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Very high gravity mashes (>30 g dissolved solids per 100 ml) were of 3:1 and without hydrolysis of /8-glucan had a viscosity of 2,480 BU,prepared from an experimental hull-less barley (SB90354) and fermented while the viscosities of the mashes prepared after hydrolysis of 13-glucanwith active dry yeast. A maximum ethanol concentration of 17.1% (v/v) with fl-glucanase or Biocellulase were 560 and 240 BU, respectively.
was realized in fermented mash, and a total ethanol yield of 443 L per Hydrolysis of /3-glucan not only reduced the viscosity of the barley mash
tonne of barley (dwb) was obtained. To prevent excess viscosity during but also released water bound and trapped by the /B-glucan gel. Themashing, it was necessary to hydrolyze /3-glucan in ground barley using free amino nitrogen (FAN) content of the barley mashes was high when
crude preparations of /-glucanase or Biocellulase. While both these prep- compared to wheat mashes, and about 80% of this FAN was taken uparations possessed an endoglucanase activity, no measurable exoglucanase by yeast. In spite of the high FAN content of the mash, an exogenously
activity was detected. A typical mash prepared at a water-to-grain ratio added nitrogen supplement stimulated yeast growth and fermentation.

A previous report from this laboratory showed that hull-less
barley, although often high in /3-glucan, can be mashed and
fermented to yield 10.6% ethanol (v/v) using traditional fuel
alcohol technology (Ingledew et al 1995). The mashing and fer-
mentation procedures used were essentially the same as those
reported for the production of fuel alcohol from wheat (Thomas
and Ingledew 1990), and it was shown that normal gravity barley
mashes containing -20 g of dissolved solids per 100 ml of the
liquid portion of the mash fermented at rates comparable to wheat
mashes of equivalent dissolved solids content.

Wheat and corn mashes used in industry for the production
of fuel alcohol usually have a dissolved solids content in the range
of 20-24 g/ 100 ml of mash. Normally a water-to-grain ratio of
3:1 is used to prepare these mashes. A mash prepared from barley
with this same water-to-grain ratio is very viscous. The high
viscosity of barley mashes has hindered the development of a
technology for the industrial-scale production of fuel alcohol from
this grain. Also, there have been problems in mash run-off in
brewing and in those distilleries where barley is used as a significant
part of the mash grain bill. Because of the viscosity development,
preparation of barley mashes with dissolved solids content >20
g/ 100 ml is difficult even under laboratory conditions. However,
barley mash viscosity can be reduced considerably by treatment
with a crude preparation of f8-glucanase such as one derived from
an Aspergillus species (Ingledew et al 1995). This observation
led to further investigation into the use of alternate or additional
enzyme preparations to aid in the mashing of barley and other
grains. In this article, we report further on the use of crude /8-
glucanase preparations to reduce viscosity during the mashing
of barley. In fact, by using one of these enzymes, and by adjusting
the water-to-grain ratio, the dissolved solids content of the mashes
can be raised to >30 g/ 100 ml. Such mashes are known as very
high gravity (VHG) mashes and have been prepared and
completely fermented in this laboratory. Use of VHG fermenta-
tion technology allows considerable saving of water, reduces dis-
tillation costs, and allows more alcohol to be made with given
plant capacity and labor costs. In addition, VHG fermentation
reduces capital costs, lowers energy cost per liter of alcohol, and
reduces the risk of bacterial contamination. Industry has not yet
adopted the VHG fermentation technology for fuel alcohol pro-
duction, mainly because VHG mashes from grains are very viscous
and difficult to handle. The methods described here provide VHG
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mashes of low viscosity and can be easily adapted for the prepara-
tion of VHG mashes from barley for the industrial-scale pro-
duction of fuel alcohol.

MATERIALS AND METHODS

Barley
A hull-less barley (SB90354, a high viscosity, high ,B-glucan

experimental hull-less barley cultivar with normal starch content)
was used throughout the study. The barley had a moisture content
of 10.3 ± 0.1%. The percentage composition of the barley on
a dry weight basis was: starch, 70.0 ± 1.4; protein, 15.5 ± 0.2;
lipids, 2.3 ± 0.0; 13-glucan, 6.8 ± 0.1; acid dietary fiber, 2.0 ±
0.0; and ash, 1.8 ± 0.0. Analytical methods were described pre-
viously (Ingledew et al 1995).

Enzymes, Reagents, and Chemicals
A crude powdered preparation of /8-glucanase derived from

an Aspergillus species, was obtained from GNC Bioferm, Saska-
toon SK. Biocellulase TRI was supplied by Quest International,
Sarasota, FL. High-temperature a-amylase (High-T), gluco-
amylase (Allcoholase II), and active dry yeast were all obtained
from the Alltech Biotechnology Center, Nicholasville, KY. 18-
Glucan was isolated from barley as described by Bhatty (1993).
All other chemicals and enzymes were purchased from Sigma
Chemical Co., St. Louis, MO, or obtained locally. All chemicals
were of reagent grade.

Grinding and Mashing of the Barley
Hull-less barley was ground with a plate grinder (Disc Mill

S.500, Glen Mills, Inc., Clifton, NJ) at a setting of 5. A sieve
analysis showed that 83% of the ground barley had a particle
size between 20 and 60 mesh, while the remainder was finer than
60 mesh.

The method of mashing the barley was a modification of the
procedure used for mashing of wheat (Thomas and Ingledew
1990). The required amount of water was warmed to 450C in
a water bath and 0.02% (w/ w) /8-glucanase (based on the weight
of barley used) was added to the water. Immediately after the
addition of the enzyme, ground barley was added with vigorous
stirring. The enzyme was allowed to react for 30 min at 45°C.
The temperature of the slurry was then raised to 600C. Ten
milliliters of 100 mM calcium chloride solution was added for
each liter of water used for mashing followed by 5.0 ml of high-
temperature a-amylase (High-T) per kilogram of barley used. The
starch was gelatinized by raising the temperature of the slurry
to 900 C and holding for 45 min. The volume lost through evapora-
tion was made up by adding sterile distilled water. No make-
up water was added or only limited quantities were added when




