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Abstract

To achieve a goal of displacing 30% of current petroleum use by 2030 will require a consistent, robust, annual supply of feedstocks to biorefineries for the production of biofuels and other biomass products. Pretreatment is the initial operation necessary to convert feedstocks to fuels and products. Pretreatment must provide an economical means to open and expose the biomass surface structure to enzymatic hydrolysis to yield fermentable sugars for biofuel production. Pretreatment and enzymatic hydrolysis are two of the most capital-intensive processes in the production of bioethanol, with pretreatment effectiveness also strongly influencing enzymatic hydrolysis effectiveness. The current research strategy is to reduce the cost for both processes, thereby enabling biorefinery deployment.

Advancing this strategy requires an understanding of pretreatment and feedstock chemistry, as diverse feedstocks’ compositions may require different pretreatment approaches. The goal for the Feedstock Qualification Project is to select specific feedstocks representative of feedstocks present in potentially sufficient quantities to meet a major portion of the petroleum displacement goal, and to determine their pretreatment reactivity across a broad range of pH, time, and temperature. Towards that end we have selected wheat-straw residue and energy-crop switchgrass. We will also likely select a third feedstock representing a forest resources derived from harvesting residues or fuel treatments. We intend to complete preliminary assessments of the performance of various pretreatment conditions on these feedstocks by the end of FY 2005 and final assessment by the end of FY 2006.

Introduction

In 2002, the Biomass Research and Development Technology Advisory Committee published two reports, “Vision for Bioenergy and Biobased Products in the United States” and “Final Road Map for Biomass Technologies in the United States” (1, 2). These reports outlined the strategy, goals, and technology to displace 30% of the current petroleum consumption in the United States by 2030 using biomass to supply fuels, chemicals, and power. The report estimated that more than one billion tons of biomass would be needed annually to achieve this goal. In 2004, the U.S. Department of Energy and the United States Department of Agriculture released a draft report of “Biomass as Feedstock for a Bioenergy and Bioproducts Industry: The Technical Feasibility of a Billion-Ton Annual Supply” (billion-ton study) (3). The report surveyed the forest and agricultural resources in the United States to determine whether the resource base was available for a sustainable billion-ton-per-year bioindustry. The positive finding estimated that 1.3 billion tons of sustainable biomass are available from a wide range of feedstocks, crop residues, and processed waste. Of the 1.3 billion tons of biomass needed, more than 380 million tons would come from forestlands and more than 930 million tons from agricultural lands. Combined processing of the projected feedstocks represents a six-fold increase in current biomass production and consumption.

One of the major objectives listed in the 2002 Biomass Vision was:

“Develop economically and environmentally sound bioconversion processes/

technologies for commercial application of a range of biobased fuels and products”
Examples of research needs were improved methods for physical and chemical pretreatment of biomass feedstocks prior to fermentation. Pretreatment is a key first step, opening the biomass structure, exposing it to enzymatic hydrolysis. While many unknowns and barriers exist for biomass pretreatment, effective biochemical conversion of these feedstocks is a key to achieving cost-effective yields. The Feedstock Qualification Survey (FQS) will:

· Identify feedstocks with the greatest potential to meet the billion-ton vision

· Screen representative feedstocks for their pretreatment and saccharification response across time, temperature, and pH range

· Continue to develop pretreatment knowledge using improvements in enzyme economics. 

While several different pretreatment approaches are already in various stages of process development on a few feedstocks, a broader assessment of pretreatment chemistries across feedstock categories is still needed. Different pretreatment and enzymatic hydrolysis approaches may be well suited to certain feedstock types but not as applicable to other feedstock types. Work under the Consortium for Applied Fundamentals and Innovation has demonstrated how alternative pretreatments affect pretreatment chemistries. In pretreating herbaceous biomass, for example, ammonia fiber explosion depolymerizes by cleaving lignin-carbohydrate bonds, leading to significant delignification (4,5). Dilute acid hydrolysis, on the other hand, removes most of the hemicellulose fraction along with a modest amount of lignin. Additionally, evaluating selected feedstocks at acidic, neutral, and alkaline pH regimes may identify different pretreatment chemistries impacting enzymatic saccharification.

Biomass Availability
Forest Feedstocks

According to the billion-ton study, more than 193 million tons of biomass are currently used for fuels, products, and power. Of this, 142 million tons come from forestlands with the balance coming from biofuels, bioproducts, and biomass from crop residues. Of the 142 million tons of forest-derived biomass used yearly, 31% comes from wood residues, 37% is from forest products, and 25% is from fuelwood. The analyses and assumptions listed in the billion-ton biomass survey project an increase of 2.5 times the current biomass extracted from forestlands and forest products, to more than 380 million tons of sustainable, annual biomass. As Figure 1, taken from the billion-ton study, shows, the increase in biomass comes from using uncollected forest residues produced during harvesting, from forest thinnings for fire hazard suppression, and from urban wood wastes. These unexploited materials have the potential to contribute to healthier forests and reduced forest fire hazard. Unfortunately, forest feedstocks from thinnings, harvesting residues, and urban wood wastes are likely to be diverse in species, proportion of bark and ash in the overall feedstock, and other ways. This makes selection of a single representative feedstock from this feedstock category, as necessary for conducting the FQS experimental screening, difficult. For the experimental screening study, it would be necessary to define a representative feedstock type. 

The tonnage of sustainable harvest extracted from forest thinnings for fire hazard suppression and logging residues accounts for a 49% (Figure 3) increase from unexploited resources, and 26% of the total forest biomass resource. Other biomass sources in forestlands have existing use such as fuelwood, pulping liquors, and wood residues. Level growth in these areas is expected, fully exploiting any added resources.
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Figure 1. Projected biomass from the forest resource based on existing use and inventory of unexploited residues, harvesting fuel treatments and forest products. (3) A Billion-Ton Feedstock Supply for a Bioenergy and Bioproducts Industry
Agricultural Feedstocks 

About 10% of the current total of 193 million tons per year of U.S. agricultural crops is now used for biobased products and biofuels. Starch-based ethanol from corn and other grains and biodiesel from soybeans are the largest current bioenergy uses. Growing perennial energy crops and harvesting crop residues make the agricultural sector the largest potential contributor of biomass feedstocks, according to the billion-ton study. With certain changes in land use practices, technology, and crop management, the United States could produce more than 960 million tons of agricultural derived biomass per year. These changes would include:

· Achieving a 50% increase in crop yields

· Introducing perennial crops such as switchgrass, willows, and poplar

· Obtaining harvesting and collection efficiency of 75% for crop residues

· Implementing no-till practices for all croplands

· Increasing soybean residues/seed ratio.

Incorporation of these assumptions increases the potential agricultural feedstocks to 960 million tons of annual sustainable production (2), a four-fold increase over the current total biomass production of 193 million tons. Figure 2 shows the potential contribution of primary agricultural resources, by sector, from incorporating changes in land practices and crop managements. 

The largest increase in available biomass comes from planting and harvesting perennial crops (29%), followed by harvesting corn stover (16%) and harvesting small grain residues (12%). Corn stover, is the largest potential crop residue feedstock, but is not selected for direct inclusion in the FQS experimental study because of continuing programmatic efforts involving this feedstock. We expect that with a few appropriate control experiments, the data from programmatic research on corn stover would serve as a basis for comparison to the FQS pretreatment and enzymatic hydrolysis data.

Wheat straw combined with other crop residues adds up to 150 million tons of potential biomass, approaching the feedstock volume potential of corn stover. Therefore, as a representative small grains crop residue feedstock, wheat straw was chosen for the FQS experimental study.

According to the draft billion-ton study, perennial crops have the potential to become the largest source of available biomass, with well over 350 million tons/year potentially available. Switchgrass was selected as a representative perennial crop feedstock for the FQS experimental study because of its potential for multiple yearly harvests, low harvesting cost, and potential for widespread distribution (6). However, it is unclear how much of the perennial crop feedstock category would consist of switchgrass and other grasses and how much would consist of woody perennial energy crops, such as poplar or willow. In addition, a perennial woody energy crop would provide a woody feedstock for the FQS experimental study with less varied compositional characteristics than forest residues. Further guidance on expected policy and other drivers is needed to decide if a woody perennial crop (i.e. poplar) or a representative forest residue feedstock is the best choice for a woody feedstock for inclusion in the FQS experimental study. 
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Figure 2. Projected biomass from the agricultural resource based on increased yields, higher residue collection, and introduction of perennial crops. (3)

Feedstock Composition

Feedstock composition directly affects the efficacy of biomass pretreatment and saccharification. Pretreatment chemistry and the ease of saccharification of biomass reflect lignocellulosic structure and composition. While many crop and forest residues make excellent feedstocks for power and products from thermochemical conversion, the scope of this survey is limited to biochemical conversion. Cost-effective biochemical conversion of potential feedstocks to fuels and products needs appropriate levels of cellulose, hemicellulose, accessory sugars, and lignin. Extractives, high ratios of lignin to carbohydrates, or high ash content will negatively impact the process economics. Understanding the effect of feedstock composition on pretreatment chemistry and ultimately feedstock reactivity, is one key to achieving the robust conversion processes able to handle the variety of feedstocks and biomass compositions a biorefinery could receive at the plant gate.

The variability in chemical composition across individual varieties and environmental growth conditions is another characteristic to consider in selecting feedstocks for suitable conversion processes. Figure 3 shows the average agricultural feedstock composition from 53 varieties taken from the EERE Biomass Feedstock Composition and Property Database (7). Comparing the average composition of sample feedstocks (wheat straw, corn stover, and switchgrass), the percentage mass for glucan, xylan, and lignin fractions are all within sample variability.  Wheat straw, however, has higher ash content than the other two, as do other straw feedstocks, such as rice straw. The ash content reflects silica and potassium content, which has a history of boiler fouling, abrading mechanical and processing equipment, and neutralizing acidic catalysts (8). The Market Target Corn Stover composition used in Aspen Plus® models for material and energy balances serves as a benchmark feedstock composition. These models analyze process scenarios for ethanol production. Variation in the major lignocellulosic polymers from the Target Case can serve as a first screening to select a thermochemical or biochemical conversion path for future feedstocks. We selected wheat straw as a representative small grain residue for this early survey in part because of the impact of its higher ash content, not present in forest residues, switch grass, or corn stover.
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Figure 3. Feedstock Composition of Varieties of Corn Stover, Bagasse, Switchgrass and Wheat Straw Taken from the EERE Database 

In contrast to agricultural resources, forest residues and thinnings—typically pine or other softwoods—can vary greatly in feedstock composition. As shown in Figure 4, ponderosa pine composition varies considerably with the part of the tree/means of collection. Such variation in composition presents challenges in selecting a representative “feedstock type” of forestland biomass. Hybrid poplar, on the other hand, is more uniform and also shares some composition attributes of agricultural resources, with respect to xylan and extractives content. Using hardwoods, such as hybrid poplar, to represent a “woody” resource would avoid some of the feedstock issues from the diverse composition of forest residues and thinnings. However, additional policy and program guidance is needed regarding selecting forest residues for the FQS. Future considerations may include selection of feedstocks spanning a range of compositional and structural features, producing differing responses to pretreatment chemistries and resulting enzymatic hydrolysis needs. 
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Figure 4. Composition of Ponderosa Pine Thinnings Components and Whole Hybrid 

Poplar (9)

Existing Pretreatment and Saccharification Data

The goal of the feedstock qualification survey is to evaluate biomass feedstocks with potential to achieve the stated goal for petroleum displacement. The data from these feedstocks, once selected and evaluated, will populate a feedstock survey database describing a particular feedstock performance across experimental boundaries. Other studies that have systematically examined feedstocks in this manner would be included in that database as well. For example, for the past six years NREL has evaluated corn stover and corn stover varieties for their composition, pretreatment performance, and saccharification using dilute acid pretreatment. Also, for the past three years, the Consortium for Applied Fundamentals and Innovation (CAFI) has worked to understand pretreatment chemistry effects on corn stover, as embodied in the specific CAFI pretreatment processes, spanning the acidic, neutral, and alkaline regions. We expect that data from these efforts will complement the FQS experimental data. Thus, while corn stover was not included in this first feedstock selection, the data from past and continuing research efforts on corn stover feedstocks will be incorporated.

Path Forward 

Switchgrass and wheat straw were selected as the first feedstocks for evaluation of their respective pretreatment chemistries. The major criterion for the selection was the potential amount of biomass that could be produced to meet the goal for petroleum displacement. A third feedstock, representing the forestry resources, was identified but not selected yet due to additional program and policy guidance needed to reach consensus. These three feedstocks (if forest residues are selected as the woody feedstock) could contribute more than 60% of biomass needed to meet the programmatic petroleum displacement goal. Adding the contribution of collected corn stover residue could potentially bring the total biomass collection to about 80% of the billion ton requirement. 

The work plan for the FQS experimental study is to generate a broad data set to determine the effect of different pretreatment chemistries, ranging from acidic to alkaline, on the selected feedstocks. These pretreatment conditions are robust enough to provide process-relevant information regarding the time, temperature, and pH for the pretreatment conditions for each feedstock. Results from these experiments will include component mass balances (solubilization of components and recovery of solubilized liquid products) and the response of pretreated process streams (washed pretreated solids and any oligomer-containing liquid fractions) to enzymatic hydrolysis using a baseline enzyme preparation. We will also conduct studies to determine what types of enzyme activities are better suited to various pretreated samples.  The sugar yield from pretreatment and the total sugar yield from the combined pretreatment and saccharification assay, along with the amount of monomeric and oligomeric composition of the released sugars, will provide the baseline for pretreatment chemistry for the specific feedstocks.  This data on yields from various process conditions for the selected feedstocks would provide feedstock reactivity across the selected pretreatment conditions and  relative differences  between feedstocks.   This can guide stakeholders and technology developers in formulating pretreatment-saccharification strategies for specific feedstocks.

Milestones 

FY05

Selection of three candidate feedstock opportunities across captive, residue, and energy crop feedstock categories - 3/31/05 (Completed)

Interim report of pretreatment and enzymatic saccharification results—initial feedstocks and/or pretreatment chemistries-9/31/05

FY06

Completion of laboratory pretreatment chemistry screening on a set of biomass feedstocks and reporting of pretreatment and enzymatic saccharification performance -7/29/06

Out-year efforts

Evaluation of additional feedstocks and feedstock varieties are planned for the FY06 and into FY07. Feedstocks with promising pretreatment chemistries will be moved to larger scale bench pretreatment and saccharification studies.

For FY07 and beyond, the focus will be to construct a reactor with multiple-pretreatment-chemistry capability to conduct alternative pretreatments across a broad range of pH, time, and temperature.
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		Wet chemical data

		Fire2.eqa

		hardfeed.eqa

		** Fengel and Wegner,1984

		Position		Sample Number		Sample		Flag		ash		extractives		lignin		glucan		xylan		mannan		arabinan		galactan		acetyl		uronic  acids		protein		total		hemicellulose		cellulose

		1		F1		white fir bulk/hom				0.8		6.6		30.0		36.2		6.1		9.2		2.0		2.7		2.5						96.1		25.6		24.1

		8		F1-1		White fir, bulk				0.6		6.6		31.7		41.7		4.9		10.8		0.9		0.5		2.7						100.4		23.4		27.8

		9		F1-3		White fir, med/small chips				0.2		1.6		31.6		46.6		5.1		13.5		0.8		1.3		2.7						103.5		28.0		31.1

		10		F1-4		White fir, wood w/bark				0.7		6.5		30.0		40.1		4.8		10.8		1.7		1.7		2.7						99.0		25.3		26.7

		11		F1-5		White fir, compression				0.5		3.4		32.4		40.9		4.6		11.8		0.9		1.1		2.7						98.3		25.0		27.3

		12		F1-6		White fir, bark		**		2.4		19.3		25.1		25.5		4.5		5.7		2.7		3.4		3.0						91.5		21.2		17.0

		13		F1-7		White fir, sticks		**		2.6		15.6		26.6		25.2		5.3		7.8		4.3		6.3		3.0						96.6		29.2		16.8

		14		F1-9		White fir, needles		**		1.5		36.2		15.0		30.0		4.4		0.0		3.0		3.0						5.0		98.1		10.4		20.0

		2		F2		ponderosa pine, bulk hom				1.3		6.9		29.6		33.5		6.9		8.4		3.1		5.3		2.3						97.3		28.8		22.3

		15		F2-1		ponderosa pine, bulk				1.0		6.9		27.1		38.3		6.6		9.9		2.9		4.4		2.5						99.5		29.5		25.5

		16		F2-3		ponderosa pine, med/small chips				0.3		4.7		28.8		45.9		7.0		10.9		1.7		1.7		2.3						103.2		27.2		30.6

		17		F2-4		ponderosa pine, wood w/ bark				1.0		8.1		27.9		36.6		5.4		9.9		2.4		2.8		3.0						97.2		26.9		24.4

		18		F2-5		ponderosa pine, compression				0.7		5.7		28.6		43.1		6.8		10.2		2.1		2.3		2.0						101.5		26.8		28.7

		19		F2-6		ponderosa pine, bark		**		1.7		20.8		30.0		25.0		3.8		7.0		4.2		5.5		3.0						101.1		25.8		16.7

		20		F2-7		ponderosa pine, sticks				1.8		14.6		25.2		27.9		7.0		8.0		4.8		8.7		2.5						100.5		33.8		18.6

		21		F2-9		ponderosa pine, needles		**		1.7		30.5		14.0		25.0		3.0		1.7		7.6		8.8						6.0		98.2		21.6		16.7

		3		F3		sugar pine, bulk hom				1.4		11.6		29.2		30.8		5.8		6.9		3.4		3.3		2.3						94.7		24.0		20.5

		22		F3-1		sugar pine, bulk				1.4		12.5		29.1		27.7		5.4		7.9		3.9		3.8		5.5						97.2		29.0		18.5

		23		F3-3		sugar pine, med/small chips				0.0		4.7		29.8		45.3		6.5		10.4		2.2		2.6		2.3						103.8		27.4		30.2

		24		F3-4		sugar pine, wood w/ bark				0.9		15.3		27.9		33.3		4.8		8.7		2.8		2.1		2.5						98.3		23.8		22.2

		25		F3-5		sugar pine, compression				0.7		5.9		32.1		39.7		5.8		9.8		2.2		1.3		2.5						100.0		24.9		26.5

		26		F3-6		sugar pine, bark		**		1.3		18.8		34.3		25.8		2.6		6.1		3.2		1.1		3.0						96.2		18.0		17.2

		27		F3-7		sugar pine, sticks		**		1.5		15.3		27.3		23.6		6.6		6.5		5.2		7.2		3.0						93.0		30.6		15.7

		28		F3-9		sugar pine, needles		**		2.4		29.4		15.0		30.0		2.7		2.9		7.2		2.3						5.5		97.4		16.1		20.0

		4		F4		incense cedar, bulk/hom				1.1		7.0		34.5		35.1		7.6		4.5		1.5		3.1		2.7						97.1		20.9		23.4

		29		F4-1		incense cedar, bulk				1.1		7.0		34.6		33.1		7.4		5.6		2.0		4.5		2.7						98.0		24.1		22.1

		30		F4-3		incense cedar, med/small chips		**		0.1		3.7		37.1		41.1		6.8		7.1		0.6		3.2		2.7						102.4		22.8		27.4

		31		F4-4		incense cedar, wood w/bark				1.2		7.9		33.9		31.7		7.7		5.4		2.3		5.1		3.0						98.1		25.2		21.1

		32		F4-6		incense cedar, compression				0.8		6.6		37.9		37.9		6.8		6.2		0.9		3.0		2.5						102.6		21.5		25.3

		33		F4-6		incense cedar, bark		**		1.5		20.0		27.3		13.4		9.2		3.4		4.8		6.6		3.0						89.2		28.2		8.9

		34		F4-7		incense cedar, sticks		**		1.2		11.5		30.7		23.3		8.5		3.8		3.2		6.1		2.7						91.0		25.5		15.5

		52		F4-9		incense cedar, needles		**		1.9		27.8		15.0		34.0		5.0		1.4		6.0		7.0						5.5		103.6		19.8		22.7

		35		F4-11		incense cedar, other				1.3		11.5		33.8		28.2		8.5		4.8		2.8		5.1		3.0						99.0		25.8		18.8

		5		F5		madrone, bulk/hom				0.6		8.9		20.4		35.4		18.0		2.8		0.7		1.6		7.0		3.0				98.4		33.1		28.2

		36		F5-1		madrone, bulk		**		0.6		5.3		25.8		45.0		14.8		1.3		0.4		1.5		5.0		2.5				102.2		25.5		35.4

		37		F5-3		madrone, med/small chips		**		0.6		5.1		25.7		45.0		14.8		1.3		0.7		1.5		5.0		2.5				102.2		25.8		45.0

		38		F5-4		madrone, wood w/bark		**		1.3		6.4		24.6		42.1		15.5		1.4		0.9		1.2		5.0		2.6				101.0		26.6		45.0

		39		F5-5		madrone, compression		**		0.5		5.3		25.5		45.5		14.8		1.3		0.9		2.5		4.0		2.5				102.8		26.0		42.1

		6		F6		Black oak, bulk/hom				1.3		6.2		22.7		44.0		14.9		1.4		0.5		1.5		6.0		2.5				101.0		26.8		45.5

		40		F6-1		black oak, bulk				1.3		4.8		25.5		44.0		14.9		1.5		0.3		1.5		5.0		2.5				101.5		25.8		44.0

		41		F6-2		black oak, large chips				0.5		4.3		24.1		47.4		15.2		1.5		0.2		1.5		4.0		2.5				101.2		24.9		44.0

		42		F6-3		black oak, med/small chips				0.5		4.1		23.6		48.3		15.3		1.5		0.1		1.2		4.0		2.5				101.2		24.6		47.4

		43		F6-5		black oak, compression				0.8		5.2		24.6		44.5		15.7		1.6		0.3		1.6		4.0		2.6				101.0		25.8		48.3

		44		F6-6		black oak, bark		**		1.8		12.7		24.0		32.8		14.4		1.1		1.8		3.8		5.0		2.4				99.8		28.5		44.5

		53		F6-8		black oak, leaves		**		1.8		24.1		15.0		36.0		5.0		2.4		4.1		4.8						6.0		99.1		16.3		32.8

		45		F6-11		black 0ak, other				0.7		4.6		25.3		44.7		15.2		1.6		0.3		2.0		4.0		2.5				100.9		25.6		36.0

		7		F7		tanoak, bulk/hom				1.0		4.1		25.6		40.8		18.1		2.0		0.8		1.5		7.7		0.0				101.6		30.1		44.7

		46		F7-1		tanoak, bulk				1.0		4.4		27.7		40.8		15.0		1.4		1.3		3.0		4.7		2.5				101.7		27.9		40.8

		47		F7-2		tanoak, large chips				1.0		2.6		31.3		41.2		14.0		1.5		0.4		2.1		3.5		2.3				99.9		23.9		40.8

		48		F7-3		tanoak, med/small chips				0.9		3.3		29.7		42.8		14.6		1.4		0.9		2.7		3.5		2.4				102.2		25.5		41.2

		49		F7-5		tanoak, compression				1.0		4.6		29.8		41.3		14.6		1.3		0.9		2.7		3.5		2.4				102.1		25.3		42.8

		50		F7-6		tanoak, bark				1.5		11.1		27.7		37.3		14.6		0.6		0.7		1.6		3.5		2.4				101.0		23.4		41.3

		51		F7-11		tanoak, other				0.9		3.7		29.1		43.0		14.6		1.4		0.9		2.9		3.5		2.4				102.4		25.7		37.3

																												average				99.4

																												st. dev.				3.2
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						Bulk Tree		Med/Small Chips		Wood w/ Bark		Compressed		Bark		Sticks		Needles

				Extractives		6.9		4.7		8.2		5.7		20.8		14.6		30.5

				Glucan		38.3		45.9		36.6		43.1		25		27.9		25

				Xylan		6.6		7		5.4		6.8		3.8		7		3

				Galactan		4.4		1.7		2.8		2.3		5.5		8.7		8.8

				Arabinan		2.9		1.7		2.4		2.1		4.2		4.8		7.6

				Mannan		9.9		10.9		9.9		10.2		7		8		1.7

				Lignin		27.1		28.8		27.9		28.6		30		25.2		14

				Ash		1		0.3		1		0.7		1.7		1.8		1.7

				Acetate		2.5		2.3		3		2		3		2.5

				Protein														6

				Total		99.6		103.3		97.2		101.5		101		100.5		98.3

						Bulk Tree		Med/Small Chips		Wood w/ Bark		Bark		Sticks		Needles				Hybrid Poplar

				Extractives		0.069		0.047		0.082		0.208		0.146		0.305				0.031

				Glucan		0.383		0.459		0.366		0.25		0.279		0.25				0.4361

				Xylan		0.066		0.07		0.054		0.038		0.07		0.03				0.173

				Galactan		0.044		0.017		0.028		0.055		0.087		0.088				0.007

				Arabinan		0.029		0.017		0.024		0.042		0.048		0.076				0.006

				Mannan		0.099		0.109		0.099		0.07		0.08		0.017				0.028

				Lignin		0.271		0.288		0.279		0.3		0.252		0.14				0.2325

				Ash		0.01		0.003		0.01		0.017		0.018		0.017				0.007

				Acetate		0.025		0.023		0.03		0.03		0.025		0				0.041

				Protein		0		0		0		0		0		0.06				0

				Total		0.996		1.033		0.972		1.01		1.005		0.983				0.9616

										ash		extractives		lignin		glucan		xylan		mannan		arabinan		galactan		acetyl

						ponderosa pine, bulk hom

						ponderosa pine, bulk				1.0		6.9		27.1		38.3		6.6		9.9		2.9		4.4		2.5		99.5		0.0		25.5

						ponderosa pine, med/small chips				0.3		4.7		28.8		45.9		7.0		10.9		1.7		1.7		2.3		103.2		0.0		30.6

						ponderosa pine, wood w/ bark				1.0		8.1		27.9		36.6		5.4		9.9		2.4		2.8		3.0		97.2		0.0		24.4

		99.5				ponderosa pine, compression				0.7		5.7		28.6		43.1		6.8		10.2		2.1		2.3		2.0		101.5		0.0		28.7

		103.2				ponderosa pine, bark				1.7		20.8		30.0		25.0		3.8		7.0		4.2		5.5		3.0		101.1		0.0		16.7

		97.2				ponderosa pine, sticks				1.8		14.6		25.2		27.9		7.0		8.0		4.8		8.7		2.5		100.5		0.0		18.6

		101.5				ponderosa pine, needles				1.7		30.5		14.0		25.0		3.0		1.7		7.6		8.8		6.0		98.2		0.0		16.7

		0.0

		100.5

		98.2
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		Wet chemical data

		Fire2.eqa

		hardfeed.eqa

		** Fengel and Wegner,1984

		Position		Sample Number		Sample		Flag		ash		extractives		lignin		glucan		xylan		mannan		arabinan		galactan		acetyl		uronic  acids		protein		total		hemicellulose		cellulose

		1		F1		white fir bulk/hom				0.8		6.6		30.0		36.2		6.1		9.2		2.0		2.7		2.5						96.1		25.6		24.1

		8		F1-1		White fir, bulk				0.6		6.6		31.7		41.7		4.9		10.8		0.9		0.5		2.7						100.4		23.4		27.8

		9		F1-3		White fir, med/small chips				0.2		1.6		31.6		46.6		5.1		13.5		0.8		1.3		2.7						103.5		28.0		31.1

		10		F1-4		White fir, wood w/bark				0.7		6.5		30.0		40.1		4.8		10.8		1.7		1.7		2.7						99.0		25.3		26.7

		11		F1-5		White fir, compression				0.5		3.4		32.4		40.9		4.6		11.8		0.9		1.1		2.7						98.3		25.0		27.3

		12		F1-6		White fir, bark		**		2.4		19.3		25.1		25.5		4.5		5.7		2.7		3.4		3.0						91.5		21.2		17.0

		13		F1-7		White fir, sticks		**		2.6		15.6		26.6		25.2		5.3		7.8		4.3		6.3		3.0						96.6		29.2		16.8

		14		F1-9		White fir, needles		**		1.5		36.2		15.0		30.0		4.4		0.0		3.0		3.0						5.0		98.1		10.4		20.0

		2		F2		ponderosa pine, bulk hom				1.3		6.9		29.6		33.5		6.9		8.4		3.1		5.3		2.3						97.3		28.8		22.3

		15		F2-1		ponderosa pine, bulk				1.0		6.9		27.1		38.3		6.6		9.9		2.9		4.4		2.5						99.5		29.5		25.5

		16		F2-3		ponderosa pine, med/small chips				0.3		4.7		28.8		45.9		7.0		10.9		1.7		1.7		2.3						103.2		27.2		30.6

		17		F2-4		ponderosa pine, wood w/ bark				1.0		8.1		27.9		36.6		5.4		9.9		2.4		2.8		3.0						97.2		26.9		24.4

		18		F2-5		ponderosa pine, compression				0.7		5.7		28.6		43.1		6.8		10.2		2.1		2.3		2.0						101.5		26.8		28.7

		19		F2-6		ponderosa pine, bark		**		1.7		20.8		30.0		25.0		3.8		7.0		4.2		5.5		3.0						101.1		25.8		16.7

		20		F2-7		ponderosa pine, sticks				1.8		14.6		25.2		27.9		7.0		8.0		4.8		8.7		2.5						100.5		33.8		18.6

		21		F2-9		ponderosa pine, needles		**		1.7		30.5		14.0		25.0		3.0		1.7		7.6		8.8						6.0		98.2		21.6		16.7

		3		F3		sugar pine, bulk hom				1.4		11.6		29.2		30.8		5.8		6.9		3.4		3.3		2.3						94.7		24.0		20.5

		22		F3-1		sugar pine, bulk				1.4		12.5		29.1		27.7		5.4		7.9		3.9		3.8		5.5						97.2		29.0		18.5

		23		F3-3		sugar pine, med/small chips				0.0		4.7		29.8		45.3		6.5		10.4		2.2		2.6		2.3						103.8		27.4		30.2

		24		F3-4		sugar pine, wood w/ bark				0.9		15.3		27.9		33.3		4.8		8.7		2.8		2.1		2.5						98.3		23.8		22.2

		25		F3-5		sugar pine, compression				0.7		5.9		32.1		39.7		5.8		9.8		2.2		1.3		2.5						100.0		24.9		26.5

		26		F3-6		sugar pine, bark		**		1.3		18.8		34.3		25.8		2.6		6.1		3.2		1.1		3.0						96.2		18.0		17.2

		27		F3-7		sugar pine, sticks		**		1.5		15.3		27.3		23.6		6.6		6.5		5.2		7.2		3.0						93.0		30.6		15.7

		28		F3-9		sugar pine, needles		**		2.4		29.4		15.0		30.0		2.7		2.9		7.2		2.3						5.5		97.4		16.1		20.0

		4		F4		incense cedar, bulk/hom				1.1		7.0		34.5		35.1		7.6		4.5		1.5		3.1		2.7						97.1		20.9		23.4

		29		F4-1		incense cedar, bulk				1.1		7.0		34.6		33.1		7.4		5.6		2.0		4.5		2.7						98.0		24.1		22.1

		30		F4-3		incense cedar, med/small chips		**		0.1		3.7		37.1		41.1		6.8		7.1		0.6		3.2		2.7						102.4		22.8		27.4

		31		F4-4		incense cedar, wood w/bark				1.2		7.9		33.9		31.7		7.7		5.4		2.3		5.1		3.0						98.1		25.2		21.1

		32		F4-6		incense cedar, compression				0.8		6.6		37.9		37.9		6.8		6.2		0.9		3.0		2.5						102.6		21.5		25.3

		33		F4-6		incense cedar, bark		**		1.5		20.0		27.3		13.4		9.2		3.4		4.8		6.6		3.0						89.2		28.2		8.9

		34		F4-7		incense cedar, sticks		**		1.2		11.5		30.7		23.3		8.5		3.8		3.2		6.1		2.7						91.0		25.5		15.5

		52		F4-9		incense cedar, needles		**		1.9		27.8		15.0		34.0		5.0		1.4		6.0		7.0						5.5		103.6		19.8		22.7

		35		F4-11		incense cedar, other				1.3		11.5		33.8		28.2		8.5		4.8		2.8		5.1		3.0						99.0		25.8		18.8

		5		F5		madrone, bulk/hom				0.6		8.9		20.4		35.4		18.0		2.8		0.7		1.6		7.0		3.0				98.4		33.1		28.2

		36		F5-1		madrone, bulk		**		0.6		5.3		25.8		45.0		14.8		1.3		0.4		1.5		5.0		2.5				102.2		25.5		35.4

		37		F5-3		madrone, med/small chips		**		0.6		5.1		25.7		45.0		14.8		1.3		0.7		1.5		5.0		2.5				102.2		25.8		45.0

		38		F5-4		madrone, wood w/bark		**		1.3		6.4		24.6		42.1		15.5		1.4		0.9		1.2		5.0		2.6				101.0		26.6		45.0

		39		F5-5		madrone, compression		**		0.5		5.3		25.5		45.5		14.8		1.3		0.9		2.5		4.0		2.5				102.8		26.0		42.1

		6		F6		Black oak, bulk/hom				1.3		6.2		22.7		44.0		14.9		1.4		0.5		1.5		6.0		2.5				101.0		26.8		45.5

		40		F6-1		black oak, bulk				1.3		4.8		25.5		44.0		14.9		1.5		0.3		1.5		5.0		2.5				101.5		25.8		44.0

		41		F6-2		black oak, large chips				0.5		4.3		24.1		47.4		15.2		1.5		0.2		1.5		4.0		2.5				101.2		24.9		44.0

		42		F6-3		black oak, med/small chips				0.5		4.1		23.6		48.3		15.3		1.5		0.1		1.2		4.0		2.5				101.2		24.6		47.4

		43		F6-5		black oak, compression				0.8		5.2		24.6		44.5		15.7		1.6		0.3		1.6		4.0		2.6				101.0		25.8		48.3

		44		F6-6		black oak, bark		**		1.8		12.7		24.0		32.8		14.4		1.1		1.8		3.8		5.0		2.4				99.8		28.5		44.5

		53		F6-8		black oak, leaves		**		1.8		24.1		15.0		36.0		5.0		2.4		4.1		4.8						6.0		99.1		16.3		32.8

		45		F6-11		black 0ak, other				0.7		4.6		25.3		44.7		15.2		1.6		0.3		2.0		4.0		2.5				100.9		25.6		36.0

		7		F7		tanoak, bulk/hom				1.0		4.1		25.6		40.8		18.1		2.0		0.8		1.5		7.7		0.0				101.6		30.1		44.7

		46		F7-1		tanoak, bulk				1.0		4.4		27.7		40.8		15.0		1.4		1.3		3.0		4.7		2.5				101.7		27.9		40.8

		47		F7-2		tanoak, large chips				1.0		2.6		31.3		41.2		14.0		1.5		0.4		2.1		3.5		2.3				99.9		23.9		40.8

		48		F7-3		tanoak, med/small chips				0.9		3.3		29.7		42.8		14.6		1.4		0.9		2.7		3.5		2.4				102.2		25.5		41.2

		49		F7-5		tanoak, compression				1.0		4.6		29.8		41.3		14.6		1.3		0.9		2.7		3.5		2.4				102.1		25.3		42.8

		50		F7-6		tanoak, bark				1.5		11.1		27.7		37.3		14.6		0.6		0.7		1.6		3.5		2.4				101.0		23.4		41.3

		51		F7-11		tanoak, other				0.9		3.7		29.1		43.0		14.6		1.4		0.9		2.9		3.5		2.4				102.4		25.7		37.3

																												average				99.4

																												st. dev.				3.2
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						Bulk Tree		Med/Small Chips		Wood w/ Bark		Compressed		Bark		Sticks		Needles

				Extractives		6.9		4.7		8.2		5.7		20.8		14.6		30.5

				Glucan		38.3		45.9		36.6		43.1		25		27.9		25

				Xylan		6.6		7		5.4		6.8		3.8		7		3

				Galactan		4.4		1.7		2.8		2.3		5.5		8.7		8.8

				Arabinan		2.9		1.7		2.4		2.1		4.2		4.8		7.6

				Mannan		9.9		10.9		9.9		10.2		7		8		1.7

				Lignin		27.1		28.8		27.9		28.6		30		25.2		14

				Ash		1		0.3		1		0.7		1.7		1.8		1.7

				Acetate		2.5		2.3		3		2		3		2.5

				Protein														6

				Total		99.6		103.3		97.2		101.5		101		100.5		98.3

						Bulk Tree		Med/Small Chips		Wood w/ Bark		Bark		Sticks		Needles				Hybrid Poplar

				Extractives		0.069		0.047		0.082		0.208		0.146		0.305				0.031

				Glucan		0.383		0.459		0.366		0.25		0.279		0.25				0.4361

				Xylan		0.066		0.07		0.054		0.038		0.07		0.03				0.173

				Galactan		0.044		0.017		0.028		0.055		0.087		0.088				0.007

				Arabinan		0.029		0.017		0.024		0.042		0.048		0.076				0.006

				Mannan		0.099		0.109		0.099		0.07		0.08		0.017				0.028

				Lignin		0.271		0.288		0.279		0.3		0.252		0.14				0.2325

				Ash		0.01		0.003		0.01		0.017		0.018		0.017				0.007

				Acetate		0.025		0.023		0.03		0.03		0.025		0				0.041

				Protein		0		0		0		0		0		0.06				0

				Total		0.996		1.033		0.972		1.01		1.005		0.983				0.9616

										ash		extractives		lignin		glucan		xylan		mannan		arabinan		galactan		acetyl

						ponderosa pine, bulk hom

						ponderosa pine, bulk				1.0		6.9		27.1		38.3		6.6		9.9		2.9		4.4		2.5		99.5		0.0		25.5

						ponderosa pine, med/small chips				0.3		4.7		28.8		45.9		7.0		10.9		1.7		1.7		2.3		103.2		0.0		30.6

						ponderosa pine, wood w/ bark				1.0		8.1		27.9		36.6		5.4		9.9		2.4		2.8		3.0		97.2		0.0		24.4

		99.5				ponderosa pine, compression				0.7		5.7		28.6		43.1		6.8		10.2		2.1		2.3		2.0		101.5		0.0		28.7

		103.2				ponderosa pine, bark				1.7		20.8		30.0		25.0		3.8		7.0		4.2		5.5		3.0		101.1		0.0		16.7

		97.2				ponderosa pine, sticks				1.8		14.6		25.2		27.9		7.0		8.0		4.8		8.7		2.5		100.5		0.0		18.6

		101.5				ponderosa pine, needles				1.7		30.5		14.0		25.0		3.0		1.7		7.6		8.8		6.0		98.2		0.0		16.7

		0.0

		100.5

		98.2
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										Milestone Report										Milestone Report - Normalized

						Market Target
Corn Stover				Corn Stover		Bagasse		Wheat Straw		Switchgrass				Corn Stover		Bagasse		Wheat Straw		Switchgrass

		DFEXT		Extractives		0.0468				0.0389		0.0200		0.1295		0.1418				0.0133		0.0066		0.0413		0.0446

		DFCELL		Cellulose (Glucan)		0.374				0.3740		0.4264		0.3264		0.3488				0.3835		0.4234		0.3123		0.3293

		DFXYL		Xylan		0.2107				0.2110		0.2309		0.1922		0.2183				0.2164		0.2293		0.1839		0.2061

		DFGAL		Galactan		0.0194				0.0200		0.0049		0.0075		0.0084				0.0205		0.0049		0.0072		0.0079

		DFARAB		Arabinan		0.0292				0.0290		0.0152		0.0235		0.0276				0.0297		0.0151		0.0225		0.0261

		DFMAN		Mannan		0.0156				0.0160		0.0030		0.0031		0.0028				0.0164		0.0030		0.0030		0.0026

		DFLIG		Lignin		0.1799				0.1800		0.2405		0.1685		0.1761				0.1846		0.2388		0.1612		0.1663

		DFASH		Ash		0.0523				0.0520		0.0404		0.1022		0.0476				0.0533		0.0401		0.0978		0.0449

		DFACE		Acetate		0.0293				0.0290		0.0128		0.0224		0.0133				0.0297		0.0127		0.0214		0.0126

		DFPRO		Protein		0.031				0.0126		0.0064		0.0350		0.0373				0.0133		0.0066		0.0413		0.0446

		DFSS		Soluble Solids		0.0112				0.0126		0.0064		0.0350		0.0373				0.0133		0.0066		0.0413		0.0446

				Total		0.9994				0.9751666667		1.0069666667		1.0452333333		1.0592333333				0.9740		0.9872		0.9332		0.9297

		WET		Moisture		0.15				0.15		0.15		0.15		0.15				0.15		0.15		0.15		0.15

		CFRAC		Carbon		0.4452				46.6433		48.5100		43.8800		46.6600				0.4473		0.4862		0.4437		0.4710

		HFRAC		Hydrogen		0.0574				5.6600		5.8300		5.2600		5.6400				0.0543		0.0584		0.0532		0.0569

		OFRAC		Oxygen		0.4242				39.5900		41.2200		38.7500		41.4800				0.3797		0.4131		0.3918		0.4187

		FRACN		Nitrogen		0.0046				0.6725		0.1600		0.6300		0.4400				0.0064		0.0016		0.0064		0.0044

		SFRAC		Sulfur		0.00008				0.0775		0.0200		0.1600		0.0800				0.0007		0.0002		0.0016		0.0008

		AFRAC		Ash		0.0686				11.6292		4.0400		10.2200		4.7600				0.1115		0.0405		0.1033		0.0481

		HHVFS		HHV (Btu/lb)		7503				7866.5833		8174.0000		7481.0000		7927.0000				7867		8174		7481		7927

				Elemental Total						104.2725		99.7800		98.9000		99.0600				0.9999		1.0000		1.0000		0.9999

				From EERE Database:

				C						46.6433333333		48.51		43.88		46.66

				H						5.66		5.83		5.26		5.64

				N						0.6725		0.16		0.63		0.44

				O						39.59		41.22		38.75		41.48

				S						0.0775		0.02		0.16		0.08

				Ash						11.6291666667		4.04		10.22		4.76

				HHV moisture free						7866.5833333333		8174		7481		7927
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