hydrogenation using nickel-alumina and production
rates of 75kg/h have been achieved. The biological processes are usually based on
fermentation by Candida species of which many are known to be industrially useful.
Recovery of the xylitol is the rate- and cost- limiting step of the whole process and
may take a week to complete. However, a recent report suggests that recovery by
crystallisation is more feasible than previously thought [72].
The composition of industrial raw material media for conversion of D-xylose into
xylitol by yeast fermentation has been optimised by Plackett-Bumman design and
response surface analysis [73]. A conversion rate of 80.4% has been obtained in an
optimised medium that is prepared from inexpensive industrial raw materials.
Mixed cultures have been used for the production of xylitol and ethanol from a
mixture of cellulosic D-glucose and hemicellulosic D-xylose and for the production of
xylitol from D- xylose in a hemicellulosic sugars’ mixture [74]. For ethanol
production, the process was studied in continuous aerated conditions. For xylitol
production, the utilisation of Lactobacillus reuteri in association with the xylitolproducing yeast, Candida guilliermondii permits to reduce the accumulation of
arabinitol from L-arabinose and to produce xylitol. Similar fermentative parameters
were obtained from wheat straw hemicellulosic hydrolysate [74].
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Xylitol may be recovered from fermented hemicellulosic hydrolysates by a
crystallisation methodology. The procedure consists of dilute solution evaporation up
to super-saturation, super-saturated solution cooling, separation of crystals by
centrifugation, and final filtration [72].
D-Xylose may be isolated and used as the starting substrate in which case the
hydrogenation of D- xylose to xylitol in a trickle bed reactor at 120 ºC, 4.0 MPa
hydrogen pressure has been studied [75].
Hydrogenation over a Raney nickel catalyst in the range 40–70 bar and at
temperatures of 80–140 ºC afforded xylitol as the main hydrogenation product but
small amounts of xylulose and arabinitol were detected as by-products. A process
simulator, using the kinetic and mass transfer effects, was developed to predict the
behaviour of industrial reactors [76].
A European Project ‘Development of xylo-oligosaccharides and xylitol for use in
pharmaceutical and food applications’ [77] has goals to (1) optimise selective
processes for lignocellulosic wastes fractionation; (2) purify different xylooligosaccharides as intermediates and (3) optimise the fermentation of xylooligosaccharide for xylitol production. Raw materials studied include corn cobs,
wheat bran, breweries’ spent grains and Eucalyptus wood biomass.
4.2.2. Direct extraction
4.2.2.1. Fructans
High fructan concentration grasses may be suitable for processing and extraction in
the same way as chicory roots as an industrial source of D-fructose [78].
4.2.2.2. Silica
A process has been described for the manufacture of high purity amorphous silica
from bio-genic materials [79]. Rice hulls are given as the example. The hulls are
finely divided, screened, subjected to surfactant wash, rinsed and soaked in water to
accelerate and enhance penetration of an oxidising solution. The oxidising solution
removes organic compounds, and volatile impurities are removed by heated oxidation
to leave silica. The remaining silica may be rinsed with water, acid solution or other
solution to remove even trace impurities. At the end of the process, a fine white
amorphous silica of extreme purity is produced.
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5. Products and Target End-Uses
5.1. CHEMICALS/SOLVENTS
5.1.1. Acetone, butanol, ethanol
An acetone-butanol-ethanol (ABE) blend may serve as an excellent car fuel, which
can be easily mixed not only with petrol but also with diesel. The fermentative
production of ABE used to be the second largest industrial fermentation after ethanol
production. In 1945, 60% of the butanol demand of the United States was met by
fermentation. Worldwide, no ABE plants have operated since 1981.
However, an American study has re-evaluated [80] the economics of production of
acetone, butanol and ethanol from corn and grasses, following the advent of a new
hyper-butanol-producing strain of Clostridium beijerinckii. Assumptions such as byproduct credit for gases and complete conversion of liquors to fermentation byproducts have been taken into consideration. Assumptions were also made regarding
the costs of starting raw materials. Worst case scenarios were outlined and outcomes
appear in almost all cases to be feasible.
The production of ethanol from Lolium multiflorum has been studied in Ireland
[81]. Production is a practicable proposition at yields of about 1000 litres per hectare
per year. It was concluded at the time of the work (1990) that even at greatly
increased energy prices, exploitation of the process appeared to depend on the value
of the residual grass in terms of its suitability for silage making or use as an animal
feed (hay).
5.1.2. Hydroxymethyl furfural
Hydroxymethyl furfural is a furan derivative that can be synthesised in different
ways from sugars such as D- fructose, D- glucose, D-sucrose and high- fructose syrups.
Hydroxymethyl furfural is considered as an alternative to petrochemicals because it
can be transformed into a variety of intermediate chemicals which have a possibility
for industrial applications [82]. Many such applications include the field of polymers,
pharmaceuticals, insecticides and opto-electronic materials.
5.1.3. Ethyl Lactate
Ethyl lactate works in a range of micro-electronic and chemical applications and
offers the benefit of extreme purity. The solvent is useful as:
• a photo resist carrier solvent
• edge-bead remover
• clean-up solvent for semiconductor manufacture
• low-cost, environmentally friendly solvent
Ethyl lactate is non-toxic and biodegradable. The U.S. Food and Drug
Administration has approved its use in food products. It is suitable for a wide range of
industrial and consumer uses and could replace up to 80% of conventional chemical
solvents. However, the cost of producing it has been too high to compete with lowerpriced chemical solvents. Ethyl lactate sells for US$3.50 to US$4.50 per kg,
compared with about US$2.00 to $3.75 per kg for conventional chemical solvents.
Ethyl lactate is produced by esterification of lactic acid with ethanol and sulfuric
acid as a catalyst.
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5.2. HUMAN NUTRITION
5.2.1. Vegetable protein
Increased production of plant protein may be required to support the production of
protein-rich foods that can replace meat in the human diet to reduce the strain that
intensive animal husbandry poses to the environment. Eight crops were appraised in
Europe as sources of sustainable protein-rich foods [83]. Peas, lucerne and grasses
were the most promising with grasses estimated to yield 2500 kg of protein per
hectare.
5.2.2. Health drinks
Gaynor and Hickey have reported [84] a new nutritional powder composition
consisting of a blend of grass juice powders that is readily soluble in a fluid for
ingestion by humans. When digested, the mixture provides users with an energy boost
and associated feelings of well-being when the mixture is taken as part of a regular
regimen to supplement normal nutritional intakes.
5.2.3. Cholesterol mediation
Polysaccharide- lignin complexes from fodder grasses have been demonstrated to
be active sorbents of cholic acid, a metabolite of cholesterol [85]. Equations were
derived for calculating the sorption of cholic acid by the grass material. The equations
can be used to construct dietary fibre having the desired properties, for example for
cholesterol metabolism in man and animals.
5.2.4. Food preservatives
A recent Japanese patent describes [86] the preparation of food preservatives from
grass fibre powder. The grass fibre powder is contained within a moisture-permeable,
water-impermeable microporous biodegradable polymer film and in combination act
to preserve food.
5.2.5. Xylitol
Xylitol, currently produced in the main from Finnish birch, commanded a £100M
market in 2000 and demand in Europe is predicted to grow at 4.2% (average annual
growth rate, AAGR) up to 2005 [87]. Consumption data for 2000–2005 are shown in
Table 5. In global terms, Western Europe accounts for the greatest consumption of
xylitol.
Table 5. Xylitol consumption by geographic area through 2005 [87]
Area

2000 2005 AAGR%
20002005
Western Europe 13 16 4.2
U.S.
10 13 5.4
Japan
7
8
2.7
Asia (except
3
4
5.9
Japan)
Rest of the world 1
2
14.9
Total
34 43 4.8
Xylitol prices with current ranges of US$4 to US$5 per kg are fairly high although
the price has decreased substantially over the last ten years [88]. This was a
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consequence, ultimately, of the economies of scale of production. The raw material
for production is hemicellulose, which is abundantly available, with the main
industrial application being paper production where the nature of the industry tends to
drive the price down. Some D-xylose is used in pet food preparations as a filler and
digesting aid. Quantities used for xylitol production are relatively small and therefore
a strong impact on the price of xylitol is not seen. As the application of xylitol is now
standard in chewing gum preparations with only marginal substitution, higher prices
of xylitol would not have a substantial impact on its use. The overall trend for the
price of xylitol is down 2 to 3 percent per year (Table 6).
Table 6. Price trends for xylitol, through to 2005 [88]
($/kg)
1995 2000

2005

7.2

3.8

4.5

AAGR%
19952000
-9.0

20002005
-3.3

The number of producers of xylitol is quite small. Firstly, xylitol is a relatively
small market because it is a relatively new product. Xylitol is produced mainly by
companies who are dedicated to polyols, such as Cerestar and Roquette. The market
share by company [89] is shown in Table 7.
Danisco also has some xylitol production facility in place. The multi-purpose plant
originally belonged to Cultor (Xyrofin Oy). After the take-over of Cultor by Danisco,
this plant was modernised and is mostly active in some sorbitol production. The total
capacity is small. There are constant rumours that Cultor/Danisco will stop the
production of polyols completely. Occasionally, Chinese traders also offer xylitol.
However, it is not clear in which plant such product is manufactured.
Table 7. Xylitol market share by producers, 2000 [89]
Company
Cerestar
Roquette
Danisco
Others

Market Share %
30
40
25
5

Xylitol is now a standard component of chewing gum preparations. The
biotechnological production of xylitol from the D-xylose in hemicellulosic
hydrolysates of biomass including straws and stems has been carried out in Brazil
with the yeast, Candida guillermondii [90]. Whilst wheat and rice straws were used as
substrates, forage grasses were not studied. It is our expectation that forage grasses
would yield D- xylose and hence xylitol in the same fashion.
Further Brazilian work has identified species of grasses related to esparto as
sources of xylitol [91]. The grasses included Aristida pallens, A. setifolia and A.
reparia. A. pallens was the most satisfactory source in terms of quantity and
production of xylans high in D-xylose and with only traces of impurities.
5.2.6. Fructans
In the search for substances that can replace a proportion of fat in fat spreads and
so contribute to lower fat intake, requirements for an ‘ideal’ fat have been formulated.
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A promising carbohydrate, inulin, a fructan, has been identified as suitable. Inulin can
be made from chicory on an industrial scale but it is also present in large quantities in
forage grasses. It is freely available and not limited by patents. Furthermore, it can be
combined with dietary fibre for manufacturing diet and health foods [92]. Inulin is
used in many products as a drug-carrier or conjugate [93].
5.3. BIOREMEDIATION
Silage residues have been used as sources of natural chelates to improve the
ecological and economical balance of leaching techniques for the remediation of
metal-polluted soils. Silage effluent containing various aliphatic carboxylic acids,
sugar acids and amino acids was used to remove about 75% of cadmium and more
than 50% of copper and zinc from contaminated soils [94]. The trial supported the
conclusion that biomass residues have potential to serve as extractants in remediation
techniques.
Porous carbon fibres have been obtained from cut grass by baking in an oven in a
roped form for the formation of coiled carbonised fibres. The porous carbon fibres are
useful for sound absorbers, adsorbents, purification materials and radio wave
absorbers [95].
5.4. ANTIFEEDANTS
Festuca arundinacea and Lolium perenne can become infected with fungal
endophytes (Neotyphodium spp). The symbiosis between plant and fungus leads to the
synthesis of alkaloids that have been shown to be either toxic or act as feeding
deterrents against insect pests. Alkaloid production/accumulation is enhanced by
decreased mowing frequency in Festuca arundinacea and Lolium perenne [96]. Such
alkaloids may have a role as insecticides for agrochemical use [97,98] or in the clinic
as a result of their pharmacology [59].
5.5. SILICON PRODUCTS
5.5.1. Silicon carbide
Ryegrass has been proposed as a raw material for the production of polytypically
pure β silicon carbide in an economically effective and ecologically compatible
procedure. When the particle size of starting raw material is defined then the particle
size of the developing silicon carbide is also controlled [99]. Silicon carbide has many
industrial applications and is a valuable chemical used for cutting, grinding and
polishing applications. Silicon carbide is also used in the electronics industry in
hostile environments where its ability to function in high temperature, high radiation
conditions overcomes the limitations of conventional silicon-based systems. It is used
as a component of blue and violet light-emitting diodes.
5.5.2. Filter aids
Highly purified biogenic silica has an intricate and diatomaceous SiO 2 structure
and a high SiO 2 specific volume. These products exhibit extreme brightness and can
be used in filtration processes [100]. In one example the adsorbent has been used for
the removal of proteins in chillproofing of beer [101].
5.5.3. Zeolites
Artificial zeolites are manufactured by heating a mixture of grass husks and plants
with aqueous alkali solutions to elute silicic components. These are mixed with
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aluminium-enriching agents and treated under heat and pressure. The zeolites show
high cation exchange property to be useful as fertilisers [102].
5.6. THERMOPLAS TICS
Adhesive films have been produced from grass fibre by the preparation of alkali
cellulose and then film- forming. The adhesive film may be used as agricultural
mulching film or packing material [103]. Grass fibre has been proposed as a
component of a biodegradable protein/starch-based thermoplastic composition. The
grass fibres function as reinforcement filler. The composition is processed by
conventional methods such as extrusion and injection moulding, into packaging
material or articles that are low density and have high compressive strength, tensile
strength and good resilience [104].
5.7. PULP AND PAPER
A study of the pulping characteristics and mineral composition of 16 field crops
grown in Finland showed that the most suitable species for alkali cooking were the
grass and cereal crops, which gave the highest pulp yields and the lowest amounts of
rejects. On the basis of the test results, Festuca arundinacea, Festuca pratensis, reed
canary grass and spring barley were selected for further study [105]. Further work
selected Festuca arundinacea and reed canary grass as worthwhile candidates [5].
5.8. NUTRIENT SUPPLEMENT FOR CROPS
Grass clippings have been investigated to determine how effective they are as a
nutrient supplement for cabbages [106]. Even at the same application rate, soil
ammonium- and nitrate-nitrogen concentrations and yields were very different during
each year of a three-year trial. The authors concluded that to avoid over or underfertiliser application, then targeted nitrogen supply from grass clippings should be less
than necessary to grow cabbage. Additional nitrogen fertiliser can then be applied as
necessary.
5.9. EMULSIFIERS
The polysaccharide and protein components of Festuca spp cell walls have been
transformed into emulsifiers by extraction and treatment with xylan-hydrolysing
enzyme preparations. The emulsifiers are useful, for example, for food, cosmetics,
pharmaceuticals, industrial chemicals’ applications [107].
5.10. LACTIC ACID
Lactic acid is well-established in the food industry as an additive for preservation,
flavour, and acidity. New applications for lactic acid include the use of derivatives
such as ethyl esters to replace hazardous solvents like chlorinated hydrocarbons in
certain industrial applications, Furthermore, lactic acid may be polymerised to
biodegradable plastics as demonstrated by Danone Inc. in the form of yoghurt pots.
Lactic acid is typically made by micro-organisms that are able to convert or ferment
sugars obtained from agricultural crops, such as corn. The lactic acid market for the
U.S. is currently about 50,000 tons/yr.
Lactic acid is used to manufacture cheese, confectionery, chewing gum, alcoholic
beverages, baked goods, puddings and snacks. It may also have physical or functional
effects permitting uses as anti- microbial agents, curing and pickling agents, flavour
enhancers, flavouring agents and adjuvants, pH control agents.
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Lactic acid and it salts are:
• Good buffers
• Effective humectants
• Natural preservatives
• Safe since they are used in the food and pharmaceutical industry
• Natural constituents of the skin as part of the natural moisturising factor
Lactic acid is a valuable compound in the sense that it is vital to the food industry.
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6. Recommendations for Further Areas of Research
6.1. BIOMASS PROCESSING
Plant biomass represents both the dominant foreseeable source of feedstocks for
biotechnological processes as well as the only foreseeable sustainable source of
organic fuels, chemicals and materials. A variety of forms of biomass, notably many
cellulosic feedstocks are potentially available at a large scale and are cost-competitive
with low-cost petroleum whether considered on a mass or energy basis, and in terms
of price defined on a purchase or net basis for both current and projected mature
technologies, and on a transfer basis for mature technology. Thus, the central, and
surmountable, impediment to more widespread application of biomass is the general
absence of low-cost processing technology.
Additionally, there are a few major hurdles in the use of forage grasses like their
availability at a constant quality throughout the year, the fractionation technology,
limitations due to the metabolism of micro-organisms, and the lack of integrated
technologies.
Technology and research challenges associated with converting plant biomass into
commodity products must be considered relative to overcoming the recalcitrance of
cellulosic biomass (converting cellulosic biomass into reactive intermediates) and
product diversification (converting reactive intermediates into useful products).
Advances are needed in pre-treatment technology to make cellulosic materials
accessible to enzymatic hydrolysis, with increased attention to the fundamental
chemistry operative in pre-treatment processes likely to accelerate progress.
Important biotechnological challenges related to the utilisation of cellulosic
biomass include developing cellulase enzymes and organisms to produce them,
fermentation of D-xylose and other non-glucose sugars, and ‘consolidated bioprocessing’ in which cellulase production, cellulose hydrolysis, and fermentation of
soluble carbohydrates to desired products occur in a single process step [108].
6.2. ETHANOL PRODUCTION
The main problems in ethanol production are (1) comparatively low yields and
concentration of monosaccharides in plant hydrolysates; (2) large amounts of
impurities in hydrolysates; (3) incomplete assimilation of substrate compounds during
fermentation; and (4) severe contamination of the environment by wastewater. New
methods of hydrolysate and wastewater purification and a recycling scheme for water
used in ethanol production are required.
6.3. ARISTIDA PALLENS
A literature report describes this South American grass as a satisfactory source of
xylans high in D-xylose, with only traces of impurities. This grass may then be an
ideal raw material for the ultimate production of xylitol. Whilst it grows in Brazil and
Paraguay, there is no published data to indicate its ability to grow in Northern Europe.
This grass could be considered as an industrial crop for xylitol/fibre production.
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7. Miscanthus
Miscanthus is a perennial plant with an estimated productive lifetime of at least
10–15 years, and both the stems and leaves of the crop can be harvested annually.
Miscanthus is a promising non- food crop, yielding high quality lignocellulosic
material for both energy and fibre production. It is characterised by relatively high
yields, low moisture content at harvest, high water and nitrogen use efficiencies and
an apparently low susceptibility to pests and diseases [109].
Much Miscanthus work in Europe has been carried out under the umbrella of the
Miscanthus Productivity Network [110]. Its main objective was to generate
information on the potential of Miscanthus as a non-food crop in Europe.
Whilst water-use efficiency of Miscanthus is high, it is nevertheless requires
irrigation at most sites to achieve its maximum potential yield [111]. The first phase
of Miscanthus production, planting, is potentially the most capital intensive one. The
high investment required for planting arises from the inability to propagate
Miscanthus by seed in Europe. Thus, highly mechanised, cost-effective methods of
plant propagation need to be developed [112]. Bical ltd in the UK is making good
progress towards this goal with support from the DTI [18].
7.1. APPLICATIONS
7.1.1. Pulp and paper
In recent years, interest has risen in the use of Miscanthus as a suitable raw
material for the paper industry [113,114]. At present, the use of fibres from nonwoody crops for paper pulp production in Europe is below 1% of total production
[115]. Paper pulp from non-woody crops is mainly produced in developing countries
and the raw materials which are most widely used are straw, bagasse and bamboo.
It has been established that the production of paper-pulp from cellulose-rich
herbaceous crops is possible by several different chemical or thermomechanical
processes. Miscanthus has been exploited for the production of paper pulp in China.
In addition, a number of investiga tions have been carried out in European countries on
the production of paper pulp from Miscanthus using both conventional and innovative
processes.
Wheat straw and Miscanthus chips have been evaluated as raw materials for fibre
and pulp production following delignification. Both were fractionated to give high
chip yields [116]. The mechanical strengths of Miscanthus pulp are very high
compared to the respective properties of wheat straw pulp [117].
Steam explosion technology was used by Pignateli and co-workers to obtain
valuable paper products by processing Miscanthus fibre with high yield and low
pollution. The pulps showed significant and positive evolution of the main physical,
mechanical and optical properties desired for utilisation of the resulting paper for
various applications [118].
7.1.2. Energy Production
Miscanthus can be used as a raw material for energy production. Energy
production alternatives that have been examined are co-combustion with coal and
combustion in farm heating plants. The alternatives have been discussed [119].
7.1.3. Fermentation products
The chemical composition of Miscanthus leaves and stalks have been analysed
[120] in a comparative study of green plants harvested in September and dry plants
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harvested in March. Analysis of the lipophilic and hydrophilic constituents indicated
that green plants contained higher amounts of glyceride and other fatty esters than dry
plants. The predominant fatty acids were linoleic acid, linolenic acid and palmitic
acid. D-Sucrose, D- glucose and D- fructose contents of green plants also exceeded
those of dry plants. Whereas the leaves of dry plants were a poor source of
constituents due to senescence and leaf- fall during winter, those of green plants were
rich in fatty acids and other lipids. The green stalks were particularly rich in soluble
sugars. On the basis of the high cellulose, sugar and lignin content, Miscanthus has
been evaluated as a raw material for the production of fermentable pentose sugar
solution. Papatheofanous and co-workers [117] reported that 86% (w/w) of the
original pentosans are hydrolysed to a fermentable sugar solution after a two-stage
chemical treatment.
7.1.4. Construction/building materials
Miscanthus has been a subject of interest as a source of fibre to be used in building
materials. The European Union supported a demonstration project in 1992 which
investigated the used of Miscanthus for the production of panel boards and building
blocks [121]. Harvey and Hutchens [122] reported that Miscanthus fibre structure is
particularly suitable for the production of medium density fibreboard (MDF). They
also found that sample MDF made from Miscanthus was comparable with that made
from wood chips.
7.1.4.1. Light natural sandwich materials (LNS)
LNS materials are light building materials used for plane and mould structural
parts with high form stability at low weight, used for a broad range of applications.
LNS can substitute sandwich materials made from plastics or light metals which are
regarded as high technology products as well as wood-based materials or insulating
materials. The use of Miscanthus as the core material for LNS has been demonstrated
in Germany [123]. Despite the superior quality of Miscanthus stems, there are still
problems regarding the stem quality for LNS production.
A recent project on LNS funded by the European Commission (FAIR) coordinated by Kai-Uwe Schwarz, DIAS will provided the basis for scaling up the
production of high performance LNS from Miscanthus.
7.1.4.2. Thatching
Miscanthus has been used as a material for centrutries in Japan. A project entitled
Thatching: use of Miscanthus was conducted in Denmark during 1995-6, aimed at
scaling up production and investigating possible commercialisation of the utilisation
of Miscanthus for thatching. One hectare of Miscanthus was established in the spring
of 1995, a preliminary market survey was made, yields were measured, the quality of
the straw for thatching was evaluated, preliminary tests on harvest machinery were
carried out. Bical Ltd is actively promoting its use in the UK by working with UK
thatchers. A large potential market exists for UK grown Miscanthus since, at present,
up to 40% of material (reed grass) is imported.
7.1.5. Bio-remediation
Miscanthus has been assessed for its ability to grow in west Cornwall on land
which was polluted by heavy metals as a result of tin mining. The growth and heavy
metal uptake of Miscanthus grown on soils and mine waste polluted by copper, zinc,
and arsenic were studied over a two year period by CSM associates [124]. The results
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obtained showed that the copper arsenic and zinc content in above- ground biomass
was slightly lower in Miscanthus grown on unpolluted soil than on polluted soil.
However, Miscanthus grown on mine waste did not show enhanced metal uptake.
Miscanthus was demonstrated to grow well in soil amended with sewage sludge,
despite high concentrations of phytotoxic metals, and also in lead-contaminated soil
[125]. However, as in the cases above metal uptake was such that it could not be
considered as a means of bio-remediation in contaminated material. In soil
contaminated with artificial spoils, however, Miscanthus did show significant
concentration of zinc at 500 ppm. For other metals, the metal concentrations proved
too phytotoxic for the plants to survive [125].
Further research was recommended to assess the full environmental benefits and
risks of growing and using such plants [124].
7.1.6. Other possible uses of Miscanthus
The increasing number of publications, communications, reports and meetings
regarding Miscanthus in past years has brought about an interest in the investigation
and development of commercial end uses for the crop. Some of the uses which have
not already been mentioned are the use of Miscanthus fibre material in geo-textiles, its
use as canes to support ornamental pot plants and the use of Miscanthus ash arising
from combustion processes as a fertiliser [126].

29

References
[1] Pirringer, H. (1991). The use of agricultural land for non-food purposes in
Austria. Contribution to the FAO/ECE Symposium on the 3–8 June 1991 in
Graz. Monatsberichte über die Österreichische Landwirtschaft, 38, 881–898.
[2] Kromus, S. (2002). Die Grüne Bioraffinerie Österreich – Entwicklung eines
integrierten Systems zur Nutzung von Grunlandbiomasse. Dissertation an der
TU, Graz.
[3] Rexen, F. & Blicher-Mathiesen, U. (1998). Ienica Report from the State of
Denmark, Copenhagen.
[4] Pahkala, K & Pihala, M. (2000). Different plant parts as raw material for fuel
and pulp production. Industrial Crops and Products, 11, 119–128.
[5] Saijonkari-Pahkala, K. (2001). Non-wood plants as raw material for pulp and
paper. Agricultural and Food Science in Finland, 10, 1–101.
[6] Kamm, B., Kamm, M. & Soyes, K. (1998). Die Grüne Bioraffinerie – Ein
Ökologisches Techno logiekonzept für regional nachhaltige Produktions- und
Wertschöpfungsprozesse. Erweitere Tagungsmaterialen des 1. Symposium
‘Grune Bioreffinerie’ Brandburgisches Umweltforschungszentrum Neuruppin,
8-9-10, 1997. Berlin: Verlag Gesellschaft fur okologische Technologie und
Systemanalyse e.V.
[7] Danner, H. & Braun, R. (1999). Biotechnology for the production of
commodity chemicals from biomass. Chemical Society Reviews, 28, 395–405.
[8] Koller, M. (1998). Approaches to environmental balancing of raw materials
from renewable resources – example of the Brandenburg Biorefinery concept.
Forschungtexte BUFZ, 3, 103–120.
[9] Carlsson, R. (1988). Green biomass of native plants and new, cultivated crops
for polyvalent use. Acta Universitatis Upsaliensis, Symbolae Botanicae
Upsalienses, 28, 118–124.
[10] Grass, S., Hansen G., Sieber, M. & Muller, P.H. (1998). Production of ethanol,
protein concentrate and technical fibers from clover/grass. Beitraege zur
Oekologie und Technologie, 5, 116–119.
[11] Anon. Range of fibre, protein and nutraceutical products from bio-cascaded
grass processing. INFORRM case studies,
http://217.148.32.203/cs4.asp?CSID=16&scr=Full
[12] Cairns, A.J., Morris, P. & Theodorou, M.K. (2000). Modifying forage grasses
to enhance fructan accumulation for improved feed quality. BBSRC Grant
D12046,
http://dataserv.bbsrc.ac.uk/cgibin/thesoff.cgi?*ID=2&*DB=WORK&*QQ=000007976.DOCN..GRNT.
[13] Morris, P., Theodorou, M.K. & Thomas, H. (1999). Manipulating the phenolic
acid content and digestibility of forage grass cell-walls by targeted expression of
a ferulic acid esterase gene. BBSRC Grant D10116,
http://dataserv.bbsrc.ac.uk/cgibin/thesoff.cgi?*ID=2&*DB=WORK&*QQ=000006486.DOCN..GRNT.
[14] Moore, M. (2002). Surprising uses for a common crop. The Furrow, 107, 15.
[15] Anon. (2003). About Bical, www.bical.net/about.asp
[16] Anon. (2003). Miscanthus End Uses, www.bical.net/miscan.asp
[17] Nick Tucker, Chief Researcher, Advanced Technology Centre, University of
Warwick. (2003). Personal communication.
[18] Anon. (2003). DTI Grant in conjunction with Cranfield University,
www.bical.net/news.asp?id=15

30

[19] Wong, A. (1999) Agri-Pulp newsprint. In R.P. Overend & E. Chornet,
Proceedings of the fourth biomass conference of the Americas (pp. 605–612),
Vol. 1. Oxford: Elsevier Science.
[20] Anon. (2003). Roadmap for biomass technologies in the United States.
http://www.bioproducts-bioenergy.gov/pdfs/FinalBiomassRoadmap.pdf
[21] Kashmanian, R.M., Kluchinski, D., Richard, T.L. & Walker, J.M. (2000).
Quantities, characteristics, barriers, and incentives for use of organic municipal
by-products. In J.F. Power, W.A. Dick, R.M. Kashmanian, J.T. Sims, R.J.
Wright, M.D. Dawson & D. Bezdicek, Land application of agricultural,
industrial and municipal by-products (pp. 126–167). Madison: Soil Science
Society of America Inc.
[22] Vogel, K.P. & Shearman, R.C. (1996). Perennial grass: new applications and
uses. In J. Janick, Progress in new crops: Proceedings of the Third National
Symposium Indianapolis, Indiana, 22–25 October, 1996 (pp. 263–270).
Alexandria: American Society for Horticultural Science.
[23] Schnitzer, H. (2003). New technologies for an integrated, strongly intensified
and sustainable production of lactic acid, amino-acids and fibres from green
biomass. Submitted as a Specific Targeted Research Project to the European
Commission under Framework Programme 6, Priority 3, Nano-technologies,
nano-sciences, knowledge-based multifunctional materials, and new processes
and devices.
[24] Jagiello, R. & Wojcik, S. (1976). A comparison of the contents of
hemicellulose, cellulose, lignin and crude fibre in fresh herbage, hay and silage
from meadow grasses and lucerne. Annales Universitatis Mariae CurieSklodowska, E, 31, 525–535.
[25] Morrison, I.M. (1980). Changes in lignin and hemicellulose concentrations of
ten varieties of temperate grasses with increasing maturity. Grass and Forage
Science, 35, 287–293.
[26] Gordon, A.H., Lomax, J.A. & Chesson, A. (1983). Glycosidic linkages of
legume, grass and cereal straw cell walls before and after extensive degradation
by rumen microorganisms. Journal of the Science of Food and Agriculture, 34,
1341–1350.
[27] Kolarski, D., Koljajic, V., Koljajic, V., Popovic, J. & Popovic, Z. (1990).
Potential biological value of some roughages. Krmiva, 32, 101–106.
[28] Seyfarth, W., Knabe, O. & Arnold, H. (1977). Changes in the carbohydrate
fractions of grasses during growth and effects on fermentability. Proceedings of
the 13th International Grassland Congress. Sectional Papers, Sections 8-9-10.
pp 238–243.
[29] Åman, P. & Lindgren E. (1983). Chemical composition and in vitro
degradability of individual chemical constituents of six Swedish grasses
harvested at different stages of maturity. Swedish Journal of Agricultural
Research, 13, 221–227.
[30] Morrison, I.M. (1974). Lignin-carbohydrate complexes from Lolium perenne.
Phytochemistry, 13, 1231–1235.
[31] Kondo, T. (1993). Chemical and physical studies on characteristics of forage
lignins. Bulletin of the Tohuku National Agricultural Experiment Station, 85,
103–214.
[32] Tanner, G.R. & Morrison, I.M. (1983). Phenolic-carbohydrate complexes in
the cell walls of Lolium perenne. Phytochemistry, 22, 2133–2139.

31

[33] Chesson, A., Gordon, A.H. & Scobbie, L. (1995). Pectic polysaccharides of
mesophyll cell walls of perennial ryegrass leaves. Phytochemistry, 38, 579–583.
[34] Thom, E.R., Sheath, G.W. & Bryant, A.M. (1989). Seasonal variations in total
nonstructural carbohydrate and major element levels in perennial ryegrass and
paspalum in a mixed pasture. New Zealand Journal of Agricultural Research,
32, 157–235.
[35] Prud’homme, M.P., Gonzalez, B., Billard, J.P. & Boucaud, J. (1992).
Carbohydrate content, fructan and sucrose enzyme activities in roots, stubble
and leaves of ryegrass (Lolium perenne L.) as affected by source/sink
modification after cutting. Journal of Plant Physiology, 210, 282–291.
[36] Masuko, T., Kodama, I., Uematsu, H., Kuboi, S., Maeda, Y. & Yamanaka, Y.
(1994). Changes in mono and disaccharide contents of temperate grass cut at
three stages of growth in Hokkaido. Nippon Sochi Gakkaishi, 40, 230–233.
[37] Fales, S.L., Holt, D.A., Lechtenberg, V.L., Johnson, K., Ladisch, M.R. &
Anderson, A. (1982). Fractionation of forage grass carbohydrates using liquid
(water) chromatography. Agronomy Journal, 74, 1074–1077.
[38] Simpson, R.J. & Bonnett, G.D. (1993). Fructan exohydrolase from grasses.
New Phytologist, 123, 453–469.
[39] Pavis, N., Chatterton, N.J., Harrison, P.A., Baumgartner, S., Praznik, W.,
Boucaud, J. & Prud’homme, M.P. (2001). Structure of fructans in roots and leaf
tissues of Lolium perenne. New Phytologist, 150, 83–95.
[40] Spollen, W.G. (1990). Fructan composition and physiological roles in wheat,
tall fescue, and timothy. Dissertation Abstracts International. B, Sciences and
Engineering, 51, 523 (1990).
[41] Azis, B.H., Chin, B., Deacon, M.P., Harding, S.E. & Pavlov, G.M. (1999).
Size and shape of inulin in dimethyl sulphoxide solution. Carbohydrate
Polymers, 38, 231–234.
[42] Fuchs, A., In M. Suzuki & N.J. Chatterton, Science and technology of
fructans. N.J. Boca Raton, Florida: CRC Press, p319 (1993).
[43] Pontis, H.G. (1990). Fructans. Methods in Plant Biochemistry, 2, 353–369.
[44] Teeuwen, H., Thoné, M. & Vandorpe, J. (1992). Inulin - From traditional food
source to an all-round raw material. ZFL, Internationale Zeitschrift für
Lebensmittel-Technik, Marketing, Verpackung und Analytik , 43, 732, 734, 737–
738.
[45] Mela, T. & Rand, H. (1979). Amino acid composition of timothy, meadow
fescue, cocksfoot and perennial ryegrass at two levels of nitrogen fertilisation
and at successive cuttings. Annales Agriculturae Fenniae, 18, 246–251.
[46] Pedersen, E.J.N., Witt, N. & Mortensen, J. (1984). Fractionation of green
crops with expression of juice and preservation of pressed crop and juice. 3.
Relationship between chemical composition of the crop and that of the juice.
Tidsskrift for Planteavl, 88, 25–36.
[47] Pedersen, E.J.N., Witt, N., Mortensen, J. & Soerensen, C. (1981).
Fractionation of green crops and preservation of pressed crop and juice. 2.
Preservation of juice. Tidsskrift for Planteavl, 85, 13–30.
[48] McDougall, V.D. (1980). Support energy and green crop fractionation in the
United Kingdom. Agricultural Systems, 5, 251–266.
[49] Lesnitski, V.R. (1997). High-protein feeds from green mass.
Kormoproizvodstvo, 1-2, 61–62.
[50] Rabovsky, J. (1995). Biogenic amorphous silica. Scandinavian Journal of
Work, Environment and Health, 21, 108–110.

32

[51] Sangster, A.G., Hodson, M.B. & Tubb, H.J. (2001). Silicon deposits in higher
plants. Studies in Plant Science, 8, 85–113.
[52] Parry, D., Hodson, M.J. & Sangster, A.G. (1984). Some recent advances in
studies of silicon in higher plants. Philosophical Transactions of the Royal
Society of London, B, 304, 537–549.
[53] Dinsdale, D., Gordon, A.H. & George, S. (1979). Silica in mesophyll cell
walls of Italian ryegrass (Lolium multiflorum Lam. Cv. RvP). Annals of Botany,
44, 73–77.
[54] Bode, E., Kozik, S., Kunz, U. & Lehmann, H. (1994). Comparative electron
microscopic studies for the localization of silica in leaves of two different grass
species. Deutsche Tierärtzliche Wochenschrift, 101, 367–372.
[55] Moore, D. (1984). The distribution of silica bodies in leaf sheaths of two
perennial ryegrass cultivars differing in their susceptibility to attack by
dipterous stem-borers. Grass and Forage Science, 39, 205–208.
[56] Puffe, D., Morgner, F. & Zerr, W. (1984). Investigations on the contents of
different constituents in important forage plants. 2. Mineral and silicic acid
contents. Wirtschaftseigene Futter, 30, 52–70.
[57] Malossini, F., Piasentier, E. & Bovolenta, S. (1990). n-Alkane content of some
forages. Journal of the Science of Food and Agriculture, 53, 405–409.
[58] Jones, D.I.H. & Hayward, M.V. (1978). Starches in forages. UK, Welsh Plant
Breeding Station: Report for 1977, 109–110.
[59] Rizk, A.F.M. & Hussiney, H.A. (1991). Chemistry and toxicity of Lolium
species. In A.F.M. Rizk, Poisonous plant contamination of edible plants
(pp. 95–106). Boca Raton: CRC Press Inc.
[60] Sidebottom, C., Buckley, S., Pudney, P., Twigg, S., Jarman, C., Holt, C.,
Telford, J., McArthur, A., Worrall, D., Hubbard, R. & Lillford, P. (2000). Heatstable antifreeze protein from grass. Nature, 406, 256.
[61] Kuiper, M.J., Davies, P.L. & Walker, V.K. (2001). A theoretical model of a
plant antifreeze protein from Lolium perenne. Biophysical Journal, 81, 3560–
3565.
[62] Ponomarev, A.F., Alimov, T.K. & Shaposhnikov, A.A. (1987). Utilization of
fractionation products from green herbage. Zhivotnovodstvo, 5, 36–39.
[63] Kasper, G.J. (1998). Fractioning of grass and lucerne. Landbouwmechanisatie,
49, 47–48.
[64] Kamo, M. & Nakagawasai, H. (1985). Studies on the development of effective
grass utilization techniques. 1. The separation and concentration of leaf protein
from grass juice by centrifuging. Bulletin of the National Grassland Research
Institute, Japan, 31, 81–92.
[65] Sonnenfeld, D.A. (1998). Logging v recycling: Problems in the industrial
ecology of pulp manufacture in south-east Asia. Greener Management
International, 22, 108–122.
[66] Lora, J.H. & Escudero, E. (2000). Soda pulping of agricultural fibres for
boardmaking applications. Paper Technology, 41, 37–42.
[67] Nay, W.H. & Fuller, W.S. (1999). Method for processing straw into pulp and
animal feed byproduct and paper product therefrom. PCT International
Application, WO9918285.
[68] Fan, W., Xu, J., Guo, Y. & Xing. Q. (2001). Production of nonpolluting grass
pulp and method for reclaiming its by-product. Chinese Patent Application,
1298984.

33

[69] Andersen, M. & Kiel, P. (2000). Integrated utilisation of green biomass in the
green biorefinery. Industrial Crops and Products, 11, 129–137.
[70] Aoyama, M. & Seki, K. (1999). Acid catalysed steaming for solubilization of
bamboo grass xylan. Bioresource Technology, 69, 91–94.
[71] Nigam, P. & Singh, D. (1995). Processes for fermentative production of xylitol
– a sugar substitute. Process Biochemistry, 30, 124–124.
[72] De Faveri, D., Perego, P., Converti, A. & Del Borghi, M. (2002). Xylitol
recovery by crystallization from synthetic solutions and fermented
hemicellulose hydrolyzates. Chemical Engineering Journal, 90, 291–298.
[73] Gang, L., Zhang, K., Xu, R. & Gao, X. (1996). Optimization of composition of
industrial raw material medium for bioconversion of xylose to xylitol by yeast.
Wuxi Qinggong Daxue Xuebao, 15, 318–321.
[74] Delgenes, P., Escare, M.C., Laplace, J.M., Moletta, R. & Navarro, J.M.
(1998). Biological production of industrial chemicals, i.e. xylitol and ethanol,
from lignocelluloses by controlled mixed culture systems. Industrial Crops and
Products, 7, 101–111.
[75] Jiang, Z., Chen, R. & Wu, P. (1998). Hydrogenation of xylose to xylitol in
trickle-bed reactor. Riyong Huaxue Gongye, 6, 6–8.
[76] Mikkola, J.-P., Salmi, T. & Sjoholm, R. (1999). Modeling of kinetics and mass
transfer in the hydrogenation of xylose over Raney nickel catalyst. Journal of
Chemical Technology and Biotechnology, 74, 655–662.
[77] Girio, F.M.F. (1997). Development of xylo-oligosaccharides and xylitol for
use in pharmaceutical and food industries (XYLOPHONE), FAIR-CT97-3811.
[78] de Baynast, R. & Renard, C. (1994). Processes for extraction and
transformation of products with high fructose content from chicory roots
(Cichorium intybus). Comptes Rendus de l’Académie d’Agriculture de France,
80, 31–46.
[79] Shipley, L.W. (2002). Manufacture of high purity amorphous silica from
biogenic material. US Patent Application, 6406678.
[80] Quereshi, N. & Blaschek, H.P. (2001). ABE production from corn: a recent
economic evaluation. Journal of Industrial Microbiology and Biotechnology,
27, 292–297.
[81] McGrath, D. (1990). Italian ryegrass as a source of fermentable sugars and
protein feedstuff. Luxembourg: Commission of the European Communities.
[82] Bhatt, S. & Shukla, R.P. (2001). HMF – a new route to industrial chemicals
from sugars. Taiwan Sugar, 48, 4–15.
[83] Linnemann, A.R. & Dijkstra, D.S. (2002). Toward sustainable production of
protein-rich foods: appraisal of eight crops for Western Europe. Part 1. Analysis
of the primary links of the production chain. Critical Reviews in Food Science
and Nutrition, 42, 377–401.
[84] Gaynor, M.L. & Hickey, G.P. (1999). Green nutritional powder composition
containing natural food and herbal products. US Patent Application, 5904924.
[85] Cherno, N.K., Adamovskaya, K.D. & Lobotskaya, L.L. (1991).
Polysaccharide- lignin complexes of raw materials not traditional for the food
industry, and their properties. Khimiya Drevesiny, 3, 95–98.
[86] Yamakawa, Y., Kahiwagi, A. & Nagayama, N. (2001). Packaged food
preservatives. Japanese Patent Application, 2001095545.
[87] Business Communications Company, Inc. (2000). Xylitol consumption by
geographic area through 2005. In, The global market for polyols by product,
Report C230, Chapter 4, Table 89.

34

[88] Business Communications Company, Inc. (2000). Price trends for xylitol,
through 2005. In, The global market for polyols by product, Report C230,
Chapter 4, Table 90.
[89] Business Communications Company, Inc. (2000). Xylitol market share by
producers, 2000. In, The global market for polyols: industry structure, Report
C230, Chapter 5, Table 124.
[90] Martinez, E.A., Villarreal, M.L.M., Almeaida e Silva, J.B., Solenzal, A.I.,
Canilha, L. & Mussatto, S.I. (2002). Use of different raw materials for
biotechnological xylitol production. Cienca y Tecnología Alimentaria, 3, 295–
301.
[91] Rothschild, Z., Silva, H.C., Braga, G.L., Carlomagno, D.N., Prado, I.M.R., de
Carvalho, R., Polizello, A.C.M. & Spadaro, A.C.C. (1991). Xylitol a noncariogenic sugar obtained from grasses of the genus Aristida and related species.
Arquivos de Biologica e Tecnologia, 34, 61–71.
[92] Rooyakkers, M., Grühn, E. & Vianen, G. (1994). Innovative fat spreads based
on inulin. Deutsche Milchwirtschaft, 45, 1079–1080.
[93] Parameswaran, M. (1994). Jerusalem artichoke. Turning an unloved vegetable
into an industrial crop. Food Australia, 46, 473–475.
[94] Fischer, K., Bipp, H.-P., Riemschneider, P., Leidmann, P., Bienek, D. &
Kettrup, A. (1998). Utilization of biomass residues for the remediation of metalpolluted soils. Environmental Science and Technology, 32, 2154–2231.
[95] Kato, H. (2000). Porous carbon fibers from plant waste materials
manufactured by baking the waste materials in an oven in the roped form for
formation of coiled carbonized fibers and reuse of plant waste materials
therefor. Japanese Patent Application, 2000303266.
[96] Salminen, S.O. & Grewal, P.S. (2002). Does decreased mowing frequency
enhance alkaloid production in endophytic tall fescue and perennial ryegrass?
Journal of Chemical Ecology, 28, 939–950.
[97] Simmonds, M.S.J. (2000). Molecular- and chemo-systematics: do they have a
role in agrochemical discovery? Crop Protection, 19, 591–596.
[98] Wang, Y.R. & Li, Q. (1992). Investigation and evaluation of native plant
resources in Loess Plateau of Gansu Province. In J.Z. Ren, Proceedings of the
International Conference on Farming Systems on the Loess Plateau of China
(pp. 246–250). Lanzhou: Gansu Science and Technology Press.
[99] Noeske, R. & Horn, I. (2001). Procedure for the production of silicon carbide
from renewable raw materials. German Patent Application, 10020626.
[100] Shiuh, J.C., Palm, S.K., Nyamekye, G.A., Smith, T.R., Taniguchi, J.D. &
Wang, Q. (1997). Highly purified biogenic silica product and its preparation.
European Patent Application, 758560.
[101] Palm, S.K., Smith, T.R., Shiuh, J.C. & Roulston, J.S. (1998). Filterable
composite adsorbents with adsorptive and filterable components as filter aids
suitable for beer chillproofing. PCT International Application, 9830324.
[102] Itsumi, A., Sakagami, E. (2001). Manufacture of artificial zeolites from grass.
Japanese Patent Application, 2001323109.
[103] Jiang, Z., Zang, W. & Feng, S. (1997). Production of grass fiber adhesive film.
Chinese Patent Application, 1235735.
[104] Wang, S.H. (1999). Biodegradable protein/starch-based thermoplastic
composition. PCT International Application, 9956556.
[105] Pahkala, K.A., Mela, T.J.N. & Laamanen, L. (1996). Pulping characteristics
and mineral compositon of 23 field crops cultivated in Finland. In J.F. Kennedy,

35

G.O. Phillips & P.A. Williams, The Chemistry and Processing of Wood and
Plant Fibrous Materials [Cellucon ‘94] (pp. 119–125). Cambridge: Woodhead.
[106] Krogmann, U., Heckman, J.R. & Boyles, L.S. (2001). Nitrogen mineralization
of grass clippings - a case study in fall cabbage production. Compost Science
and Utilization, 9, 230–240.
[107] Oyama, K., Kobayashi, T., Imazato, Y. & Kumasawa, Y. (1998).
Polysaccharides from fescue plant cell walls, emulsifiers containing them, and
method for emulsification. Japanese Patent Application, 10237107.
[108] Lynd, L.R., Wyman, C.E. & Gerngross, T.U. (1999). Biocommodity
engineering. Biotechnology Progress, 15, 777–793.
[109] Huisman, W. (1999). Harvesting and handling of Miscanthus giganteus,
Phalaris arundinacea and Arundo donax in Europe. In R.P. Overend & E.
Chornet, Proceedings of the fourth biomass conference of the Americas (pp.
327–333), Vol. 1. Oxford: Elsevier Science.
[110] Miscanthus Productivity Network, Agro-Industry Research (AIR) Programme
(DGVI) (1992).
[111] Long, S.P. & Beale, C.V., with contributions from Farage, P.K. (2001).
Resource capture by Miscanthus. In M.B. Jones & M. Walsh, Miscanthus for
energy and fibre (p. 19). London: James and James.
[112] Christian, D.G. & Haase, E., with contributions from Schwarz, H., Dalianis,
C., Clifton-Brown, J.C. & Cosentino, S. (2001). Agronomy of Miscanthus. In
M.B. Jones & M. Walsh, Miscanthus for energy and fibre (p. 24). London:
James and James.
[113] Andersson, B. & Lindvall, E. (1997). Industrial grasses. Sveriges
Utsädesförenings Tidskrift, 107, 96–99.
[114] Booth, E.J., Batchelor, S.E. & Walker, K.C. (1996). An evaluation of the
potential of fiber crops in Scotland. In L.H. Princen and C. Rossi, Proceedings
of the Ninth international conference on jojoba and its uses and of the third
international conference on new industrial crops and products (pp. 307–310).
USA: Association for the Advancement of Industrial Crops.
[115] Visser, P. & Pignatelli, V., with contributions from Jørgensen, U. & Santos
Oliveira, J.F. (2001). Utilisation of Miscanthus. In L.H. Princen and C. Rossi,
Miscanthus for energy and fibre (p. 138). London: James and James.
[116] Papatheofanous, M.G., Koullas, D.P., Koukios, E.G., Fuglsang, H., Schade,
J.R. & Loefovist, B. (1995). Biorefining of agricultural crops and residues:
effect of pilot-plant fractionation on properties of fibrous fractions. Biomass and
Bioenergy, 8, 419–426.
[117] Papatheofanous, M.G., Koukios, E.G., Marton, G. & Dencs, J. (1996).
Characterization of Miscanthus sinensis potentia l as an industrial and energy
feedstock. In P. Chartier, Biomass for Energy and the Environment –
Proceedings of the Ninth European Bioenergy Conference (pp. 504–508).
Oxford: Elsevier.
[118] Pignatelli, V., Viggiano, D., Zimbardi, F. & Cappelletto, P., (1995). Steam
explosion pretreatment of Miscanthus sinensis for pulp and paper production.
In, P. Chartier, A.A.C.M. Beenackers & G. Grassi, Biomass for Energy,
Environment, Agriculture and Industry – Proceedings of the 8th EC Conference
(pp. 1234–1246), Vo l. 2. Oxford: Elsevier Science Ltd.
[119] Visser, P. & Pignatelli, V., with contributions from Jørgensen, U. & Santos
Oliveira, J.F. (2001). Utilisation of Miscanthus. In M.B. Jones & M. Walsh,
Miscanthus for energy and fibre (p. 109). London: James and James.

36

[120] Lange, W. (1992). Extracts of miscanthus grass (Miscanthus sinensis
Anderss.). A comparison of the ‘summer-green’ and the ‘winter-dry’ plant.
Holzforschung, 46, 277–282.
[121] Mangan, C.L. (1994). Non- food crops and non-food uses in EC research
programmes. In D.O. Hall, G. Grassi & H. Sheer, Biomass for Energy and
Industry – Proceedings of the 7th EC Conference (pp. 341–347). Bochum:
Ponte Press.
[122] Harvey, J. & Hutchens, M. Progress in commercial development of
Miscanthus in England. In. P. Chartier, A.A.C.M. Beenackers & G. Grassi,
Biomass for Energy, Environment, Agriculture and Industry – Proceedings of
the 8th EC Conference (pp. 587–593) Vol. 1. Oxford: Elsevier Science Ltd.
[123] Visser, P. & Pignatelli, V., with contributions from Jørgensen, U. & Santos
Oliveira, J.F. (2001). Utilisation of Miscanthus. In M.B. Jones & M. Walsh,
Miscanthus for energy and fibre (p. 218). London: James and James.
[124] Visser, P. & Pignatelli, V., with contributions from Jørgensen, U. & Santos
Oliveira, J.F. (2001). Utilisation of Miscanthus. In M.B. Jones & M. Walsh,
Miscanthus for energy and fibre (p. 150). London: James and James.
[125] Kerr, J., Pulford, I., Duncan, H. & Wheeler, C. (1998). Phytoremediation of
heavy metal contaminated sites by potential fiber crops. In, Contaminated Soil
’98, Proceedings of the 6th International FZK/TNO Conference (pp. 1119–
1120). London: Telford.
[126] Visser, P. & Pignatelli, V., with contributions from Jørgensen, U. & Santos
Oliveira, J.F. (2001). Utilisation of Miscanthus. In M.B. Jones & M. Walsh,
Miscanthus for energy and fibre (p. 153). London: James and James.

37

