2005 EWW/SSGW Conference

May 9-12, Bowling Green, KY




Current and Potential Use of Barley in Fuel Ethanol Production

Kevin B. Hicks1, Rolando A. Flores1, Frank Taylor1, Andy J. McAloon1, Robert A. Moreau1, David B. Johnston1, Gerard E. Senske1, Wynse S. Brooks2, and Carl A. Griffey2
1Eastern Regional Research Center, ARS, USDA, 600 E. Mermaid Lane, Wyndmoor, PA  19038 (215-233-6579; khicks@arserrc.gov)

2Crop and Soil Envir. Science, 334A Smyth Hall, Virginia Tech, Blacksburg, VA 24061

Abstract

The U.S. fuel ethanol industry is experiencing unprecedented growth.  In 2004, approximately 3.5 billion gallons were produced and over 90% of that ethanol was made from corn.  Approximately 12% of the 2005 U.S. crop is expected to be used for this purpose.  While this has benefited corn farmers significantly, continued growth of the industry will put stresses on corn supplies.  Producers from non-corn belt states also need new markets for grains they can grow in order to increase farm income and rely less on Federal subsidies and farm payments.  Barley may be such a crop. Unfortunately, regular hulled barley can not be converted to fuel ethanol using a conventional corn-to-ethanol process without significant modifications.  Use of this feedstock is problematic and current processes for conversion to fuel ethanol are not cost competitive today in the U.S. compared to the use of corn.  The abrasive nature of hulled barley, the high viscosity of barley fermentations, and the low starch and high fiber content lead to high production costs, low ethanol yields, and a distillers dried grains with solubles (DDGS) coproduct that can’t be fed to monogastric animals.  A multidisciplinary research effort at the Eastern Regional Research Center, ARS, USDA in Wyndmoor PA, in cooperation with research partners, has been initiated to solve these technical problems.  The research approaches include 1) development of high-starch, hulless barley varieties specifically bred for ethanol production; 2) development of pre-fermentation barley fractionation processes to remove non-fermentables from hulled and hulless barley to produce a starch-rich feedstock for ethanol production; and 3) use of new beta-glucanases to decrease viscosity of mashes, increase yields of ethanol, and decrease levels of residual beta-glucans in DDGS.

Introduction

The growing need for domestic energy independence, the banning of the gasoline oxygenate MTBE in several states, and the rising costs of imported crude oil, led to a major expansion of domestic fuel ethanol production to approximately 3.5 billion gallons in 2004 with dozens of additional ethanol plants scheduled to come on line in the coming months.  Most of the fuel ethanol made today in the U.S. is made by fermentation of corn grain and approximately 10% of the 2004 crop was used for this single purpose.  In 2005 it’s projected that 12% of the U.S. crop will be used for ethanol production.  While this has benefited farmers and rural America significantly, the need to increase fuel ethanol production in the next few years will put stresses on corn supplies.  How much corn can we use for fuel ethanol without depleting the supply of this valuable commodity?  Can we produce all the transportation fuels needed from corn?  The U.S. needs more than 150 billion gallons of fuels for automobiles alone.  Using 100% of the 2004 corn crop would only have produced 35 billion gallons, or about 23% of our needs.  Obviously, other feedstocks for ethanol production are needed.  Biomass ethanol has the potential to supply a significant portion of our transportation fuel needs, but the technology may be 5-10 years away from economic viability.   Recently there has been growing interest in using barley as a feedstock for fuel ethanol.  Barley is a major feedstock used in fuel ethanol plants in Europe, where corn is a rare commodity.  Barley grows well in “corn deficit” states of the upper Midwest, Northwest, and East Coast, where there is growing demand for fuel ethanol.  Producers from these non-corn belt states also need new markets for grains they can grow in order to increase farm income and rely less on Federal subsidies and farm payments.  Winter barley has a very short growing season on the East Coast, allowing harvest early enough for double cropping with soybeans, greatly enhancing farm economics.  While barley is successfully used in Europe and often talked about in the U.S., an analysis of the 87 operating U.S. ethanol plants and the 16 currently under construction shows that exactly 0 list barley as a current or future feedstock.  The reason for this is because regular hulled barley can not be processed in a conventional corn-to-ethanol plant without modifications.  The abrasive nature of hulled barley, the high viscosity of barley fermentations, the low starch content, and high fiber content lead to high production costs, low ethanol yields, and a distillers dried grains with solubles (DDGS) coproduct with high levels of beta-glucans that can’t be fed to monogastric animals.  Our research program, in cooperation with researchers nationwide, is to solve these problems and facilitate a successful barley-to-ethanol industry in the United States.

Barley To Ethanol Research Initiative

To successfully launch a nationwide barley-to-fuel ethanol industry, the following technical problems with barley must be solved through research:

1.  Abrasive Hull: The abrasive hull of conventional hulled barley damages grain handling and grinding equipment, increasing capital costs.

2.  Low Starch Content: The low starch content (50-55%) of conventional hulled barley compared to corn’s high starch content (72%) requires barley plants to be built larger than corn plants for the same capacity.

3.  Beta-Glucans: The high viscosity of barley mash (due to presence of beta-glucans) makes agitation, liquefaction, saccharification, and fermentation technically difficult and adds significantly to operating costs.  Because of the residual beta-glucans, barley DDGS can not be used for poultry, swine, and aquaculture feeds.  This limits the value of the coproduct in poultry and swine production areas like the Southeast.

Development of Hulless Barley Varieties for the Fuel Ethanol Industry
In collaboration with researchers at the Virginia Polytechnic Institute and State University (Virginia Tech) we are developing new varieties of “hulless” (also spelled hull-less) barley.  Hulless barley has a loosely-attached hull that usually falls off during harvest or during grain cleaning.  The hulless trait is genetically controlled and can be bred into new varieties.  Removal of the hull results in loss of only the abrasive, non-starchy portion of the kernel and thus, on average, hulless varieties have higher levels of starch and protein and lower levels of ash and crude fiber than hulled varieties.  Using hulless varieties is one possible way to eliminate the problems caused by low starch content and abrasiveness of hulled varieties.  Since 2002, we have studied the composition of numerous newly developed lines of winter hulled and hulless barley from the Virginia Tech program as potential fuel ethanol feedstock.  Starch, protein, lipid, beta-glucan, and moisture were measured using AACC and AOCS methods.  For lines tested from the 2002 season, hulled varieties averaged 57% starch with some elite varieties reaching 65% (all values given on dry weight basis).  Experimental hulless varieties had a mean of 60% starch with the best cultivars exceeding 64%.  Protein values for all cultivars ranged from 8.9% to 15.8%. Lipid content for hulless varieties (mean of 2.74%) were higher than for hulled varieties (2.28%).  Beta-glucan content was similar for hulled and hulless varieties (mean of about 4.7%, values ranging from 3.6 to 6.3%). Samples were also analyzed in 2003 and 2004 and through these studies several new lines have been developed.  One new hulless variety “Doyce” was released by Virginia Tech in 2003.  The composition of Doyce barley grown in 2003 and 2004 on the East Coast is shown in Table 1.

Table 1.  Composition of Doyce Hulless Barley from 2003 and 2004

	Doyce Sample
	Starch
	-Glucan 
	Oil
	Protein
	Test Weight3 
& Yield

	2003, 9 East Coast Locations
	62.281 (2.03)2
	3.85 (0.09)
	1.83 (0.04)
	11.39 (0.80)
	55.16 (1.98)

~85 bu/acre*

	2004, 15 East Coast Locations
	65.58 (1.56)
	4.67 (0.33)
	2.06 (.09)
	9.49 (0.83)
	52.81 (2.63)

	1 Mean Value, dry weight basis,  2 Std. Deviation,  3 lb/bushel


The high starch and protein content of Doyce makes it a potentially useful variety for fuel ethanol production.  Several other experimental lines with enhanced composition are also in development.  These varieties are being tested in fermentation trials.  See below.

Milling Processes that Fractionate Hulled and Hulless Barley into High Starch Fractions for Ethanol

Another part of our program in highlighted in Figure 1 below.  We are evaluating a number of milling technologies such as pearling, scarifying, polishing, and roller milling followed by particle separation by density, air, and other techniques to remove the abrasive hull from hulled varieties and to create starch-enriched fractions from both hulled and hulless varieties.  This is a process that could solve the low-starch content problem for both hulled and hulless varieties.  As an example of this process, a feed-grade hulled barley with starch content of 55% (dwb) was placed through an experimental mill producing 4 different fractions: bran, shorts, break flour, and reduction flour.  Break and reduction flours had starch content from 70-80% while bran and shorts contained as low as 25% starch.  The high starch fractions are excellent ethanol feedstock whereas the low starch fractions are suitable for many food and feed applications.  

Bearing in mind that most barley now available for ethanol production is hulled barley, it is critical that cost-effective methods are available to process hulled varieties into ethanol.  When hulless varieties become generally available, they may well become the dominant feedstock for ethanol production and the need for pre-fermentation removal of hull and other non-fermentables may decline.  However, there may always be a ready source of off-grade malt barley that is available for ethanol production in the U.S.  Since malt barleys are hulled varieties, it is expected that technologies such as depicted in Fig 1 will be useful for the foreseeable future.
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Initial Comparison of Hulled and Hulless Barley Varieties for Production of Fuel Ethanol

We compared typical hulled winter barley grown in Maryland in 2001/02 to a sample of the hulless variety, “Doyce”, grown during the same season, as fuel ethanol feedstocks.  This sample of Doyce initially contained 59% starch, 12.8% protein, and 3.3% beta-glucan.  The control hulled barley contained 50% starch, 10% protein, and 2.9% beta-glucan.  Each barley sample (7.5 lb) was ground, mashed, and fermented using traditional processes and enzymes used for corn fermentations.  Starch was quantitatively fermented in each case.  Higher (~17%) ethanol yields were observed for Doyce.  The DDGS produced from Doyce contained 29.9% protein compared to 22.6% for the hulled variety.  Beta-glucan levels were 7.4% in both DDGS samples.  These preliminary data from one set of samples show that “Doyce” would be favored to the hulled variety for fuel ethanol production.  

Effects of Commercial Beta-Glucanases on Barley Fermentation

The fermentations discussed above were difficult to achieve due to the high viscosity of the mash caused by soluble (and viscous) beta-glucans.  Commercial beta-glucanase enzymes are now available that can hydrolyze beta-glucans and reduce the viscosity of the mash.  To compare barley processing with and without beta-glucanase enzymes, two identical reactions were run on 400 g samples of hulled barley, ground and mixed with 1 liter H2O, and liquefied and saccharified with conventional thermostable alpha-amylase and glucoamylase, respectively.  In one of the barley samples, a commercial beta-glucanase was added at liquefaction and saccharification stages.  Both samples were inoculated with traditional Saccharomyces brewers yeast and fermented.  Fermentation rates and ethanol yields of the two fermentations appeared similar but the viscosity of the beta-glucanase treated sample was greatly reduced.  Analysis of the DDGS from each reaction for levels of beta-glucans revealed a level of over 8% for the control reaction and 0.23% for the beta-glucanase treated fermentation.  In view of these initial results, commercial beta-glucanases appear to have the ability to reduce viscosity and reduce the level of detectable beta glucans in DDGS.  Experiments are ongoing to determine if beta-glucanases can completely hydrolyze beta-glucans into fermentable glucose (not just oligosaccharides), leading to a detectable increase in ethanol yields.

How much ethanol can be produced from barley in the U.S.?

For enzyme companies, equipment manufacturers, and designers and builders of ethanol plants to invest money into a barley-to-fuel-ethanol industry, it must be clear that enough barley exists to make a significant economic impact.  Corn “fuels” the present industry with over 1 billion bushels being used to produce over 3.5 billion gallons per year.  The average size of an economically competitive dry grind ethanol plant built today is around 40 million gallons per year requiring about 15-16 million bushels of corn. Is enough barley available to meet these demands?  How much barley is available now and where is it located?  How much more barley can we grow in the U.S. if the market is there?  These are the key questions that must be answered.  The most recent Production Summary from the Agricultural Statistics Board, NASS, USDA indicates that only 279,253,000 bushels of barley were produced in the U.S. in 2004.  If we use a conservative estimate that 2 gallons of ethanol can be produced from a bushel of barley, the 2004 crop represents about 560 million gallons of ethanol, a significant amount.  Obviously, only part of this crop would be available for ethanol production.  Using 10 percent of the 2004 crop would supply only one large dry-grind or two smaller dry grind plants.  It is likely that more than 10% of the crop could be used for ethanol production, but the largest gain in available feedstock would come from putting additional acreage into barley production.  U.S. barley acreage has fallen by nearly half between 1990 and today, partly because of the lack of demand.  With an increasing demand for barley, either hulled or hulless, more acreage could be put back into production.  Increasing production back to pre-1990 levels could result in another 250 million bushels that represents another half a billion gallons of ethanol.  Additional production from Canada, which produces approximately twice the U.S. level could provide additional North American feedstock.  Of great importance to the attendees at this conference is the amount of barley that could be produced in the Southeast states.  According to one source, Dan Brann, Retired Professor from Virginia Polytechnic Institute and State University,  the amount is substantial.  According to Brann, we could produce at least 8 million acres of barley for ethanol with a yield of at least 4000 pounds per acre (32 billion pounds). This is equivalent to another 0.6 billion bushels or  ~1.2 billion gallons more of ethanol, enough to supply 30 average sized dry-grind plants. While it is impossible to make a perfect estimate of potential barley availability, it is clear that there is significant potential, especially in the Southeast where winter hulless barley can be grown and double cropped with soy, adding to farm profitability. 

Conclusions and Future Research Plans

These initial results indicate that hulless barley is a promising feedstock for fuel ethanol.  Milling technologies may also be useful for producing high-starch feedstocks for fuel ethanol plants.  However, “front-end” fractionation processes add capital and operating expenses to an ethanol plant and these must be more than offset by increases in efficiency and coproduct value to be seriously considered for commercialization.  Additional studies are being conducted to determine the optimum conditions for fermentation of hulled and hulless barley and their milling fractions and for the most efficient use of beta-glucanases.  A SuperPro Designer process and cost simulation model for a 40 MGY barley-to-ethanol plant is currently being developed in our lab.  This model, combined with experimental data, will be used to determine the economic feasibility of the various processes being examined.  This information will be made available to groups nationwide who are interested in building fuel ethanol plants using barley as a new American feedstock.
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Figure 1.  Barley Fractionation Scheme








