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TASK 34 -IMPACTSOF COFIRING BIOMASSWITH FOSSIL FUELS

EXECUTIVE SUMMARY

With a mgor worldwide effort now ongoing to reduce greenhouse gas emissons, cofiring of
renewable biomass fuels at conventiona cod-fired utilities is seen as one of the lower-cost options to
achieve such reductions. The Energy & Environmental Research Center has undertaken a fundamenta
Sudy to address the viability of cofiring biomass with cod in apulverized cod (pc)-fired boiler for power
production.

Whesat straw, afadfa stems, and hybrid poplar were selected as candidate biomass materids for
blending a a 20 wt% level with an Illinois bituminous cod and an Absaoka subbituminous cod. The
biomass materids were found to be easily processed by shredding and pulverizing to a size suitable for
cofiring with pc in a bench-scae downfired furnace.

A literature investigation was undertaken on minerd uptake and storage by plants considered for
biomass cofiring in order to understand the modes of occurrence of inorganic dements in plant matter.
Sixteen essentid dements, C, H, O, N, P, K, Ca, Mg, S, Zn, Cu, Fe, Mn, B, Mo, and Cl, are found
throughout plants. The predominant inorganic eements are K and Ca, which are essentid to the function
of dl plant cells and will, therefore, be evenly distributed throughout the nonreproductive, agrid portions
of herbaceous biomass. Someinorganic congtituents, e.g., N, P, Ca, and Cl, are organically associated and
incorporated into the structure of the plant. Cell vacuoles are the repository for excessions in the plant.
Minerds deposited in these ubiquitous organelles are expected to be most easily leached from dry materid.
Other dements may not have specific functions within the plant, but are neverthel ess absorbed and fill a
need, such as slica. Other elements, such asNa, are nonessential, but are deposited throughout the plant.
Their concentration will depend entirdly on extringc factors regulaing their availahility in the soil solution,
i.e, moisture and soil content. Similarly, Cl content isdetermined less by the needs of the plant than by the
avalability in the soil solution; in addition to occurring naturaly, Cl is present in excess as the anion
complement in K fertilizer gpplications.

An analyss was performed on exigting data for switchgrass samples from ten different farmsin the
south-central portion of lowa, with the god of determining correlations between switchgrass e ementa
composition and geographical and seasona changes S0 as to identify factors that influence the e ementa
composition of biomass. The most important factorsin determining levels of various chemica compounds
were found to be seasona and geographicd differences related to soil conditions.

Combustiontesting was performed to obtain depositstypica of boiler fouling and dagging conditions
aswd| asfly ash. Analyss methods using computer-controlled scanning € ectron microscopy and chemical
fractionation were applied to determine the compostion and association of inorganic materids in the
biomass samples. Modified sample preparation techniques and mineral quantification procedures using
cluster analysiswere devel oped to characterize theinorganic materid in these samples. Each of thebiomass
types exhibited different inorganic associations in the fud as wel as in the deposits and fly ash.
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Morphologica andyses of the wheat straw show elongated 10-30-um amorphous slica particles or
phytolithsin the wheet Straw structure. Alkai such as potassum, calcium, and sodiumisorganicaly bound
and dispersed in the organic structure of the biomass materids. Combustion test results showed that the
blends fed quite evenly, with good burnout. Significant dag deposit formation was observed for the 100%
wheat straw, compared to bituminous and subbituminous coas burned under smilar conditions. Although
growing rapidly, thefouling depositsof thebiomassand coa—hiomassblendsweres gnificantly wesker than
those of the cods. Fouling was only dightly worse for the 100% wheat straw fuel compared to the cods.
The whesat straw ash was found to show the grestest amilarity from the fue to the ash anadlyzed. A high
percentage of particlesfrom both fuel and ash samples contained both S and K. While Cl wasasgnificant
component in the fud, very little was detected in the ash sample. In contrast, both the hybrid poplar and
dfdfagemsfud show little Cl, whilethe ash containsquite high levels of Cl. Thesefudsexhibit asgnificant
rearrangement of eements during combustion which can at least in part be contributed to the particle size
being amdl.

The TraceTran modd was examined and shows promise for use as an ash transformation mode for
biomass combustion. Modifications that would be required include 1) implementation of chemica
equilibrium calculations to estimate the critical biomass species present and their quantity, 2) modifying the
code to represent the majority of biomass-derived ash particles as irregular agglomerates and not as
spheres, 3) generating additiond experimentd and empirica datato better determine constants suitablefor
biomassfor useinthe program agorithms, and 4) making aseries of code changesthat will makethe model
more flexible, and 5) adding key biomass dementd congtituents such as chlorine and zinc to theinput files.



TASK 34 -IMPACTSOF COFIRING BIOMASSWITH FOSSIL FUELS

INTRODUCTION

Wl over hdf of the dectric generation inthe United Statesisderived from cod, and over two-thirds
of the cod-fired boilers are configured as pulverized cod (pc)-fired units. More and more eectric utilities
that use cod for power generation are considering the use of renewable fuels such as waste products or
energy crop-derived biomass fuds as a lowest-cost option for reducing greenhouse gas emissions.
Cdculations by the National Renewable Energy Laboratory (NREL) show that cofiring 15% and 5% by
heat input of urban waste biomass with Illinois No. 6 cod reduces greenhouse gas emissions by 22% and
7%, on a CO,-equivaent basis per unit of dectricity produced (1). Therefore, sgnificant reductions of
greenhouse gases can be achieved by cod-fired plants. However, questions arise as to the avallability of
biomass resources, modifications that may be necessary for existing plants, and the globa greenhouse gas
inventory.

Some expertsare estimating that 14%—-15% of total world energy consumption isaready accounted
for by biomass (2). Energy production from biomass fuel sources such aswood wastes, municipa wastes,
agricultural wastes, and landfill or digester gasesis currently only about 1% of the totd U.S. output (3).
However, recent projections show that production capacity could riseto 10% of thetotal U.S. output by
the year 2010 (4), if more utilities take on cofiring strategies and if dedicated sources of energy cropsare
produced (5). The European Union (EU), after Kyoto, committed to reduce greenhouse gas emissons
between 2008 and 2012 by 8% compared to 1990 levels. EU Statistics show that currently about 2%-8%
more CO, would be emitted within the EU without the current use of biomass (6). Estimates of remaining
avallable solid biomass fuel potentid indicate that further reduction of CO, emissons of 7%—-28% could
be achieved.

The globd inventory of greenhouse gas emissions remains a serious problem since many countries
have littleincentiveto reduce greenhouse gas emissons. Tregaties such asthat a Kyoto will hopefully creete
incentives. In the Netherlands, an additiona incentive for the use of biomass wadtes is the governmenta
policy amed at a strong increase in renewable energy use (10% of the primary energy consumption in
2020, 4% from biomassand biomasswastes). Cofiring biomassand biomasswaste streamswithfoss| fuels
in large-scale power plantsis considered to be an attractive option, since it benefits from the economy of
scale and can potentialy be redized a a rdatively low investment cost (7). In the United States, it is
perceived that more utilities will follow suit as in Europe and develop more use of biomass, which could
have a sgnificant impact on the globa greenhouse gas poal.

Biomeass types available for use as a cofiring fuel with cod in pc-fired boilers fdl into two mgor
categories. biomass wastes and biomass energy crops. Waste products include wood wastes such as
wooden pallets, tel ephone pol es, sawdust, and manufacturing scrapsand municipa solid wastesor dudges.
Agriculturd wastes may include peach pits, rice hulls, and straws of wheet, dfdfa, rape, timothy, and
barley. Energy crops include fast-growing switchgrass and hybrid trees such as poplar and willow.
European research into direct firing and cofiring biomass with cod for power generation has been fairly
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extengve with variousagricultura biomassfuessuch aswhesat straw and wood waste product fuel s (8-13).
Inthe United States, research hasfocused primarily on cofiring arrangementsfor wood (14-21), and more
localized agriculturd waste biomass fuels have been studied less intensely (22-26). Figure 1 shows the
types of biomass that could be expected to be available for power production in various regions of the
United States. A recent synopsis of biomass for energy production, written by European researchers,
discussed issues and barriers to usng biomass such as wood for energy production (27). In Europe,
biomass has been implemented for energy production much more so than in th e United States. Biomass
combustion is summarized as having the following impacts: it is excdlent at reducing greenhouse gases,
decreasesN O, destroyspolychlorinated biphenyls, decreasessmog, increasesvol atileorganic compounds
(greetly dependent upon combustion process), decreases CO, stimulates landscape and forest
conservation, and reduces soil erosion if the wood source is from dedicated resources such astree farms
(27, 28). Blending of thissupplementa fuel would hopefully lower cod fud costs(28) and provideaservice
to the community surrounding the power plant by creating business opportunities and economic
development and by posing a solution to a potential biowaste disposa problem from tree harvesting.

Biomass utilization by conventiond cod-fired utilities will create some technica chalenges. Design
limitations of conventiond pc-fired boilers may dso preclude the use of biomass beyond certain weight
fractions of total fud feed. Such limitations may include physica processing of the biomass for proper
injection or feeding into the boiler. Other limitations includefireside performance of the biomass, including
itsimpact on flame stability, boiler heat exchanger surface fouling or dagging, and corrasion. With respect
to processing and feeding biomass, various utilities in Europe and the United States have elther developed
sze-reducing methods that work for injecting the usualy more fibrous and pliable biomass fue into the
boiler or, in many cases, separateinjection ports have been ingtalled (8-9). Ash deposition and boiler tube
corrosion can be an issue because biomass can contain considerable akdi and akaline-earth eements
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Figure 1. Biomass availability by region.

2



and chlorine which, when mixed with other gas components derived from cod such as sulfur
compounds, promote a different array of vapor and fine particulate deposition in a cod-fired boiler
(8-10, 13, 24). Biomass can aso contain organicaly deposited minerds such as amorphous silica
phytoliths (29) which are difficult to characterize with standard cod analysis methods and which adso
behave differently than minerd slicaforms such as quartz in codl.

In mogt U.S. locations, the availability of biomass as afue feedstock for a pc-fired system is not
reliable beyond 20% of what isanormd firing rate for cod. Cofiring biomass up to 20%, therefore, isa
practical application for incorporating a renewable energy fuel into the pc-fired power plant for
electrical generation.

By contrast, in Austria the main focus on biomass combustion is in hot-water-producing
combugtion plants for district heating purposes. These units are mainly grate fired, and the dominant
biomass fud is bark. However, other biomass fuels such as waste wood and agricultura residues such
as draw are used as well. Because of the smdl scde of these plants (typicaly 3-10 MW) flue gas
particle control devices represent amgjor investment cost for these plants. However, because of
increased awareness of the hazardous effects of particle emissons, the regulatory limits of particulate
emissons are being steadily decreased for these plants, making ingtallation of expensive particle control
units a necessity.

The research group at the Technica Univerdty of Graz is continuoudy collecting experimentd
data from Austrian biomass combustion plants, but by being able to mode factors influencing the
particle-size digtribution during biomass combustion, new ideas and methods can be quditatively tested
prior to expensive full-scale test runs.

Part of the research of this project involved a collaboration with Dr. Jonas Dahl of the Technica
University of Graz, Austria, who worked in a postdoctora position at the Energy & Environmenta
Research Center (EERC) for 9 months during the year 2000. The objective of Dr. Dahl’swork was to
investigate the possibility of modifying and usng a computer code developed for predicting ash
transformation in cod combustion to mode! fly ash and aerosol formation in biomass combustion
processes.

GOAL AND OBJECTIVES

The god of this project was to perform fundamenta scientific investigations related to biomass
cofiring with cod for power production. Specific objectivesto attain this goa included:

» Determining cost-effective processing strategies for feeding different biomass typesinto pc-
fired systems.

 Refining characterization methods for biomass feedstocks, especidly to develop new
computer-controlled scanning eectron microscopy (CCSEM) minerd categories and
classfication dgorithms for minerads specific to biomass fud and combusgtion ash; improve
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SEM automation and classification of amorphous elongate Sllica grains, and collaborate with
biologists to better characterize organicaly associated elements and silica phytolyths.

» Evduating mechaniams of fouling and dagging depost formation for biomass and
biomass—cod blends.

» Assessing the particle-size and composition distribution for biomass and biomass-cod blend
entrained ash by cofiring biomass fuels with two types of cods, both individualy and as blends
to evauate the interactions of cod clays with K—Carich slicates from biomassin high-
temperature combustion regimes, to determine the role of phosphorus in the inner deposit
layer; and to assess the particle-sze and compostion distribution for biomass and
biomass-cod blend entrained ash, with specid attention on akali sulfates and chlorides and
finedlica

 Collaborating with an internationa research group on the modeling of fine particulate and
aerosol generation during combustion of biomass and biomass—coa blends to investigate the
possihility of modifying and usng a computer code developed for predicting ash
transformation in cod combustion to modd fly ash and aerosol formation in biomass
combustion processes.

EXPERIMENTAL

Biomass Processing

Whesat straw, dfdfa stems, hybrid poplar wood, and switchgrass were sdected as candidate
biomass materids for blending a a 20 wt% level with an lllinois bituminous coa and with a Montana
subbituminous cod. Only the wheat straw, dfdfa stems, and hybrid poplar were selected for detailed
andysis and combustion testing. These biomass fuels were sdlected because of the potentidly large
quantities avallable as cofiring fuelsin the Midwest and because of the limited amount of andytical and
combustion data

In the early 1990s, the EERC investigated hybrid poplar for two applications: cataytic fluid-bed
gasification to produce H,~CO and hydrotherma (hot-water drying) conversion to produce a
pumpable durry fud (30). In this current study, hybrid poplar was again considered for experimenta
work as a short-rotation intensive cultivation biomass fud source for cofiring with cod.

With assstance from Professor Wenddl Johnson of the University of Minnesota, Crookston, the
EERC sdlected two hybrid poplar trees from atest plot located in Section 30 of Sunda Township in
Norman County, Minnesota, near the city of Fertile, Minnesota. The trees were approximately
10 years of age and were growing on 3.7-m (12-foot) spaced rows with 1.2 m (4 feet) between trees
within arow. This particular hybrid poplar was a ddtoides-nigra (DN) clone variety having Populus
deltoides (native Cottonwood) and Populus nigra heritage. The DN clone typically has one main stem,
with smdl side branches. Local growing conditions were represented by a poorly drained, sandy,



loamy soil with apH of about 8. These trees typically have amoisture content of 40 wt% or grester
and are consdered very hardy and the most suitable of different tree varieties as afuel source.

The trees were felled and delimbed with a bow saw, with the main sems cut to nominaly
76-cm (30-in.) lengths using achainsaw. All cut main stems and branches (with leaves) were
trangported and stored in 208-L (55-gdlon) barrds. Approximately 261 kg (575 Ib) of main ssem and
79 kg (175 Ib) of branches were recovered.

The wheet straw and dfdfawere procured in bale form from loca farms. The dfdfawas
deleafed prior to shredding in order to obtain amaterid congstent with the stem by-product resulting
from the processing used to obtain high-protein leaf peletsfor anima feed. The dfafawas air-dried
and manually agitated on a mesh screen with 1.3-cm (Y2in.)-square openings to separate the dried
leaves from the stems. The leaves and short stems passed the screen as refuse; the longer tems were
retained as product. Size reduction of whest straw, dfalfa stems, and hybrid poplar for combustion
testing was performed using a laboratory-scale Neimor knife shredder (Model G810P1). The shredder
was equipped with changeable round-opening grinding screens of 6.3, 3.2, and 1.6 mm (1/4, 1/8, and
1/16in.), two replaceable stationary knives, and three replaceable knives on the rotor. The knife
shredder has proven suitable for size reduction of other low-density materias such as wood chips and
shavings, refuse-derived fuel, and plastic. Preliminary shredding tests were performed on whesat straw
using each of the three grinding screens. The 1.6-mm (1/16-in.) screen was determined to produce
suitably szed materia for combustion testing.

Bulk dengties were determined for whole bales of wheet straw and dfdfa, wheat straw and
dfdfawith leaves, dfdfa sems and hybrid poplar, and ? 1.6-mm (? 1/16-in.) shredded wheat straw,
dfdfasems, and hybrid poplar. Whole-bae bulk density was determined from bae dimensions and
weight. The bulk dengty of wheat straw and dfdfa (with leaves), dfafa stems, and hybrid poplar was
determined for a 0.028-cubic-meter (1-cubic-foot) volume of loosaly packed materia, and the bulk
dengty of ? 1.6-mm (? 1/16-in.) shredded wheat straw, dfafa stems, and hybrid poplar was
determined by asimilar procedure using asmdler 70-mL container.

Combustion Testing

Combustion testing of the biomass and coal—biomass blends was performed in the conversion and
environmenta processsmulator (CEPS). The CEPS, shownin Figure2, isanintermediate-scaledownfired
combustor that effectively operates firing 0.5-2.0 kg (1-5 Ib) of fuel per hour (31, 32). The CEPSis an
extremdy versdtile system that amulates conditions of both the radiant and convective sections of a full-
scale utility boiler and can generate redlistic combustion test results for a variety of fuels and combustion
conditions. Theintermediate S ze of the sysem and itsrelaively s mple operation ensure adequate quantities
of actud flue gas and ash for andysisin ardatively short period of time. Control of gas temperatures and
compositionthroughout the CEPS furnaceis possible, independent of the heat capacity of thefuel, because
of the externd heating capacity of the CEPS. Heating dements line the main furnace, convective pass
section, and baghouse chambers. Temperatures of the flue gas (approximately 0.085-0.200 standard
m*/min [3-7 scfm]) can reach a maximum of 1500?C (2732?F) in the radiant section and can be
maintained at 500?7-1200?C (932?—2200?F) in the convective pass section and 120?-2507C
(248?7-482?F) in the baghouse.
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There is ample access for sampling, observation, and optica diagnostics through access ports located
throughout the CEPS. A persona computer displaysand recordstemperatures, gasflows, feed rates, and
flue gas compostions. FHue gas (O,, CO,, CO, SO,, and NO,) compostions are sampled from portsin
the radiant section and after the collection device,

Ash deposits were grown under fouling conditions at agas temperature of 1200?C (2200?F), with
a probe surface temperature of 540?C (1004?F). Estimates of deposition rates were obtained and the
deposits removed for subsequent determination of deposit strength and chemica andysis. Entrained ash
sampleswere aso collected for andysswith athree-stlage multicyclone and on abulk filter, aong with ash
samplesobtained from the convective passand baghouse. Three depositswere obtained for the 80%-20%
[llinois No. 6~whesat straw blends, with a second deposit grown under smulated dagging conditions a a
gas temperature of 1500?C (2732?F) on a cooled dagging probe with a surface temperature of 370?C
(698?F) and athird low-temperature fouling deposit collected a a gas temperature of 600?C (11127F)
in the CEPS convective pass.

It isknown that biomass combustion typicaly resultsin alarge submicron particle fraction because
of condensation of volatilized minerds, primarily potassum and sodium sulfates and chlorides. The amount
of submicron particulate generated is an important issue. As part of the CEPS combustion testing with
hybrid poplar, Absaloka coa, and an 80%—20% Absaoka—hybrid poplar blend, on-line measurements
were made using an aerodynamic particle szer (APS) and a scanning mohility particle szer (SMPS) to
characterize the fine submicron particulates produced.

Fuel, Fly Ash, and Ash Deposit Analyses

Biomass and cod materialswere andyzed using conventiona and advanced techniques. Fuelswere
andyzed for proximate-ultimate and heating vaues, and minerd oxidesinthefudswere determined usng
x-ray fluorescence (XRF). The fuels were analyzed using chemica fractionation (CHF) and CCSEM to
determine near-total inorganic quantification. Advanced anaysis methods have previoudy been used along
withconventiond andysesto successfully predict fouling and dagging behavior of cods (33, 34). Chemica
fractionationis used to quantitatively determine the modes of occurrence of the inorganic eementsin cod,
basad on the extractability of the eementsin solutions of water, 1 molar anmonium acetate, and 1 molar
hydrochloric acid (35). The filtered residues or solvent are analyzed after each leaching using XRF to
determine the percentage of each eement remaining. The nonextractable el ementsareassociated inthecod
as dlicates, duminoglicates, sulfides, and insoluble oxides.

CCSEM determines the size and compostion of minera grainsin the fuels (36, 37). The CCSEM
system uses a computer to control the operation of the SEM in order to determine the size, quantity,
digribution, and association of minerd grains and other particulate matter by anayzing the mgor chemica
eements present in individud minerd grans>1 umin sze. The method isandogousto XRF andysisof the
bulk cod ash. Minera species present are inferred from the eementa chemistry of each minerd grain.
CCSEM quartifies the different mineral species in a fud farly rigoroudy and adso determines the sze
digtribution of the mineras. Two fuels can have smilar bulk eemental compositions, but have widely
differing minera contents. Image andysisis performed at the same time asthe CCSEM data are collected
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to determine whether each discrete minerd grain islocked within or liberated (i.e., included or excluded)
from the fuel particles. Both the Size and association of minera matter can have a Sgnificant effect on
subsequent ash deposition behavior. CCSEM output data, a ong with conventiona andytica data, are used
for predictive fouling and dagging models that have been developed (33, 34).

Chemica compostions of fly ash sampleswere determined by means of CCSEM andysis, and ash
deposits were analyzed using a scanning eectron microscopy point count (SEMPC) technique which
quantifiesthe mineral and amorphous phases present in adeposit (38). SEMPC provideschemica analysis
of pointsas smdl as lumin size. The system is automated and computer-controlled, which increases data
manipulation and data storage capabilities. The SEMPC technique was developed a the EERC to
systemdicaly and quantitatively determine the distribution of phasesin ash depogtsand fly ash. Crystaline
componentsarereadily identified asminera sbased on chemica composition and molar ratios. Amorphous
components are classified as ether derived phasesor unclassified materid. Derived phasesresembletheir
cod minerd precursors. Unclassified materid has no crystdline structure and shows no molar ratios that
conformto mineral formulas stored in the SEMPC program. The SEMPC technique providesinformation
onthe degree of interaction and melting of the deposited ash components and the abundance of crystaline,
amorphous, and unreacted ash particles. The dataobtained from thetechnique are criticd inidentifying the
components in ashdepositsthat are responsiblefor deposit growth and strength devel opment. In addition,
viscosity distribution profiles can be cal culated for the amorphous or liquid phasesusng SEMPC data. This
information provides insight into the propengty of a particular ash to form a strong deposit.

Work inthisproject involved makingimprovement to CCSEM and chemicdl fractionation. Thiswork
focused primarily on refining the classfication and szing schemes for the CCSEM minerd categorization
procedure. Algorithms needed to be redefined to add biomass-specific minerals and biomass combustion
ash minerads and phases. As part of thisimprovement, collaboration with biologists and a literature survey
were undertaken to better understand the mode of occurrence of inorganic species in the biomass fuels
being tested. Work was aso doneto better employ the chemicd fractionation technique for biomassfuels.

RESULTS

Resultsare presented according to sal ection and processing results, anal ytical technique devel opment
and fud characterization, and fundamentd fuel qudity impacts on ash formation and depogtion.

Background on Processing of Biomass Fuel Types

A literature search was performed to identify 1) information on the types of inorganic structures
present in biomass as wdll asthe effects of these structures on cofiring of biomass with cod; 2) the effects
of harvesting, transport, storage, and processing on biomass qudlity; 3) equipment used to prepare and
inject the biomassinto a pc-fired boiler; and 4) difficulties associated with cofiring biomass with cod. The
results of the literature search are summarized in the following subsections, while a bibliography of the
literature found during the search is organized by subject and presented in Appendix A.



The Effects of Plant Cell Chemistry on Cofiring Biomass with Coal

Severd minera eements are essentid for plant growth, including nitrogen, phosphorus, potassum,
cacum, magnesium, sulfur, boron, chlorine, iron, manganese, zinc, copper, molybdenum, and nickel.
Beneficid minerd dementsthat promote plant growth but are not absolutely necessary for completion of
the plant life cycle include slica, sodium, cobat, and selenium (39). Many of these eements can cause
difficultiesduring firing of cod or biomassin utility boilers. Nitrogeninthebiomasscanincrease NO, levels,
depending on the nitrogen content and the stoichiometry of the system. Silicon, potassium, chlorine, and
dkai metalscan dl contribute to ash deposition, while chlorineand dkai metals can dso corrode the boiler
system (40). Herbaceous biomass contains scomata on the undersurface of leaves aswell ason the tems.
The stomata are the main pathway for water lossfrom leaves and for carbon dioxide uptake by theleaves.
Potassumisvita for cell membrane excitability. It hepsthe somataserve as conduitsfor water and carbon
dioxide. Therdative enrichment of potassum in the somataincreases the availability of organicaly bound
potassum in avaporized form during combustion, thereby increasing the likelihood of fouling and dagging
problems (41).

I ntroduction

Minera uptake and storage by plants commonly considered for biomass cofiring wereinvestigated.
Information gathered pertained to plantsin genera and to biomass species of wheat (Triticum aestivum),
rice (Oryza sativa), switchgrass (Panicumvirgatum), hybrid poplar (Populustremuloides), and dfdfa
(Medicago sativa). These specific cropswere chosen becausethey arereatively fast growing, are readily
available or can be mass-produced, and provide large quantities of materid for cofiring. A ligt of literature
references examined isincluded in Appendix B and aglossary of biologica termsisincluded as Appendix
C.

For this summary, uptake and deposition factors have been divided into intringc properties and
extringc influences. Intringc factors include a discusson of plant physiology, dement activity and
deposition, and slicabody formation. Based on the assumption that the herbaceous biomasswill belimited
to plant parts left over after marketable materias have been removed, dementa deposition involving the
reproductive parts of the plant will not be discussed. The reader should be aware, however, that thereis
elementd deposition specific to reproductive parts and seed production.

Intrinsic Properties of Biomass

Intrindc properties areinternd factorsthat may affect plant growth, uptake of nutrients, and minera
deposition in the biomass of interest. A brief discusson of plant physiology introduces how plants absorb
nutrients. Elements essentid to plants and those of interest from the perspective of biomass cofiring are
provided as background knowledge for the rest of the report. Information specific to genera of biomass
materid is presented under each plant type, providing detailed information on the effects of elementsfound
within the plant. Information on the development of silica bodies within plants is presented separately
because of its relevance across severa plant types.



Plant Physiology

Plants possesstwo uniquefundamenta properties: the ability to fix carbon dioxide by photosynthesis
and the production of arigid cdll wal. Theformer gives plants an interna source of carbon compoundsto
use for growth and in metabolism, and the latter provides a protective home for the cdl within (42). All
plantsof interest for biomass cofiring are angiosperms—vascular seed- bearing fruiting plants. They include
both monocots (wheat, switchgrass, and rice) and dicots (hybrid poplar and dfafa). A cotyledon is the
seed leaf within the embryo of aseed. If one ledf is present, the plant isamonocot; if therearetwo leaves
present, the plant is a dicot.

A young flowering plant possessesthree main typesof organs—I|eaves, slems, and roots. Each organ
is made up of three tissues—vascular, dermal, and ground. Vascular tissues move water and solutes
between organs and provide mechanica support; the phloem transports organic solutes, and the xylem
carries water and dissolved ions from the roots throughout the plant. Interconnection of al plant partsis
achieved through the network of vascular bundles containing the phloem and xylem. Dermd tissue is the
plant’ s protective outer covering in contact with itsenvironment. Inroots, it facilitateswater and ion uptake.
In leaves and dstems, it regulates gas exchange. Cels of the epidermis are modified to form
somata—openings in the epidermis mainly on the lower surface of theleaf. They compriseaporeand two
guard cdlls and regulate gas exchange in the plant by adjusting the diameter of the pore. Stomata are
digtributed in a specific pattern within each plant species epidermis. Ground tissue is the packing and
supportive tissue and makes up the bulk of the plant. Ground tissue comprises three cdll types, including
callenchyma, living cells that provide mechanica support; sclerenchyma, dead cellswith strengthening and
supporting functions, and parenchyma, which function in food manufacture and storage. Examples of
parenchyma are the photosynthetic cdlls of theleaf and stem, and the meristemnatic cells of shootsand roots
provide new cells required for growth (42).

Higher plantscons & of large numbersof cellsheld together by therigid cell wallsthat surround them.
The size and shape of the cdll wall depends on the speciaized function of the cell it contains. However, the
underlying structure of dl cdl walls comprisestough fibers of cdllulose embedded in a cross-linked matrix
of polysaccharides. The presence of cell walls makes possible turgor pressure, the driving force for cell
expansion during growth and the mechanism for mechanicd rigidity of living plant tissues. Turgor pressure
is caused by the osmotic imbalance between its intracdlular and extracdlular fluids (42). A schematic
diagram of amesophyll cdl induding the cdl wall isillustrated in Figure 3. The plasmodesmata penetrating
the cdl wals connect the cytoplasm of cells in the plant. In addition to the components typica to al
eukaryotic cdls, plant cdlls contain plagtids, of which chloroplasts are the most well known member, and
vacuoles (42).

Vacuoles are an important component of the cell for severa reasons. As the plant cdl expands,
provacuoles fuse to form the central vacuole, which can occupy up to 90% of the cdll volume. Its
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Figure 3. Smplified scheme of a mesophyll cdl (43).

roleistoincrease cell size (ten- to twentyfold), and it accomplishesthistask through water uptake, alowing
the cdll cytoplasm to maintain a narrow range of pH and solute concentrations. Other functions of the
vacuole include:

1.

5.

6.

Storage of compounds (e.g., sugars, polysaccharides, and proteins) needed for metabolic
Processes.

Toxic avoidance, amicro-kidney filtering and sequestering heavy metalsand potentialy toxicions
from the cytosol.

pH and ionic homeostas s—proton pumps on the tonoplast (vacuole membrane) regulate the pH
and ionic content of the cytosol by pumping excess protons and ions into the vacuole againgt
gradients.

Defense againgt microbid pathogens and herbivores.

Pigmentation.

Lysosomes (44).

The vacuole is the key to turgor pressure in plant cells, because the mgor increase in cdl volume comes
by enlargement of the vacuole rather than of the cytoplasm. In order to maintain the turgor pressure
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required for continued cell expanson, solutes must be actively accumulated in the growing vacuole to
maintain its osmolarity (42). Vacuolar sp contains the bulk of the cdll’s K*, Ca?*, sugar, organic acids,
and other solutes (44). The connection between minera depositionand thefirgt threeroles of the vacuole
listed is discussed below.

Photosynthetic cells contain chloroplasts and are sources of carbon-containing compounds and
requirelight. Photosynthesis requires close regulation of humidity and carbon dioxide supply performed by
the turgor in guard cells in the sscomatd pores. Absorptive cells take up mineral nutrients from the
environment, generdly in the soil. They require alarge surface area provided by the roots and membrane
trangport systems (42).

Pant development and maintenance depend on the chemica substance absorbed and transported
viathe roots (45). Nutrient supply to the roots is dependent on nutrient concentrations in the soil solution,
s0il moisture status (described in the Extringic Factors section), the plants absorption capacity, and the
nature of the nutrients. Nutrients move to plant roots by mass flow, diffuson, and root interception (43).
Mass flow is the passive transport of nutrientsin soil water by plants. Theamount of nutrientsis dependent
upon the concentration of nutrients in solution and the rate of transport to and into the roots. Diffusion is
defined asthe movement of moleculesfrom aregion of high concentration to aregion of low concentration.
Diffuson develops when the supply of nutrients to the root vicinity is not sufficient to satisfy the plant
demand by massflow and root interception. Theroots devel op aconcentration gradient, and nutrientsthen
move by diffuson. Root interception occurs as the result of root growth in the soil. The roots push soil
aside, and root surfaces come into contact with the particles and nutrients found in soil. The actud
interception depends on specific variables such as soil volume occupied by roots, root morphology, and
the concentration of nutrients in the root-occupied soil volume,

Pedl found that the bulk of solutes, which are transported across the root system, are on their way
to the leaves and other aerid portions of the plant (46). Nutrient uptake, as illugtrated in the schematic
diagramin Figure 4, occurs after ions have reached the plant roots and are absorbed by theroot hairs. lons
enter the root cells;, move through the epidermis, cortex, and endodermis, and are excreted into xylem
vessels. Through the xylem, the ions are trand ocated to the shoot. Figure 5 shows a cross section of a
typica root through which the ion uptake path can be traced.

lon transport across al biologicd membranes is highly sdective, which dlows e ectrochemica
potentias to be generated. These eectrochemica potentials depend on the potassum gradient, which
remains active for long periods of time. Such gradients are necessary for long-term cell functions such as
nutrition, elongation, turgor, and water regulation (43).

Elements of I nterest
Dr. B.J. Alloway dtatesthat there are three criteria for establishing whether or not a trace eement
isessentid for the hedthy growthof plantsand/or animas: 1) The organism can neither grow nor complete
its life cycle without an adequate supply of the eement, 2) the eement cannot be whoally replaced by any
other dement, and 3) the dement has a direct influence on the organism
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There are 16 essentia dements for plant growth: C, H, O, N, P, K, Ca, Mg, S, Zn, Cu, Fe, Mn, B, Mo,
and Cl. Thefirst three (C, H, O) make up about 95% of plant dry weight and are supplied to plants by air
and water. Chlorine is dso supplied through the atmosphere (43). Epstein states that K and Ca are the
fourth and fifth most abundant elements in plants (48). Dr. Edward Deckard of North Dakota State
Universty datesthat essential dementsarefound throughout the plant, that thereis no specific placewhere
they are deposited, and that essentid elements must to be readily accessible where they are to be used
(49).

Table 1 ligts the dements of interest and includes the chemica form, principa form of uptake, and
brief function description of each element. Table 2 ligts Sructurd examples of the dementsin plants.

Elemental Occurrencein Biomass

The ash compostion of dfafa, hybrid poplar, rice straw, switchgrass, and wheat straw and stem,
asreported in the Phyllis database (50), isshown in Table 3. These dataindicate that slicaisthe mgor ash
condituent by weight percentage in rice straw, switchgrass, and wheat straw and stem. Cacium has the
highest weight percentage for hybrid poplar and dfalfa stems. These data address only the e emental
content of the ash, not the distribution or associationsof dementsintheliving or dry plant tissues. Following
is information specific to biomass families and genera. Information on minera deposition for plants in
general was obtained during the course of biomassinvestigation. Therelevancy of thisinformation warrants
itsincluson in the discusson, especidly in light of the limited data specific to genera of interet.

TABLE 1

Typica Ash Composition of Alfafa, Hybrid Poplar, Rice Straw, Switchgrass, Wheet Straw, and

Wheat Stems
Elementd Alfdfa Hybrid Rice Wheat Wheat
Oxide, wt%  Stems Poplar Straw  Switchgrass Straw Stem
CO, 14.8 8.2 ND?! ND ND ND
SO, 19 2 ND 1.1 ND ND
Cl ND ND ND ND ND ND
P,0O4 7.6 1.3 1.7 3.6 1.3 2.8
S0, 5.8 5.9 80.7 61.2 65.5 57.8
Fe,Os 0.3 14 0.9 0.8 1 0.6
AlL,O, 0.1 0.8 15 0.6 19 0.4
CaO 18.3 499 2 12.1 2.8 7.6
MgO 104 18.4 21 54 2.6 1.7
NaO 1.1 0.1 0.7 04 1.9 0.7
K,O 28.1 9.6 5.7 7.6 114 11.7
TiO, 0 0.3 ND 04 ND ND

1 Not determined.
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TABLE 2

Element Structuresin Biomass

Chemica  Principal Form

Element Symbol of Uptake Function

Carbon C CO, Basic molecular component of carbohydrates, proteins,
lipids, and nucleic acids.

Hydrogen H H,O Pays acentra role in plant metabolism; important in ionic
balance; main reducing agent; has akey role in energy
relations of cells.

Oxygen @) H,O, O, Occurs in organic compounds of living organisms.

Nitrogen N NH,*, NO,”  Component of many organic compounds, ranging from
proteins to nucleic acids.

Phosphorus P H,PO,?, HPO,? Essentid for al plant growth; plays centra rolein plantsin
energy transfer and protein metabolism.

Potassium K KCl, NaCl  Aidsin osmotic and ionic regulation; functions as a
cofactor or activator of many enzymes of carbohydrate
and protein metabolism; the mgor ion inside every living
plant and anima cell.

Cdcium Ca ca* Isrequired for structural, osmotic, and signaling purposes.

Magnesium Mg Mg?* Component of chlorophyll; a cofactor for many enzymatic
reactions.

Sulfur S .27, S0,  Involved in plant cell energetics.

Iron Fe Fe?*, Fe**  Involved in N fixation, photosynthesis, and electron
transfer; plant needs continuous supply to maintain proper
growth.

Manganese Mn Mn?* Involved in photosynthesis, a component of enzymes
arginase and phosphotransferase.

Boron B H,BO, Essentia for normal plant growth.

Zinc Zn Znet Essential component of several dehydrogenases,
proteinases, and peptidases.

Copper Cu Ccu?* Congtituent of severa enzymes, forms other compounds;

Cu(H,0)¢?*, rdatively immobile dement; important in plants
Cu(OH), reproductive growth stage.

Molybdenum Mo MoO?% Required for assmilation of N in plants; an essential
component of N, fixation enzymes.

Chlorine Cl KCl Essentia for photosynthesis; functions in osmoregulation
of plants growing on saine soils.

Slica S H,S0;, Si(OH), A structura component of some plant species; plays a
role in disease resistance in crop plants.

Sodium Na NaCl Cdl wall structure component.

Aluminum Al AR Toxicity of Al decreases the uptake and distribution of
other elements.

Sdenium Se SeQ,? Forms seleno—amino acids, selenosysteine, and

selenomethionine; trand ocated from roots to dl parts of
the plant including the seed; found in newly formed leaves
of afafa, rather than older leaves.
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TABLE 3

Elements in Biomass

Chemica Principa Form Structura Examples
Hement Symbol of Uptake in Plants Dried Form
Carbon C Co, CO,, CHy-
Hydrogen H H,0 OH?, H*, NH,OH
Oxygen O H,0, O, OH’
Nitrogen N NH,", NO NO,?, NOy, NH,"
Phosphorus P H,PO,’?, HPO,Z P, ADP, ATP, R(PO,),
Potassum K KCI K*
Cdcium Ca cat CaC,0,, Ca*
Magnesium Mg Mg M
Sulfur S S0,%, SO, S0,%7, S
Iron Fe Fe?t, Fe*t Fe?t
Manganese Mn Mr?* Mr?*
Boron B H,BO, ND?
Zinc Zn et "
Copper Cu Cu?* Cu(H,0)s%*, Cu(OH), Cu?* Cu(H,0)s%*, Cu(OH),
Molybdenum Mo MoO% MoO,’
Chlorine Cl KClI, CF Cl-
Silica Si H,S0,, Si(OH), S0, 2nH,0 S0,
Sodium Na NaCl NaCl
Aluminum Al AP ARt
Sdenium Se Se0,’ Sdeno-amino acids
! Not detected.

Potassium, Calcium, Phosphorus, Chlorine, and Sodium

Potassum is present mainly in the cytoplasm of cdls becauseit is important in metabolism, charge
balance, and sugar trangport. Some K may be stored in the vacuole, depending on K supply to the plant.
Very little K isfound in structurd components (51). Guard cdl vacuoles accumulate large amounts of K
(up to 500 mmol/L) during turgor regulation (44).

Cdcium is generdly used or sequestered locdly in plant tissues. Most Caisfound in cell wallsand
the vacuadle. It isbdieved that chelated Cainthe cell wallsisused for strength by cross-linking the carboxyl
groups of pectic polymers. Its concentration has been measured a 10-100 pm. Most plant physiologists
believe that the outer surface of the plasmamembrane requires high Caconcentrationsto maintain structura
and functiond integrity. In the vacuole, Cais mostly associated with oxalic, phosphoric, and phytic acid
sdts. Ca?* concentrations in the vacuole have been measured at mM levels (48), whereas cytosolic Ca?*
concentration is 1 x 10°” mol/L (44).
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A congtant supply of Ca?* around 1-10 mM for the whole plant is required for norma growth and
development. Removal of Ca supply yields rapid death to the gpical meristem cells and cessation of plant
growth. Although thisphenomenonisnot well understood, Gilroy and coworkershypotheszethet, “thelow
mohbility of Cawithin the plant body must beat least partidly responsible’ (48). Thisisattributed to thelow
Ca®" concentration in the cytosol of transporting cells (100200 nM).

One quantitative reference to P was located in Taiz who reported pyrophosphate concentration in
the cytosol at 0.1-0.25 mM (44).

Chlorine isfound in more than 130 chlorinated compoundsin plants, isrequired for photosystem i1,
and is used as an osmoticum to regulate somata and turgor pressure. It may be important in suppressing
certain diseases, such as leaf spot. Optima Cl concentrations areonly intherange of 0.2t0 0.4 mg Cl per
g of dry tissue, wheress fertilizers (like KCl), irrigation water, and soil Cl increase concentrations in most
herbaceous crops by 10- to 100-fold and mogt of thisextra Cl isstored in vacuoleswithin living cells (51).

Fants have developed high selectivity regarding Na absorption, snceit isrdatively highly avallable
in soils but is essentid only in some C4 plants (like amaranth and lambsguarters, but not corn or sorghum)
and is needed by some halophytes for osmatic control. Like Cl, Na accumulates in the vacuoles (51).
Accumulationof sodium inthe vacuoleisone of way in which sdt-tolerant plants avoid the negetive effects
of sdinity. The other is secondary active trangport of sodium out of the cell through a Na+—H+ antiporter
onthe plasmamembrane (44). Dr. Russdlle dso indicated that storage of these nutrientsin the cdll vacuole
or cytoplasm indicates high availability for leaching (51).

Wheat

Triticum aestivum, a cereal grass in the Gramineae (o known as Poacese) family, is one of the
oldest and most important of the cered crops. Nitrogen and phosphorus are two of the most important
nutrientsrelated to cered production. Their availability strongly determinestherate of crop growth and the
find granyidd, but dso their relative contribution to grain dry matter (52). Cramer and Lewis studied the
effect of ammonium and nitrate assmilation on the gas exchange characteristics of the roots of wheet and
maize. They found that the ammonium-treated plants had higher shoot—root ratios of N, and root oxygen
consumption was greater than that of nitrate-treated plants (53). It was dso found that the uptake and
partid assmilation of ammonium required more energy than the uptake, reduction, and assmilation of
nitrate within the root (54).

Phosphorus has alow diffusion coefficient and is the least mobile of the mgor nutrients. In rapidly
growing plants, the P influx is higher than the rate of nutrient transport towards the root surface, resulting
in a depletion zone around the roots (55). And under conditions of decreasing P availability the
phosphorus-absorbing root surface becomes more and more important (56). Clarke and coworkers,
through astudy of N and P uptake, found that N and P uptake declined with reduced water availability and
that the greatest grain yield occurred for an irrigated crop (57). From 67% to 102% of tota plant N and
64% to 100% of totd plant P present at harvest had been accumulated by anthesis, and 59%—79% of total
N and 75%-87% of totd P present in vegetative tissues at anthesis were trandocated to the grain. Also,
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the proportion of tota N and P in the leaf declined with plant age, while slem N increased to anthessand
stem P increased to ligule of last leaf visble before declining (57). Frank and coworkers found similar
results of N and P concentrations decreasing in leaf and stem as plants devel oped morphologicaly (58).

Frank and coworkers studied the concentrations of carbohydrates, N, and P of spring wheet leaves
and stem. They found that water-soluble carbohydrate concentrations were greater in semsthan in leaves
for dl samples, with concentrations in ems increasing rapidly as plants devel oped, while concentrations
of the leef tissue changed only dightly asthe plant developed. It was dso Stated in this paper that numerous
reports have related grain yields to N and P concentration and the accumulation of nonstructura
carbohydratesin leaves and stems of whesat as a source of reserves for trandocation to developing grain
(58).

Hliot and coworkers hypothesized four possible factors linked to P criteria decreasing with
advancing plant age (59). Firgtly, ahigher functiona P requirement, the amount of phosphorus needed for
plantsto function, isnecessary for young plantsthan for older plants. There may bealink between the high
P requirement for growth in thefirst few weeks of growth and the high rate of P absorption by young plants.
Secondly, competition for P circulating within the plant intensfies subgtantialy with the initigtion and
emergence of new tillers and reproductive organs. Thirdly, the sze and dry weight of each leaf blade
increases as plants age. The blade a higher insertions in the main culm would be larger, have a higher
cdllulose content, and be morelignified. Asaresult, the proportion of Pisdiminished by increased cdlulose
content and lignification of the leaf tissue. Fourthly, the difference in the spatid distribution of gpplied P
fertilizer in phosphorus-deficient soils may influence acquisition of P for trand ocation from roots to shoots.
Elliot dso found that soil moisture stress did reduce concentrations of inorganic and total P in whest (59).

Sulfur isfoundin plant cell energetics meaning it isinvolved in extracdlular—intracd lular interactions.
Sulfur issmilar to Pinthat it has aso been shown to decrease with increased plant age. Sulfur deficiency
results in reduced yidds and inferior grain quality (60). Goodroad and coworkers found that increased
concentrations of N, Mg, Fe, and Cu coincided with increased S concentrations in the plant.
Concentrations of Ca, Mn, and Zn decreased with theincrease of Sconcentrationsintheplant, but it sesems
these decreased concentrations were more consistent with the increased growth of the plant. The sulfur
deficiencies gppear fird in young leaves, while older leaves remain green, suggesting that Sis rdatively
immohile in mature leaves (61). Also, insoluble sulfur (S bonded to a protein) in mature leavesisimmobile
evenunder conditions of Sdeficiency. Mohility isenhanced by N deficiency. Sulphate stored in mesophyll
vacuolesis aso relatively immobile (61).

During generative growth, rain-fed wheat must provide N and S to developing grains from reserves
accumulated in the vegetative tissues before anthes's, wheress irrigated generative wheat can acquire
available minerd forms of N and S directly from the soil. Fitzgerad and coworkers aso found that the S
that plants acquire during generative growth is a mgor source of S for grain growth and arrests
redistribution of endogenous sources of both soluble and insoluble S (62).

Cddumisamgor essentia nutrient for plants. Calciumionsare universal second messengersin plant
and animd cdlls. They mediate various Ssgnding pathways, from sgna perception to gene expression (63).
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Net Ca?* uptake into the root is greatest at the gpical zones, less than 5mm from the root tip. Ca2* is
required for structurd roles, in the vacuole asacounter cation for inorganic and organic Signaing purposes
asacytoplasmic secondary messenger. Calcium can accumulate considerably in maturetissuesof the plant,
due to theimmohility of cacium in phloem. The growth of developing parts of the plant is dependent upon
the concurrent uptake of cacium (64).

Cdcium must be acquired by the root from the soil solution and delivered to the xylem at rates
auffident for shoot growth. In a cered seedling, cacium needs to be trandocated at rates of
40 nmol h** g’* f.wt. root to maintain minimal shoot calcium content of 0.1% dry weight (64). Theroot is
composed of many different cdl types, each specidized to a specific task. White stated that it may be
possible to predict the characteristics of Ca channelsin certain cdl types on the basis of their physiology
(64). Cdcium channdsinvolved in supplying the shoot with calcium are expected to be located primarily
in the plasma membrane of root endodermd cdlls aslong asthe pathway of Camovement occursthrough
the root to the xylem.

One very important role of caciumisin the chilling resstance of plantsto grow at low temperatures.
It is thought to be initiated by Ca influx across the plasma membrane and mediated by the consequent
increasein cacium. Rapid cooling of plant rootsto low nonfreezing temperatures evokes aninitia increase
in plant calcium followed by its restoration (64).

Zinc is an essentid component of several enzymes, such as dehydrogenases, proteinases, and
peptidases (43). These enzymeswill be found throughout the plant. Zinc isaso found to have an effect on
P accumulation in old leaves of wheat plants. Webb and Loneragan have opposed the idea that Zn
deficiency enhanced P accumul ation to toxi ¢ concentrations by enhancing therate of Pabsorption. Inleaves
with adequate Zn concentration, they suggest that low Zn combined with high P in solution may enhance
accumulaion of P in old leavesto concentrations which are toxic, thereby inducing symptoms of Ptoxicity
which have been migtakenly identified as symptoms of Zn deficiency (65). They found that mild Zn
deficiency had only atransent effect in enhancing inorganic P (P,) absorptionrate, and severeZn deficiency
subgtantidly depressed P, absorption. Zinc deficiency enhanced P concentrations to toxic levelsin old
leaves through cumulative effects (65).

Aluminumisabsorbed by plant materid, dthough the actua necessity of Al isdtill unclear. Aluminum
toxicity affectsthe uptake of essentid nutrients. The presence of Al in the nutrient solution reduced the dry
weight of dl cultivars tested in the research of Mugwira and coworkers. They found that Al increased
concentrations of P and K intherootsand K in the tops of most cultivars, while it reduced concentrations
of Ca, Mg, and P in tops of whest (66). Johnson and Jackson focused on the effect Al has on the uptake
of Ca They studied the uptake and distribution of Caon excised roots and intact seedlings of wheet. It was
found that Al treatmentsreduced both the absorption and accumul ation phases of Cauptake. Thereduction
in accumulation could not be overcome by increased amounts of Ca. Trangport of Cato shoots of intact
seadlings was dso redtricted by Al, dthough some trangport still occurred when root uptake was inhibited
completey (67).
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Heming found that the ammonium in the presence of Al reduced the nitrate absorption, lowered the
pH, and reduced root yield. Ammonium without Al did not cause agenerd decreasein the vegetativeyield
of the cultivars. In fact, the top growth was significantly increased by ammonia treatments and exceeded
yields of other cultivars. Root yields, however, did not show a smilar relationship (68).

When plants are grown under sdline conditions, they respond with a variety of integrated changes
in the ditribution of ions, cell water rdations, biochemica functions, and morphology (69). Research by
Harvey and Thorpe measured the effects of sodium chloride on whest. The seedswere planted in aNaCl
solution. The NaCl concentration in the solution was increased over the growing period and reached a
NaCl solution of 100 mol-m?. They found that athough plants grew less well under the sdine conditions
than in the absence of NaCl, the leaves examined did not appear to show anatomica damage or damage
to the leaf cdls. The cells of wheat are unable to store sodium and chlorine in any way, which would
minmize thetoxic effects of theionsin the cytoplasm. The presence of substantid ion concentrationsin the
intercdlular spaces denotesthe presence of water and, hence, probably del eterious effectson gasexchange
within the leaves (69).

The digtribution of eight essentid nutrientsisillusirated in Figure 6. Based on the figure, one would
expect to retain most of the Caand K and some of the Mg and Mn in the portion of the plant available for
biomass cofiring. Proportionately smal amounts of P, Zn, Fe, and Cu will be retained.

Rice

Oryza sativaisan annud grass of the Gramineae family. It can be grown on awide variety of soils,
but dowly permeable clay soils are usudly more suitable than soils without water-holding capacity,
especidly those soils that drain rapidly. Beyrouty and coworkers stated that in the United States rice
subjected to norma flooding cong stently responded with the highest nutrient uptake. They found that some
nutrients not readily avalable in an upland environment are often available under submerged conditions.
Examples are ferrous phosphate, K, and Mn. Zinc, Fe, and Mn become more soluble under flooded
conditions, and deficiencies are seldom observed. Unlike these other elements, N is subject to leaching in
the nitrate form, and soil levels of plants available N may be severely reduced because of flooding (70).

Sulfur deficiency has been recognized asan important growth-limiting factor. Inrice, sulfur deficiency
results in a severe reduction in tiller number and plants become ydlow and have thin erect leaves. The
critical tota sulfur limits were 0.11% in the shoot, .055% in the straw at maturity, and .065% in the grain
(71). Samosir and Blair studied rice that was fertilized with sulfur-coated urea (SCU). They found that
plantsfertilized with SCU exhibited good growth in thefirst 2 weeks after transplanting, but after that, their
growth rate dowed and plants showed signs of sulfur deficiency. The one positive of SCU wasthat the N
efficiency increased (72).
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Figure 6. Digtribution of nutrients in different plant parts of wheat (43).

21



The didribution of N, P, and K in two upland rice cultivarsisillustrated in Figure 7. Based on the
figure, one would expect to retain most of the K (80%-90%) and some of the N and P (30%-50%) in the
portion of the plant available for biomass cofiring. Little other minera information specific to rice was
obtained. Silica associationsin rice are described in that section.

Switchgrass

Panicumvirgatumisan American native prairie grassidedlly adapted to the eastern United States.
Itishighly productive, requireslittlefertilization and herbicide, and can begrown on margind land. Nitrogen
fertilizers dong with higher soil water availability and adequate temperatures increased biomass
accumulation (73, 74). It can be harvested twice a year with existing farm equipment. Grown by farmers
on margina land, switchgrass could offer a cash crop and a boost to the farmeconomy (75). Boylan and
coworkers studied switchgrassefficiency for cofiring with cod. They found that the 10% switchgrass-90%
coal mixture burned well in the pilot combustor blendswith both eastern and western coal's. No degradation
in unburned carbon was observed, and no problems with dagging or fouling associated with grass were
seen. In the combustor tests, NO, emissions were reduced firing eastern bituminous coad when 10%
switchgrass was included. One negative illuminated by this project was the amount of dust produced.
Therefore, an gpproach to pelletizing the switchgrass or forming aswitchgrass-cod mixtureisbeing sudied
to decrease the amount of dust (75).

Cdcdum oxdate crystd deposition isnot commonin Poaceae but can befoundin Panicum. Crydas
normaly form intracdlularly within vacuoles of actively growing cdls and are usudly associated with
membrane chambers. The presence of extracdlular crystas has been reported (76). Since these crystds
have a covering of fibrous materia, one hypothes's suggests intracdlular initiation. The actua vaue of
cacium oxdae crysds to norma plant growth and development islargely unknown and probably varies
in plants. Prychid and Rudal suggest the crystals may represent storage forms of calcium and oxdic acid,
and there has been some evidence of calcium oxalate resorption in times of calcium depletion. They may
aso act as smple depositories for metabolic wastes, which would otherwise be toxic to the cell or tissue.
The crystals may be present in dmost every part of both vegetative and reproductive organs, often in
crystd idioblasts near veins, possibly due to calcium being trangported through the xylem (76).

It has been podulated thet an initia random distribution of dissolved calcium and oxaateionsin the
crystd chamber may come together to form a crystdline configuration or “cluster.” These clugters bresk
up and reform easly. As the concentration of the dissolved ions increases, the cluster may grow in Sze
rather than break up. This increase in concentration to the point of saturation is controlled by plant
metabolism. The crystd nucle redissolve unless they reach a stable “ critical 9ze” when their free energy
islower than that of the solution (76).
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Figure 7. Digributions of N, P, and K in roots, tops, and grains of two upland rice cultivars (43).
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Hybrid Poplar

Populus tremul oides contains calcium oxdate crystasin the bark of the tree. Trockenbrodt found
that solitary crystalsand chambered crystal-containing cellswere present inasimilar way inthe bark of oak
and poplar (77). In poplar, druses (multiple crystas that are thought to have formed around a nuclegtion
dgteto form acrysta conglomerate) were frequently present in the secondary phloem and the cortex (76).
They were rdatively scarce in the chambered cells in the vicinity of the cambium, but common in the
spherical cdls of the secondary phloem and in the cortex (77).

Alfalfa

Medicago sativa is a perennid, leguminous plant of the Fabaceae family, which is known for its
tolerance of drought, heet, and cold; for the productivity and qudity of herbage; and for its vaue in soil
improvement (78). Alfafahasaremarkable capacity for rapid and abundant regeneration of densegrowths
of new stems and leaves following cutting, which makes it possible to have up to 13 crops of hay in one
growing season (78).

Information on the influence of soil moisture on minera concentrations, islimited in dfdfa Kidambi
and coworkers found that water stress may result in higher levels of Ca, Mg, Zn, and P in dfdfa Their
resultsindicated that soil moisture leve affected the minera concentrations but not the relationships among
minerdsin the forage of dfafa The focus of the article was nutritiond needs of beef cattle (79).

Smith and Struckmeyer studied the effects of chlorine in dfafa shoots because potassum chloride
(KCl) is the most common source of K for fertilizing dfafa A high leve of K is required for optimum
growth and productivity of afdfa, but Cl could be absorbed in amounts damaging to the plants (80).
Research has shown that high gpplication rates of KCI can cause burning of leaflets and death of shoots
on dfdfaplants, presumably from Cl. Ther study showed that the highest percentage of Cl was found in
the petioles as compared to the |egflets and internodes. It was highest in the bottom leaflet and decreased
toward the top leaflet. The bottom petiole had the highest percentage of Cl. The highest percentage of Cl
was found at the top of the shoots. Cl accumulateslargely in the bottom leafletsand in the upper internodes
of dfafashoots. High KCl concentrationsin the plant gppear as ydlowing and deforming plant parts (80).

Sdenium is trandocated from therootsto dl parts of the plant including the seed. A study by Wilson
and coworkers showed the presence of selenium in dfdfa Alfalfa samples were collected in order to
observe any relationships between the selenium content of soils and plants. The portions of the plant that
were sampled were any amounts 3 inches above the soil; the purpose was to minimize soil contamination.
The amount of selenium that was detected was in ppb range and the mean Se concentrations were 2400,
1400, and 950 ppb (81).

Silica

The vast abundance of S is reflected by the concentrations seen in the plants' ash content in Table
3. Slicaisnot conddered an essentid dement in plants; it neverthel ess has secondary effects. Some plants
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seemto use S intheform of slicafor building parts of the skeletd structure, and otherstake up sllicafrom
the s0il even though the dlica has no gpparent function (82). Silica has been found to be present in
abundance in plants of Gramineae, congtituting 50% to 70% of the ash (83).

Soluble slicais mainly derived from the weathering of Slicate mineras such as quartz and feldspar.
Itiscongtantly dissolving and precipitating over alarge part of the earth’ s surface. The weethering depends
on factors such as climate, topography, bedrock character, and the amount of water passing through the
soil (29).

Fants absorb slica through their roots and carry it upward to the agrid organsin the transpiration
stream via the water-conducting tissue cdled xylem. Slica is taken up as monodlicic acid, S(OH),,
between soil pH values of 2 and 9. The leves of monosdilicic acid in soils are affected by pH in amanner
that isindependent of the presence of iron and auminum. The capecity of soil particlesto aosorb soluble
slicachangesaspH changes, and the concentration of monosilicic acid hasbeen found toincrease on either
sde of minimum between a pH of 8 and 9. Thus acidic soil environments have more free slica avalable
to enter plants (29). The relative rates at which slicaand water entered shoots were largely controlled by
metabolic processesintheroot. It wasa so indicated that under conditions of high humidity, silicagppeared
to be entering the shoots againgt a concentration gradient in plants with living roots.

Deposits of dlica, as well as other types of plant mineral depodts, are cdled phytaliths, literaly
meaning plant rocks (84). There are two proposed mechanisms of slica uptake: active transport by
metabolic processes and passivetrangport. The hypothesisof activetrangport was backed up by thefinding
of dlicic acid entering the xylem sap of rice shoots against a concentration gradient. The passive transport
hypothesis is supported by a well-established fact that the amount of silica in some laboratory-grown,
glicon-accumulaing plantsisdirectly proportiond to theamount of dissolved sllicain soils. It hasaso been
shown that a prediction could be made about knowing the S contents in oats, smply by knowing the
concentration of dlicic acid and the amount of water transpired. It is known that angiosperm roots may
exhibit an active or passive absorption, depending on the species and that in some taxa both processesare
involved, each operating in different locations of the plant (29).

Once monodlicic acid enters plant tissues, a process of polymerization begins with the result that
some of it is amorphous and forms slicon dioxide (SO.,) in and around plant cells. In plant tissues, there
arethreeloci of dlicadepostion: 1) cdl wal deposts, often cdled membrane slicification; 2) infillings of
the cdl lumen; and 3) in the intercellular spaces of the cortex. Stored in the plant asa solid hydrated form,
S0, ?nH,0 isknown as“opd” or “opdinedlica’ (85). Paterns of locaization are smilar in speciesand
whole families of plants (29). Many studies of silica deposition have been focused on the agrid organs of
grasses, because this is where trangpiration and water 1oss have been implicated as a mgjor contributing
factor. In active transpiring cells, a supersaturated solution of slicic acid may develop, leading to the
precipitation of glica In areas of the plant where water loss is highest, such as the flag or uppermost |eaf
and flord bractsof grasses, substantially more silicais deposited than in other areas. Piperno observed that
few cdlsare dlicified in intercosta areas (between veins), where trangpiration occurs (29).
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Typicd slicification in grass leavesin the cogtd (over the vein) areas forms dumbbell, saddle, and
cross-shaped bodies. An atypicd slicification takesplaceintercostaly in cdllsnot primarily associated with
deposition, such as somatd complexes and long or fundamentd cells, and is more random and sporadic
in occurrence. Atypical depostion is usudly found in older plants, suggesting formation from an excess
supply of soluble slica (29). The Gramineee is the family best-known for depositing silica; the deposition
takes place in both cdl walsand cdl lumina (83, 86). It ischaracterigtic of the Gramineae family that most
of the slicaabsorbed is deposited as opdine slicabodiesin epiderma cdlls, and it is evident that specific
shapes of slicabodies are formed, depending on the shape of the cell in which the slicais deposited (87,
88). Inthe genus Oryza, of the Gramineaefamily, mogt slicabodiesformin the epidermd long cdllsof leef
veins. They often occur in rows (89).

Pd eobotanistsand archeol ogistslead the effort to categorize silicaphytoliths. Whang and coworkers
state that one of the main obstaclesin phytolith systematicsisvariationin slicabody morphology fromtissue
to tissue and within specific tissues. Factors that may influence variation include the following (89):

» Stage of plant maturity

* Intragpecific variaion within plant taxa

* Amount of soluble slicain groundwater

* Rateof legf transpiration

* Tissue within which the phytoliths form
 Location of phytolithsin leaf blades

» Genetic variation among plants

» Geographic location where the plants grew

The rate and time of maturation of the tissues areimportant in silicadeposition, whether the mechaniam of
deposition is active or passve, as maturation brings about the crucid change in the cdlular environment
required to cause slica deposition. It seems that environmentd factors affect lica deposition indirectly
through the maturity induced in the plant cdls and plant tissues (90). Although much effort has been
expended on catadoguing phytolith morphology, literature review and conversations with saff at the
Universty of Minnesota—Duluth Archeometry Laboratory revealed an absence of eementd analysis of
phytaliths. It is, therefore, unknown at this time whether phytoliths incorporate other eements into their
structure.

Invedtigations concerning therole of S in higher plant growth have yielded conflicting results. There
have been arguments about whether Si can be considered an essential element based on the lack of
evidence that slica plays adirect role in the metabolism of grasses or in other plants that accumulae it in
congderable quantities. Some plants have growth and reproduction benefits due to the presence of silica
Inrice, S enhances resistance to fungus disease and increases grain yield. Rice leaf blades are more erect
when dlica dags are gpplied, which dlows more light to reach the lower leaves and results in increased
photosynthesis activity. And dl awns of rice contained silica bodies such as prickle hairs, microhairs, and
somata (91). Also, it has been proven that rice plants showed retardation of their vegetative growth and
decrease of degree of seed setting when their silicon content was extremely low (92). It could then be
concluded that silicon must be essentid for rice. Grass shoots have shown resistance to predation by
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chewing insects and mammalian herbivores, presumably as a result of their high phytolith content (29).
Because phytoliths are minerd, they resst decompaosition. Thus when the plant materia decomposes, the
phytoliths maintain their morphologica integrity, even if they are burned, buried, or ingested (84).

Extrinsic Properties of Biomass
Environmental Factors

The environment of aplant may be defined asthe sum of al externd forces and substances affecting
the growth, structure, and reproduction of the plant. Climatic and geologic factors with an important role
in crop production are temperature, solar radiation, moisture supply, and soil (43).

Optima conditionsfor plant growth are difficult to define because they vary with plant species, type
of soil, and geographic region. The climate of an areadetermineswhich vegetation should be grown. Rice,
for example, should not be grown in climates that have an average temperature lower than 25?C or higher
than30?C for optima crop yield. Soil and air temperatures are important because these temperatures will
determine the growing season. The soil temperature affects the root temperature. It determinesthe ability
of the plant to uptake nutrients and which nutrients are absorbed.

The solar radiation of the region aso influences plant growth and development and coincides with
the climate that is going to be best chosen for the crop. Solar radiation affects photosynthesis and, thus,
crop productivity. Also, the lengthening and shortening of daylight is an environmenta trigger thet leadsto
life-stage responses in plants.

Moisture availability is one of the most important factors determining crop production. The
distribution of vegetation in aregion is controlled more by availability of water than by any other factor.
Water isrequired by plants for the trandocation of minerd elements, manufacture of carbohydrates, and
maintenance of hydration of protoplasm. Most field crops are more senstive to water stress during
reproduction and grain-filling stages than the vegetative stage. In ceredls, the most senditive growth stage
for water deficiency isaround flowering (43, 93). The Clarke and coworkers study described in the wheat
sectionillugtrates the importance of moisture availability to the growth of acrop (57). Obvioudy, for some
crops, flooding will be detrimental, while others, such as wetland rice, will need flooding to obtain many
nutrients that are not available for uptake through the dry soil.

Soil is the unconsolidated minera materid on the immediate surface of the earth that serves as a
naturd medium for plant growth. Inadequate nutrient supply restricts plant growth and yield. The
deficiencies in soils are related to the parent materia, weathering, cultivation, and erosion. Nutrient
deficienciesvary among soilsand aress. Table4 summarizesthe nutrient deficiencies associated with magor
il types. Temperate and tropical soils around the world are most often deficient in nitrogen and
phosphorus. Nutrient deficiencies can be dleviated through application of fertilizers and amendments and
selection of gppropriate cultivars. Ultimately, the plant is dependent on the combination of minera content
in the soil and moisture availability because its roots pull nutrients from the soil solution. Without moisture
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in the soil, nutrients will be held in organic matter in the soil, precipitate as inorganic solids, or adsorb on
s0il surfaces. It isthemineraization, dissolution, and desorption of the nutrientsby moisturethat render their
bioavailability (43).

TABLE 4

Nutrient Deficiencies of Soil Types

Soil Group Deficiency Toxicty
Acrisols and Nitosols N, P, and most other dements Al, Mn, Fe
Andosols P, Ca, B, Mo Al
Chrenozems and Greyzems Zn, Mn, Fe Unknown
Huvisols Unknown Al, Mn, Fe
Gleysols Mn Fe, Mo
Histosols Cu Unknown
Phaeozem Unknown Mo (if poorly drained)
Podozols N, P, K, and micronutrients Al
Planosols Mogt nutrients Al
Lithosols, Rendzinas, and P, Mn, Zn, Fe Unknown
Rankers
Solonchaks and Solonetzes N, P, K, Cu, Zn, Mn, Fe Na, B, Cl
Vertisols N, P S (sulfide)
Xerosols and Kastanozems P, K, Mg, Zn, Fe, Mn, Cu Na
Y ermosols P, K, Mg, Zn, Fe Unknown
Toxicities

The toxicities most commonly found in food cropsare Al, Mn, and Fe. Aluminum and Mn toxicities
are most common in acid soils, whereas Fe toxicity occurs in flooded rice under reduced soil conditions.
Metd toxicity can be expressed as direct and indirect toxicity. Direct toxicity occurs when the excess of
the element is absorbed and becomes lethd to the plant cdll. Indirect toxicity can be related to nutritiona
imbaance. Aluminum, Mn, and Fe in the growth medium induce nutritiond deficiency by inhibiting the
uptake, trangport, and utilization of many other nutrients (43). Table4 dso ligstoxicitiesof mgor soil types
around the world.

Increased Al concentrations in the soil inhibit the concentrations of N, P, K, Ca, Mg, Zn, Fe, Mn,
and Cu in the plant tops. Fageria ligts the hypotheses formed by other authors that may explain why
auminum affects the concentrations of the other nutrients (43):

» Aluminum inhibits root growth, thereby causing the uptake of these nutrients to be reduced.

e Aluminum reduces cdlular respiration in plants, inhibiting the uptake of ions.
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* Aluminum increases the viscosity of the protoplasm in plant root cells and decreases overal
permesbility to sdts.

» Aluminum blocks, neutralizes, or reversesthe negative charges on the pores of thefree spaceand
thereby reduces the ahilities of such poresto bind Ca

* Aluminummay compete for common binding Sitesat or near the root surface and thereby reduce
uptake of K, Ca, Mg, and Cu.

Aluminum reduces Cauptake by completely inactivating part of the Caaccumulation mechaniam.

* Ingenerd, Al interfereswith cdll division in plant roots, decreasesroot respiration, interfereswith
certain enzymes governing the deposition of polysaccharides in cell walls, increases cdl wall
rigidity, and interfereswith the uptake, transport, and use of severd dementssuch asK, Ca, and
Mg.

*  Aluminum injures plant roots and reduces Ca uptake.

» Aluminum decreases the sugar content, increases the ratio of nonprotein to protein N, and
decreases the P contents of leaves from severd plants grown on acid soils.

Smilaly, high Fe concentrations in the growth medium reduce uptake of nutrients. Among
macronutrients, the uptake of P, K, and N is affected. Among micronutrients, absorption of Mnand Znis
most affected. These results show that when thereisatoxicity of Fe, especialy inlowland or flooded rice,
anincreasein P, K, and Zn should be supplied through fertilization (43).

pH

Soil pH is a very important chemicd factor with regard to crop yield. The pH of soil indicates
whether itisacid, neutrd, or dkaline. Thecritical pH standards should be known for both the soil and crop
to be planted. Thiswill help maximizethe crop yied. Most cropsaretolerant to pH levelsof 5.0-6.5 (43).

Summary

Invedtigations into minera uptake and storage by plants that are consdered for biomass cofiring
revealed the form and concentration of inorganic eementsin plant matter. Sixteen essentia elements, C,
H, O, N, P, K, Ca Mg, S, Zn, Cu, Fe, Mn, B, Mo, and Cl, are found throughout plants. Asde from H
and O, the predominant inorganic dements are K and Ca, which are essentia for the function of dl plant
cdlsandwill, therefore, beevenly distributed throughout the nonreproductive, agrid portionsof herbaceous
biomass.
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Some inorganic congtituents, e.g., N, P, Ca, and Cl, are organically associated and incorporated into
the structure of the plant. Cell vacuoles are the repository for excessionsin the plant. Minerds deposited
in these ubiquitous organelles are expected to be most easily leached from dry materid.

There are other dements obtained from soil interaction with roots, air interaction with aerid portions
of the plants, and water interactions with both roots and aeria portions of plants. These eements may not
have specific functions within the plant, but are nevertheless absorbed and fill a need. An exampleis S,
found in the form of monodlicic acid, S(OH),. In rice, it enhances resistance to fungus disease and
increases grain yidd. The leaf blades of rice are more erect when slica dags are gpplied, and it has dso
been proven that rice plants showed retardation of their vegetative growth and adecreased degree of seed
setting when the S content was extremely [ow.

Another common nonessential element, Na, is deposted throughout the plant despite its
nonfunctiond status. Its concentration will depend entirdy on extringc factors regulating its availability in
the soil solution, i.e., moisture and soil content. Similarly, CI content is determined less by the needs of the
plant than by availability in the soil solution; in addition to occurring naturdly, Cl is present in excess asthe
anion complement in K fertilizer gpplications.

Overdl plant devdopment and maintenance depend on the chemicad substances absorbed and
transported by the roots. Nutrient supply to the roots is dependent on nutrient concentrations in the soil
solution, the nature of nutrients, soil moisture satus, and the plant’ s absorption capacity. The datasuggest
that athough minera content varies somewhat based on the needs of the plant, much is dependent on the
availability of dementsin the soil solution surrounding plant roots. Thisis most influenced by soil content,
moidiure availability, root upteke activity, and, in some cases, pH. Knowing the soil and moisture
conditions, pH, and fertilizer history will provide ingght into expected concentrations of eementsin plants.

GEOGRAPHIC AND SEASONAL DIFFERENCESIN SWITCHGRASSELEMENTAL
COMPOSITION

Background

The section describing the extringc properties of biomass shows how the plant environment will
affect the growth, dructure, and reproduction of the plant. Climatic and geologic factors including
temperature, solar radiation, moisture supply, and soil strongly influence plant growth. These factors dso
affect the dementa uptake of plants, which varies between plant species. Thus the plant environment will
affect theinorganic content of biomass. Thisvariadbility isof particular interest for ementsthat giveriseto
dagging, fouling, and particulate emisson when the biomass is used as an energy source in combustion
systems.

Switchgrassis being tested as a potentia biomass energy crop. To better understand the extent to
which environmentd variables can dter the emental composition, the EERC was supplied with data
collected by the Chariton Valey Resource Conservation & Development (RCD) group, based in
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Centerville, lowa. Chariton Valey RCD collected soil and switchgrass samples from ten different farms
in the south-central portion of lowa. These samples were then analyzed by Hazen Research, Inc., based
in Golden, Colorado. As part of this project, the supplied data were reduced, processed, and examined
for correlations between switchgrass eemental compaosition and geographica and seasond changes, with
the god of identifying factors thet influence the demental compostion of biomass.

The examination of the data began with three main hypotheses asto why dementa concentrations
would vary between switchgrass samples.

1. Certain elements associate with one another because of their association in the plant
matter:

Certain dements and compounds naturaly associate in agueous suspension. In biomatter such
as plants, thisis even more true, because individud cells have different affinities for nutrientsand
eements.

2. Geography due to its different soil, fertilizing, and drainage characteristics may impact
elemental concentration:

Each different soil type may have a surplus or deficit of eements required by the switchgrass as
well as different drainage characteristics due to both soil type and topography. Even the most
localized naturd phenomenon will cause avariation in plant growth characterigtics.

3. Season of harvest may impact elemental concentrations caused by varied elemental uptake
into plant structure:

Unlike many other midwestern states, southern lowaiswarm enough to grow and harvest acrop
for amgority of the year. For instance, the coldest temperature recorded by any farm in these
data is 25?F on February 1, 2000. The very next day, the temperature was 38?F, and a no
other time was afreezing temperature recorded. It isimportant to know which season will bring
what form of moisture, since runoff and rainfal may have different effects. For example, spring
may bring snow runoff, but unwanted € ements may be transported in with the weter; likewise,
late summer may have only groundwater as amoisture source, but thiswater may carry eements
up from the subsoil. Seasond changes may aso cause certain plantsto go into adormant Stete,
which can change chemica and physica plant characteridtics.

Analysis Results

Thisstudy included ten farmslocated in three counties. Sx farmsreturned aharvested crop between
late October and mid-January, two farms returned unharvested crop samples dl year around, and four
farms were not |abeled as either harvested or unharvested. However, these last four farms were sampled
onMarch 21, 2000, and had sampling methodsidentical to those of unharvested farms, suggesting that they
were mogt likely unharvested. Table 5 summarizes the location and harvest status of the samples. The
proximeate, ultimate, and ash chemigtry of the samples are given in Appendix D.
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TABLES

Summary of Switchgrass Sample Data

County Township Farm Status
Appanoose Chariton Lodge Land #1 Harvested
Appanoose Chariton Lodge Land #2 Harvested
Lucas English G. Peterson #1 Harvested
Lucas English G. Peterson #2 Harvested
Lucas English Schultz #1 Unharvested
Lucas English Schultz #3 Unharvested
Lucas English Schultz #5 Unharvested
Lucas English Schultz #7 Unharvested
Lucas English Schultz #9 Unharvested
Lucas English Schultz #11 Unharvested
Lucas English Schultz #13 Unharvested
Lucas English Schultz #15 Unharvested
Lucas English Schultz #17 Unharvested
Lucas English Van Patten #1 Harvested
Lucas English Van Petten #2 Harvested
Lucas Liberty Krutsinger #1 Harvested
Lucas Liberty Krutsinger #2 Harvested
Wayne South Fork Cross Farm #1 Harvested
Wayne South Fork Cross Farm #2 Harvested
Wayne Union Sdlers#1 Harvested
Wayne Union Sdlers#2 Harvested
Wayne Union Sdlers#2 Unharvested
Wayne Union Sdlers#4 Unharvested
Wayne Union Sdlers #6 Unharvested
Wayne Union Sdlers#8 Unharvested
Wayne Union Sdlers #10 Unharvested
Wayne Union Sdlers#12 Unharvested
Wayne Union Sdlers#14 Unharvested
Wayne Union Sdlers #16 Unharvested
Wayne Union Sdlers#18 Unharvested
Wayne Union Sdlers#21 Fescue NA!
NA NA Bills Brome #20 NA
NA NA Cemensky #19 NA

NA NA Peck #22 Orchard NA

! Not gpplicable.
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Correlaions were observed between the levels of K,O and Cl. Concentrations of K,O versus Cl
are plotted in Figure 8 for harvested crops. A regression lineisdrawn through the data, and the correlation
coefficient r? is displayed as 0.4619.

Also in Fgure 8 arelineslabded K,0 vs. Cl and Ng,0 vs. Cl. These plots represent the ideal case
of having only pure KCI and NaCl. In such a casg, theratio of K,O to Cl would be 1.715, and the ratio
of NaO to Cl would be 1.129. If K,;O and NaO were reacting completely with the chlorine in
switchgrass, thenthed opesof both oxidesagaingt chlorinewould equa theseratios. However, neither K,0
nor Na,O approach their ided cases except at very low vaues.

For the harvested crop, ther? valuefor K ,O versus Cl is only 0.4619, indicating a poor correlation.
For other farms, the values are higher: Schultz r? is 0.5682, Sdllers is 0.9402, and the other (unknown
harvested status) farms are 0.9344. However, despite some excellent correlation coefficients, none of the
dopes are what would be predicted for a system of pure KCI. Sodium is a water-soluble alkali like
potassum which seems to fluctuate with Cl. To see whether there is acorrelation between Ng,0O and Cl,
sodium was plotted alongside K,O on Figure 8. (Actudly, K,O and Na,O are not found in uncombusted
biomass in this srongly basic form, but as some form of carbonate [i.e., K,CO3;, KHCO;] or asacation
attached to the organic plant structure. However, for smplicity, al potassium and sodium substancesin ash
will be referred to as K,0 or Ng,0).
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Figure 8. K,O versus Cl in harvested switchgrass.
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The r? vaue is 0.5345 for harvested crops, so any hypothetical correlation isinconclusive. For all
other farms, the r? value is lower, suggesting that there is no associaion. Three out of four of the Na,O
trend lines shareacommon trait that ismirrored in Figure 8: They start out tangentia to the pure NaCl line,
then quickly fal away. Thisisto be expected, snce sodium is stored with chlorine in the vacuoles. When
more chlorine comes into the plant, it is automaticaly used (there are 130 vitd compounds in the plant
which contain chloring). The sodium, by contragt, is dways stored in the vacuoles. This suggests that the
plant sodium concentration will reach an equilibrium with the amount of available sodium in the soil and
cease to increase, while chlorine levels may continue to rise.

Figure 9, which plots water-soluble akalies versus moisture, shows that sample moisture seemsto
have little or no relaionship to K,O. Thisisindicative of dl graphs of water-soluble dkalies vs. moisture,
induding air-dried models and those not using moisture-free numbers. Since Ng,O ispresent in very smal
concentrations (most are less than .001%), it is multiplied by 100 in Figure 9. Sodium shows some local
maximums, but only one of these coincides with K,O maximums. There gppears to be no relationship
between sodium and sample moisture. Since sample moisture may be expected to be related to ambient
moisture conditionsinthefieds, it gppearsthat thishaslittle effect on potass um and sodium concentrations.

Geographical Variations by County and Township
The data were subdivided by county and then by township to see whether location played any role

in elementa composition. Three counties (Appancose, Lucas, and Wayne) had atotd of sx townships
(Chariton in Appanoose; English, Liberty, and Warren in Lucas; South Fork and Union
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Figure 9. Water-soluble alkaies versus moisture in harvested switchgrass.
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in Wayne) which were sampled. An on-line map (94) was used to determine the locations of counties,
townships, as wel as the gpproximate location of each farm. The townships form a single patch at the
intersection of the three counties.

Moisture-free concentrations of each compound were calculated for each township, as were
moisture-free Btu/lb measurements. These vaues were then averaged and plotted in Figure 10, which
shows each element is associated with the others. For Chariton Township in Appanoose County, moisture
accounts for 18.4% of the switchgrass samples average weight, as opposed to about 13.5% average for
the remainder. The same township aso shows dightly lower concentrations of volatile compounds. Heat
content averaged 6430 Btw/Ib for Chariton (500 Btu/lb lessthan average), and maf Btu/lb was 6720 (about
500 maf Btw/lb less than average).

English Township in Wayne County has a recorded average moisture level of 15.3%, which, like
Charitonin Appanoose, resultsin lower concentrations of volatile compounds. Thisresultsin Btw/lb vaues
of 6760 and 7070 for higher heating value (HHV) and maf, respectively. These numbers are lower than
average but not aslow as Chariton Township's. This correspondsto Chariton’ smoisturelevel being higher
than the others. Along with decreased volatile compounds and Btu/lb measurements, both Chariton and
English Townships give dightly lower concentrations of carbon in their ultimate analyss. Note that these
effects are seen even when the samples have been normalized on a moisture-free basis.

Seasonal Variations

The hypothesisthat changes in season affect the concentration of various dements and compounds
was tested by sdlecting two farms and three separate dates. The data from the Schultz and Sellers
unharvested samples were chosen for examination, since they showed identica collection dates and also
had the earliest and the latest collection dates. The three dates chosen for analysis were August 7, 1999;
January 8, 2000; and May 11, 2000, representing the earliest, latest, and gpproximate median collection
times. K,O and Cl were aso averaged before and after the first freeze of the year for the Schultz and
Sdlersfarms to test whether the onset of frost had an effect.

The vaues for these farms are plotted in Figures 11 and 12. There are many noticegble variaions,
but the most notable changes were those of the oxide concentrations. SO,, Al,O5, and CaO al increased,
while MgO, K,0, P,O;, and Cl al decreased at the sameinterval. Na,0O a so decreased for the most part,
athough not asmuch asK ,O. Strangely, Fe,O, dropped noticeably in thewinter, thenincreased to avalue
even higher than in the spring. Other oxides either did not change or underwent incongstent changes.

Ash and fixed carbon made definite drops, as did chlorine by weight. Nitrogen seemed to drop
sgnificantly between summer and winter, dthough thefinal stlagewas|ess severe and perhaps questionable.
Maf Btw/lIb measurements drop from season to season for Sdlersunharvested, but Schultz showsarisein
January before dropping sgnificantly in May. Moigture levels in both farms fal and then rise in the spring
as expected, as does carbon by weight, although the carbon results are less decisive. Volatile compounds
and BtwlIb (HHV) both risein the winter and drop in the spring. Other eements show little or no change.
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Figure 10. Switchgrass dry-basis county averages for October and November 1999.
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Figure 12. Seasond changes of unharvested switchgrass from the Sdllers farm.
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The firgt freeze of 1999 in southern lowa occurred at the end of November. Three samples were
takenfrom each farm before the freeze, and three sampleswere taken from each farm before temperatures
reached 70?F in March. Before the first freeze, the average Cl level was 0.41% for Schultz and 2.81%
for Sdlers. It should be noted that the first Sellers reading was 5.1%, so the average is probably shifted
too high by erroneous data. After the freeze, the average Cl level for Schultz was 0.13%; the average for
Sdllers was 0.26%. This marks a sharp drop in Cl during the time when switchgrass goes into dormancy.

For K,0O, Schultz recorded a 0.619% average prior to the first frost. Sellers recorded 0.830%.
From December to February, theaverage K ,O levd for Schultz was 0.280%, and the average for Sdllers
was 0.23%. Thisdrop is caused by switchgrass dormancy, during which time compounds suchasK ,0O
and Cl leave the top of the switchgrass crop and move into the roots.

Figure 13 illudtrates the effects of time on ash and akali content. For some time, switchgrass was
considered unusable as an energy crop because of high concentrations of both of these variables. This
graphdearly showsthat thisisthe casein August and early September, but by middleto latefdl, theleves
are much lower. The generdly accepted “low” region is from 0.0 to 4.0% for ash, the “middl€’ region is
4.0 to 8.0%, and any concentration greater than eight is considered high. For akali, these vaues are one-
tenth those of ash.

Combustion Characteristics

The presence of dkdi and dkdine-earth ements in biomass will have a sgnificant effect on ash
viscodity. In switchgrass, elements such as sodium and potassum will be present in a highly
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Figure 13. Ash and akali content for unharvested switchgrass.
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dispersed ionized form in the moigture in the internd plant sructure. Bulk dementd andyss data for the
switchgrasssamplesand typica combustion temperatureswereinput intoamodd that predictstheviscosity
of molten ash. Lower-viscosity liquid phasesin boiler ash depositsare generdly more problematic because
they form gtickier and harder-to-remove fouling deposits that cover heat-transfer surfaces and degrade
bailer performance. Using anumber of switchgrass collection dates, Figure 14 showsthetime of year when
the ash has the lowest and highest viscosity.

At 1200?C, which isatypica fouling temperature, viscogty isalow 2.14 onalog,, poise basis for
September samples. During the late fal and winter months, the viscosties become higher. The first frost
in southern lowa during 1999 occurred at the end of November. This corresponds to a peak in the
viscosity before the dope becomes temporarily negative. Soon, the upward trend resumes, and by May,
the viscosity increasesto 4.26.

Discussion
K,0, Na,O, and Cl Correlations

The correlation coefficient for K,O vs. Cl isvery high for Sdlers unharvested and unknown satus
farms, whileit islower for harvested and Schultz unharvested farms. It should be noted that the harvested
farms are lumped together as one, rather than being analyzed county by county or season by season. Since
the andyssisbased on the hypothesisthat weather and geography might affect levels of various chemicals,
it s;emslikely that ther? valueisjust experimenta error (six different farmsfrom six different locationswere
harvested over a period of admost three months).
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Figure 14. Sdlers farm switchgrass ash viscosity by season.
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If the harvested data are rejected as erroneous, or at least inconclusive, then two setsof dataremain
which correlate strongly and one set which does not. This suggests that the correlation between K,O and
Cl is fairly strong. However, Cl is found mostly in the soil and is used only moderately by plants;
experiments have shown that completely removing it from soil will not harm many plants, Sncethe quantity
needed can be drawn in from the air (95). Potassum, on the other hand, ishighly essentid to plant growth
and may be unevenly distributed throughout the plant. If the data are not just coincidentd, then the
associationisprobably indirect and the switchgrass may be drawing chlorineup through itsrootsintheform
of a potassum compound. Since the plant requires potassum for surviva, and since chlorine is neither
extremdy necessary nor extremdy deadly in itsionic sate, then potassum will be stored up inthe plant’s
cytoplasm while chlorine is stored into vacuoles for later use.

Geographical Variations

The data were examined by location and season. According to the Chariton Valey RCD, the
samples were taken from six different townships in three different lowa counties: Appanoose, Lucas, and
Wayne. These three counties are adjacent a a common corner, so the geographica differences are not
likdy to be sgnificant. However, onetownship in particular did stand out from the rest: Chariton Township,
in Appanoose County, gives an average moisture level of 18.4% in Figure 3, where percent is according
to weight. Thisisroughly 50% higher than levels recorded in most other townships and may be dueto the
presence of alargereservoir in Chariton Township. Theonly other township with greater than 13% average
moisture levesis English Township, in Lucas County, which shows an average moisture level of 15.3%.

Chariton Township and English Township both show fairly high average moisture levels. They dso
show dightly lower concentrations of SO, while K,O is higher than normd for both townships. These
differences seem to match the variations in moisture levels for both townships, suggesting that there may
be a connection between water content and the presence of certain oxides.

For some reason, Cl did not correlate with K,O according to geography. Chariton Township
recorded Cl levels of 2.27%—five times the average vadue for al the other farms. No other township
comes close to matching this number, S0 it may be a datidticd error. English Township, which had the
highest moisture level after Chariton, did not show a high chlorine concentration. Geography appeared to
have the greatest effect on moisture, Btw/Ib, and K,O.

Seasonal Variations

Although the Sdllers farm and Schultz farm are in different counties, they have identica sample
collectiondatesand were collected over aperiod of 9 months. To help normalizeany errors, asamplefrom
each month between September and May was chosen and data were examined individualy, rather than
as an average of the two farms.

Likethe geographic differences, seasond differences seem very clear-cut. The samplesfromthelate
spring have high moisture contents and a so have the highest calcium levels. Although not shown, the Sdllers
farm samples taken in September and January both show only 0.01% AlLO, but the May sample jumps
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to 1.35%. A smilar increase occurs for the Schultz farm, with an increase from 0.08% to 1.25% Al,Os.
Unless there are other unknown factors, there appears to be a correlation between the extra spring
moisture and theincreasein Al,O5. Thisdoesnot occur for the other eements, and itsonly red significance
isthat acombination of high potassum and duminum will result in worse dagging and fouling. However,
ance K,0 is lowes in the spring, this will tend to offset the high duminum content, as is shown by the
viscogity plot of Figure 14.

Other bulk dement readings, such as nitrogen, showed no good correlation between season and
concentration, despite the expectation that thefirst frost of winter would flush out such eements. The K,0O
concentration doesfollow the seasons, asit decreasesadmost continuoudy from early autumnto themiddle
of spring. Since no analyses are available for the following summer months, it is not known whether K,O
will be assmilated back into the year-old switchgrass. Na,O does not drop as continuoudly as expected,
athough Cl does. Note that chlorine seems to follow sodium to some extent for the Sellers but not for the
Schultz farm; thisis probably an effect of soil composition, assuming NaCl is present in Sdllers farmland,
and KCl ismore abundant at the Schultz farm.

For water-soluble dkalies, the presence of K,O and Cl issgnificantly higher in late summer thenin
the winter or spring. K,O is aout three times as dbundant in the fal asit isin the winter and about nine
timesas abundant again in thelate spring. Chlorine levelsfor the Sdlersfarm in August are dmost certainly
skewed (5.1%, as opposed to 0.38% in the next trimester), but the Schultz farm also shows a sharp
decrease in Cl (0.37% to 0.18% between August and January). Like K,O, these values drop even more
inthe spring, so it seemsthat an indirect relationship between K,O and Cl may exist according to seasonal
differences.

Findly, the Btu/lb readings show that March seemsto have the highest moisture-free burning value,
with the Schultz farm giving 7973 Btuw/Ib and the Sdllers farm giving 7926 (Btw/lb for Sdllers was dightly
higher in January, but the differenceis negligible). February showed only 7686 Btu/Ib for Schultz and 7783
Btu/lb for Sdlers, but April showed moisture-free Btw/lb vaues within 45 units of those in March. Since
thistrend isdisplayed in both sets of data, the best time to harvest switchgrassin thisareaof southern lowa
isinlate March. A February harvest would result in lower moisture-free Btu/lb values.

Conclusons

Switchgrass can be an acceptable energy fud showing low—moderate ash content, low sulfur,
relaively low moisture, and acceptable heat contents. The most important factorsin determining levels of
various chemica compounds appear to be seasona and geographical differences. From a standpoint
concerned only with the amount of energy present in each sample, early spring is the best harvest time in
southern lowa. From a standpoint of purely environmenta views, the time with the lowest concentration
of ash and various chemical compoundsis probably April or May, dthough some oxides actudly pesk in
the soring and are less abundant in the early fall. The best time in genera to harvest a crop is probably in
late March or early April when the crops are coming out of dormancy. At this point, viscosity of liquid
phases formed during combustion would be higher because of a lack of akali and chlorine, and boiler
performance would be better. Moisture-free heat content is also high, and even the air-dried switchgrass
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readings (for which moigureis il present) show relatively high Btw/lb ratings. Thisis sgnificant because
of the energy requirements needed to dry the harvested switchgrass.

Geographicdly, the highes, driest areas generally produce more Btw/Ib and less K,O than do low-
lying wetlands. Growing at high elevations means|esstime air-drying and more hest content per pound, as
well as lower K,O concentrations, which will reduce the contribution of K,O in forming fouling deposts
inaboailer.

BIOMASSCHARACTERISTICS
Effects of Chemical Composition on Power-Gener ating Equipment

Coa and biomassare very different fuelsin terms of composition, in particular the inorganic content.
Ingenerd, biomass containsless sulfur, fixed carbon, and fud-bound nitrogen and more oxygen than cod.
Biomass usudly has less ashthan cod, and the composition of its ash tendsto reflect theinorganic materia
required for plant growth, while cod ash tends to be composed of minerdogica materia. Asareault, the
dkai metdsin cod tend to beless volatile than those found in biomass, meaning that biomass combustion
can result in Sgnificant depost formation. Woody biomass tends to have very low chlorine and low dkali
metal contents; herbaceous biomass (i.e., grasses and straws) contains more akali meta and chlorine (96).
Appendix E comparesthe as-received andytica characterizations of 23 different biomass samplesranging
fromwoody biomass and consumer—construction waste to switchgrassand agricultural crops. Whenthese
andyses are converted to moisture-free values, woody biomass contains the least ash, dlicates, akali
metals, and chlorine, indicating that it should cause fewer operationd difficultiesthan any of the other types
of biomass. Nutshells-hulls and waste wood and paper have the potentia to cause some dagging, fouling,
and corrosion problems, while herbaceous biomass probably posesthe greatest potentia to form deposits
in the boiler.

Studies have been performed on the variability of short rotation woody feedstocks (suchashybrid
poplar or willow) and have found minimal compostiond variation due to clonal, geographica, and
environmentd factors, indicating that they areacons stent and stablefeedstock for biofuelsproduction (97).
Compositiond variability has also been assessed for herbaceous energy crops. In this case, large
differences in composition were found between stems and leaves, with leaves containing much higher
concentrations of nonstructural components. The geographic location of wherethe plantswere grown was
found to affect the composition even morethan differencesbetween varieties (98). Switchgrasswassingled
out for study of its suitability for conversion into fuel or asasource of energy when combusted. Theresults
indicated that it would be a versatile bioenergy feedstock. Switchgrass s energy content is comparableto
that of wood but with a Sgnificantly lower initid moisture content. Extensive analyss of ash and adkdi
content showsthat switchgrass should have alow dagging potentia in cod-fired combustion systems (99).
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Effects of Physical Characteristics on Process Design and Equipment

Biomass resources that are used during fuel, chemical, and eectric power production vary over a
wide range, and each type has unique characteristicsthat should be taken into account when applying them
to unconventiona uses. Examples of biomass resources include postconsumer wastes such as
congtruction—demoalitionwood, yard waste, waste newsprint, waste writing paper, corrugated cardboard,
and kraft paper; agriculture residues such as whesat straw and husks, corn stoker, cobs, and husks, rice
stoker and hulls, bagasse, and edible nut processing wastes; forest resdues, including waste wood from
processing or in-forest residue; dedicated short-rotation woods, including hybrid poplars, willows, black
locust, and eucayptus; herbaceous crops such as switchgrass and reed canary grass, and oil seeds such
as ybean, sunflower, and rapeseed (100). A number of added chemica congtituents can befound in the
postconsumer wastes. The harvest of agricultura residues usudly takes place within a short soan of time
(usudly once a year), requiring the availability of ample storage space. Agriculturd resdues that are
collected and centralized because of processing are particularly attractive and have an innate advantage
resulting from their chemica compogtion in thet they are easly ddignified. On the other hand, softwoods
such as are found in wood processing are difficult to deignify. Short-rotation woody crops are mostly
hardwoods and are rdatively easy to ddignify, but because these trees are of smaller diameter than those
from conventiona forestry, cost-effective harvesting methods must il be devel oped. Herbaceous energy
crops can be planted, harvested, and stored using conventional farming equipment (100).

Biomass Production, Harvesting, Transport, and Storage I ssues

The U.S. Department of Energy (DOE) hasdevel oped strategiesrel ating to theimproved production
of short-rotation woody crops for fiber and energy uses for four mgor geographica regionsin the United
States (101). Integrated research and industry participation have contributed to woody crop devel opment
in the Pacific Northwest, and the lessons|earned are contributing to further development in the other three
regions. Among the projects included in the work performed by DOE is an estimation of the cost of
producing dedicated energy cropsfor severa regions of the United States. Switchgrass and hybrid poplar
were chosen asrepresentative herbaceous and woody crop speciesfor the estimation. Out-of-pocket cash
expenses (fertilizer, seed, etc.), fixed cogts (taxes, overhead), and the costs of owned resources (equipment
depreciation, land values, etc.) weredl included in theestimation. The competitivenessof energy cropswith
conventiona crops varied by region. Break-even prices for poplar were found to be higher than for
switchgrassin dl regions because of the higher cost of producing poplars (102). The potential production
of biomass wood and grass crops in the United States in 1995 was estimated to be 34 million acres for
switchgrass and 20 million acres for wood crops including poplar or willows (103).

The feaghility of usng urban wood waste such as creosote-, pentachlorophenol-, and chromated
copper arsenate-treated wood; particleboard—plywood; and construction—demolition debrishas al so been
examined. Regulatory concerns will probably affect the extent of the use of treated wood and
congtruction—demolition debris. Regulatory issues, the quantity of waste generated, and the need for fue
for eectricity-generating facilities and other end markets are interdependent and affect the demand for and
prices and supply of urban wood waste in complex ways (104). The complexity of utilizing urban wood
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waste as a hiomass energy source may hinder its development relative to dedicated crops such as hybrid
poplars or switchgrass.

The economicsand the physical and chemica makeup of cropsthat are grown as dedicated biomass
feedstocks are sgnificantly affected by harvesting, transport, and storage practices. The high yields of
switchgrass that can be expected when grown as an energy crop can cause problems during baling
operations that range from occasiona jamming of smdler baersto congderabledifficulty with larger bders
(2105). Changesin the design and operation (or both) of commercia mowing and baling equipment may be
required if it isto be used to harvest herbaceous energy crops.

When thick-stemmed species such as forage sorghum and Napier grass are harvested for biomass
uses, their relatively high moisture content (up to 60% to 70%) necessitatesthat they be handled and stored
as dlage rather than in bales. The cost of harvesting and transporting the heavier silage has been estimated
to range from $2.81 to $10.83/dry ton (106).

A study hasfound that weethering of switchgrassbalesbecause of outdoor storageresultsin changes
in switchgrass composition, especialy in the cdllulose, hemicellulose, extractive, and ash contents. Loss of
carbohydrates and extractives obvioudy hasagreater impact on the use of switchgrass as afeedstock for
the production of ethanol than onitsusein power generation by cofiring with coa (107). However, changes
in ash compostion can affect its behavior during cofiring. Ten biomass feedstocks were exposed to
wesethering because of open storage during another study. Four of the biomass feedstocks were woody,
and six were herbaceous. Among the woody samples, only hybrid poplar ash content tended to increase
during weathered storage. Ash levels increased for most of the herbaceous feedstocks during storage
(108).

Biomass Grinding and Feeding M ethods and Equipment
Chipping and Grinding

Preparation of biomass for cofiringinaboiler requiresreducing the materid to afairly uniform, smdl
gze. In the case of short-rotation woody crops such as hybrid poplar, the comminution can take place in
the fidd just after felling the trees. Virtudly dl chippers produce wood chips that are acceptable for the
direct combustion energy market. Thehighest-quaity chipsare produced by large, stationary disk chippers.
The blade and anvil on disk chippers can be set to control chip thickness, and thelarger Szeresultsin more
uniform speeds and, therefore, more uniform wood chips. Drum chippers can processlarger, lessuniform
materid than an equivaently sized disk chipper. Drum chipper knives can be sharpened many timeswithout
removing them, making them attractive for use in the production of biomass fud (109).

Smadl-diameter woody crops are not eesly harvested with equipment designed for the subgtantialy
larger treesthat are normally processed in thetimber industry. Wholetrees cannot be as efficiently packed
aswood chips, resulting in higher transportation costs for whole trees. One way to reduce transport cost
(one of the main cogts associated with biomass production) isto chip the wood at the harvesting site and
transport only the chips. Specia equipment has been designed and tested that combinesthe harvesting and
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comminution of woody biomass, including cut-and-chip harvesters, cut-only harvesters, and cut-and-
forward harvesters(109). Cut-and-chip harvesterschipthemateria immediately after fellingand debarking.
Some models of cut-and-chip harvesters are Salix Maskiner Harvester, Texas A& M Harvester, Austoft
sugar cane harvester, Claas Jaguar, John Deere 6910 harvester, and New Holland 719 harvester. Cut-only
harvesters fell the trees and crush or bundle the wood trunks. Examples of cut-only harvesters include
Frobbesta Harvester, Empire 2000, Nicholson Harvester, and Energiskogsmaskiner AB Harvester. The
cut-and-forward harvesters fell and transport large quantities of trees from the harvest site to the highway
trucks or railcars, an example isthe Brunn AIB SRICB Harvester (109).

Many of these multiple-function machines were not effective during field testing, but the continuous-
travel feller—chippers (such as the Class Jaguar) are the best multipurpose machines tested to date.
Production rates can be quiteimpressive. The chipsare blown into chip binsand transported to the power
plant or other fina detination, minimizing the amount of handling and equipment needed (109).

It is not necessary to S ze herbaceous biomassinthefield asastep in the harvesting process. Rather,
the biomass is usudly baled and trangported to the Ste a which it will be used. Size reduction &t that Site
is usualy accomplished by hand-fed brush chippers (110), hammermills, horizontd or tub grinders, or
augers. Augers such asthe Komar Tri-Auger can provide primary and secondary shredding of many types
of materids. Theshredded materid isthoroughly blended beforeinjectioninto aboiler (111). Occasiondly,
herbaceous biomass is briquetted prior to feeding, with the briquettes providing a more uniform feed.
Common dengfication machines include screw presses, pelletizing presses, roll presses, and cubing
machines (112). Biomass charcod has been produced from eucaytpus, kiawe, leucaenawood, and kiki,
macadamia, and pam nutshells. Cofiring of the charcoa does not require aseparate biomassfeed system.

Table 6lists some Internet Web sites at which many vendors offering equipment needed inthewood
energy industry can be identified and contacted. Some vendors provide chipping and grinding equipment,
and others can provide fue-metering and feeding equipment.

Feeding Biomass to a Combustor

The most common method of feeding biomassto acombustor isby injection of powdered fudl. One
of the most important requirements of fud feeding isavery homogeneous massflow. A constant massflow
rate can be difficult to achieve, but one method that has been found to work isapneumatic feeding system
that incorporates a screw feeder with a vibrating conveyor to homogenize the flow rate (113).

Asnoted, fud properties play a criticd role in handling and feeding wood and wood—coa blends.
When atub grinder is used to comminute the wood, the amount of finesis increased. Fines can affect the
fuel flow characterigtics by changing the dumping behavior that asssts fuel flow into the chutes and by
forming “plugs’ of fines within the bins. When the plugs pass down the chute and onto the grate-into the
boiler, they adversdly affect the conastency of the fud mixture s burning characteristics (114). Bridging of
biomassin storage bins can dso be a problem, athough one that
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TABLE 6

Wood Energy Equipment VVendors Found on the Internet

Type(s) of Equipment
Web Site Name Web Site Address Mentioned
Directories of http://rredc.nrel .gov/biomass/doe/rbep/ A liging of 76 vendors offering
Wood Energy equip_vend/index.html wood chippers and classfiers,
Equipment transport systems, and feeders
Vendors and of
Wood Chip
Suppliersand
Brokersin the
Northeast
Keth Waking http:/mww . keithwal kingfloor.com Conveying and unloading
Floor sysems
Wiscongan's http:/Mmww.mailbag.com/usersmjvrenew/ A ligting of 16 vendors of
Renewable wood.html industriad heeting equipment,
Energy fue-handling systems, burners,
Ydlow Pages— and boilers
Wood Energy
Equipment &
Services
Chemco http:/Amww.chemcoequipment.com Grinding and feed systems
Equipment
Primenergy, Inc. http://primenergy.com Biomass energy conversion

systems

can be addressed by changing the geometry of the bin and design of the discharge feeder. Most screw
feeders tend to draw materia primarily from the rear of the bin and pack material againg the front wall,
often resulting in severe plugging. A nonconsolidating “moving hole’ feeder averts these problems by
avoiding packing of the materid in the bin and permitting reliable, firg-in, firs-out flow for the fud. The
moving hole feeder conssts of one or more dotsthat traverse back and forth without any friction between
the stored materid and the feeder deck. The feeder relies entirely ongravity for materia discharge (115).

HiMicro Incorporated is developing specidized millsfor pulverizing—micronizing cod and biomass
solid fuels. In cofiring gpplications, there are essentialy two modes of biomass processing—size reduction
and handling: separate biomass grinders and feeders and copul verization and feeding of coa and biomass.
Copulverization options include processng using existing cod pulverizers or through specidized millsthat
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bypassand/or replacethe exigting cod pulverizers. Thefibrousnature of biomassresultsin rdatively coarse
materia when conventiona size-reduction equipment such as tub grinders, hoggers, and hammer millsare
used. Pine bark and switchgrass that were ground using the HiMicro mills were in the Sze range of pc
particles, or 40-60 um in diameter. This is more than ten times smdler than istypicd for other types of
grinders. No transport or feeding difficulties were noted during pilot-scae cofiring combustion tests
conducted in DOE’s Combustion and Environmental Research Facility (116).

Results of Biomass—Coal Cofiring Studies

Successful biomass cofiring has been tested in pe boilers (both wall- and tangentidly fired), cyclone
boilers, fluidized-bed boilers, and sporeader stokers. The tests have shown that effective substitutions of
biomass for cod can be accomplished with modifications to only the feed intake system and burners of
existing power stations (14-18, 24, 25).

Parametric cofiring tests have shown that separate feeding of biomass and cod was more
appropriate than feeding a biomass—coa mixture. When biomass and cod are pulverized and fed as a
mixture, the percentage of biofuel islimited to about 5wt% of thetotd fuel to the bailer, the power required
to operate the mill increases, and Sieve analysis can degrade. Favorabl e results were obtained when wood
waste of 0.25-in. top size was pneumetically transported to the boiler, introduced down the centerpipe of
the pc burners, and diffused into the cod flame by means of an inverted diffuser cone indtaled at the
centerpipe exit (18).

Low-percentage cofiring usng sawdust waste wood has been commercidized by the Tennessee
Vadley Authority. During the commercidization process, a low-cog, highly effective materids-handling
system was implemented for the cofiring of waste wood with cod in a wal-fired pc boiler. A tromme
screen was used to size the sawdust to ? ¥4 in. The Sized sawdust was gected from the trommel screen
directly onto a conveyor and transported to a feeder where it was metered into the reclaim hopper. The
reclam hopper feederswere vibrated to permit good sawdust flow, even during periodsof light rain (117).

Herbaceous biomass generadly contains more slicon, potassum, and chlorine than other biomass
fuds indicating that it could cause potentidly severe ash deposition problems. The potassumthat is present
in biomassis predominantly biologicaly occurring materid and is, therefore, quite mobile and available for
deposit-forming reactions. Chlorine can play amgor role in depost formation by fadilitating the mobility
of inorganic potassum compounds as well. Fuels with less dkdli, chlorine, slica, and total ash-forming
material and higher calcium contents resulted in the most manageabl e ash deposits during extensive pilot-
scale studies conducted in biomass boilers (25).

Switchgrass has been successfully cofired with cod in a50-MW, wall-fired, pc utility boiler. A tub
grinder was used to reduce the switchgrass Size to 90% less than 10 cm in length with stems shattered. A
hammer mill gave better Size reduction, but it was difficult to feed. The coarser particles produced by the
tub grinder increased the quantity of unburned carbon in the bottom and cyclone ashes. It was noted that
dust from switchgrass shredding can be amajor problemand that pulverizing switchgrass requiresagood
dust control system. Switchgrass cofiring did not adversdly affect boiler operation, and in fact, nitrogen
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oxide emissons were reduced 31%, and opacity was reduced 62% when cofiring. Neither dagging and
fouling of the boiler or degradation of the eectrostatic precipitator was observed (25).

A study conducted by researchers at Sandia Nationa Laboratories, Combustion Research Fecility
in Livermore, Cdifornia; the Nationd Energy Technology Laboratory in Pittsburgh, Pennsylvania; and
NREL in Golden, Colorado, focused on four critical firesdeissuesassociated with cofiring: ash deposition,
NO, production, corrasion, and carbon burnout. Pilot-scae data indicate that ash deposition rates and
NO, emissions can either exceed or be less than those of cod, depending upon the type of biomass. The
potentia for chlorine-based corrosion is seen to be less sgnificant when blends are cofired than when pure
biomass is fired, but it is not dways negligible. Diameters larger than 0.125 in. increase the chance of
incomplete combustion of the biomass. Fireside problems can be minimized by careful selection of fuels,
boiler design, and boiler operation. Less prudent choices could lead to significant boiler damage and
operationa costs. Guiddinesthat were devel oped based upon the results of this study can be summarized
asfollows (40):

 NO, emissons
— Chemical interaction between the offgases from biomass and coal that would dter NO,
emissonsisinggnificant.
— NO, emissonsfromwood resduesare generaly lower than those from cod, leading to some
overal NO, reduction rdative to cod during cofiring.
— The large volatile yield from biomass can be used to lower NO, cdfiring through well-
established, stoichiometric-driven means.

* Ashdepostion
— Depodition rates should decline when cofiring wood or smilar low-ash, low-akdi, low-
chlorinefuels.
— Depogtion rates should increase when cofiring high-ash, high-akdi, high-chlorine fues such
as many herbaceous materials.
— Depodition rates depend strongly on interactions between the cofired fuels as well as on
individua fud properties.

» Carbon conversion
— Biomass prepared with top Szes greater than 0.125 in. will experience increasing difficulty in
achieving burnout, with significant resdua carbon expected at Sizes greater than 0.25 in.
— Biomass fuds having moisture contents in excess of 40% must be further reduced in Sze to
achieve burnout.
— Biomass char-burning rates are controlled by geometry and size, not kinetics, making burning
rates essentiadly fud-independent if size, shape, density, and moisture contents are the same.

» Corrosion
— Fue chlorine should be minimized in al cases.
— Tube surface temperatures should be kept as low as possible.
— Lesschlorineis present in the deposits when sulfur is aso present.
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Summary of Literatureand Background on Biomass Processing

Biomass can be successfully cofired with cod in both wall- and tangentidly fired pc bailers, cyclone
boilers, fluidized-bed boilers, and spreader stokers. Woody biomass is the preferred cofire fuel because
it contains less ash, dlicates, potassum, and chlorine that could stimulate deposit formation. Herbaceous
biomass (such as switchgrass and straw) contain more of the chlorine, slicates, and akali metas that
fecilitate deposition, but they can be used if careistaken during selection and fud preparation. Deposition
rates have been found to depend strongly on interactions between the cofired fudsaswell ason individua
fud properties. Biomass should not be stored outdoors for long periods of time as the materia tends to
degrade during storage.

Proper fud preparation isanimportant factor in successful cofiring. Thebiomass should be uniformly
pulverized to at least ? ¥ain. diameter (preferably ? € in.). Drum chippers work well for woody biomass
comminution, while hammer mills are the most effective for pulverizing herbaceous biomass. Wet biomass
should be pulverized to a smdler Sze to minimize resdud carbon in the ash. The biomass should be fed
to the boiler separately from the cod. Transport of the biomass can be made more consistent by adding
vibration to the conveyors and bins.

NO, emissonsare not adversdly affected by the addition of biomass. In fact, when woody biomass
is cofired with cod, the overall NO, emissions are often reduced. Corrosion canbeminimized by kegping
the tube surface temperatures as low as possible and by firing higher-sulfur-content coa with higher-
chlorine-containing biomass since less chlorine is present in deposits when sulfur is aso present in the
sysem.

Biomass Processing Data Results

Table 7 shows size reduction and processing data for the raw wheet straw, dfafastem, and hybrid
poplar biomass. The average bulk dengties for baled wheat straw, dfdfa, and hybrid poplar were 89.7
kg—cu-m(5.61b—cu-ft), 147.4 kg—cu-m (9.2 Ib—cu-ft), and 259.0 kg—cu-m (16.169 |b—cu-ft), respectively.
The average bulk density of wheat straw was 11.77 kg—cu-m (0.74 Ib—cu-ft), and the average bulk
densties of dfafa (with leaves) and dfafasemswere 13.3 kg—cu-m (0.83 Ib—cu-ft) and 18.58 kg—cu-m
(1.16 Ib—cu-ft), respectively. The bulk densities of shredded whest straw, dfdfastems, and hybrid poplar
were 189.0 kg—cu-m (11.8 Ib—cu-ft), 198.6 kg—cu-m (12.4 |b—cu-ft), and 388.0 kg—cu-m (24.2 | b—cu-ft),

repectively.

Approximately 9.1 kg (20 |b) each of shredded wheat straw, dfdfastems, and hybrid poplar were
subsequently produced for combustion testing. The typica appearance of the shredded materid is shown
inFigure 15. The shredded biomass materid itself, aswell as 20% blends with the coals, wasfound to feed
quite evenly, even though two quite dissmilar materias were mixed. Good burnout was achieved with the
pure biomass, dthough some unburned char was produced with the dfafa stem blends.
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TABLE7

Bulk Dengity Vadues for Wheat Straw, Hybrid Poplar, and Alfdfa, Ib/cu-ft

Materia Test 1 Test 2 Tet 3 Average
Wheat Straw Bale 5.2 6.0 NA* 5.6
AlfdfaBde 9.5 8.9 NA 9.2
Wheat Straw 0.641 0.765 0.800 0.735
Alfafa (with leaves) 0.934 0.757 0.790 0.827
AlfdfaStems 1.19 1.20 1.08 1.16
Chipped Hybrid Poplar 16.0 16.4 — 16.2
Shredded Wheat Straw 11.8 11.6 12.0 11.8
Shredded Alfdfa Stems 125 12.2 125 124
Shredded Poplar 24.5 24.0 — 24.2

! Not available.

FREHT AT 1P A

Figure 15. Wheat straw and afdfa stems before and after shredding.
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Two hybrid poplar trees from atree farm test plot located in northwestern Minnesota were felled
and delimbed, creating approximately 261 kg (575 Ib) of main ssem and 79 kg (175 1b) of branches (Figure
16). Coarse Sze reduction of the main stem was successful using an industria, portable chipper. The
chipper accepted the 76-cm (30-in.) cut length stems, some up to 25.4-cm (10-in.) diameter, without prior
splitting. The chipper produced relatively flat strips of wood rangingupto 15cm (6in.) Inlengthand 2.5
cm (1in.) inwidth. All of the main trunks and stems were processed through the chipper. Smaller leafy
branches were not processed as they showed somewhat advanced mold growth even after a few days
storage inthe closed barrels. A single barrdl of chipped stemswas placed in frozen storagefor future CEPS
combustion tests, and a second barrel of materia was sdected for subsequent processing in the Nelmor
knife shredder.

The as-received chipped semsweretoo moist initialy, and the Nelmor shredder would not process
the chips to pass through a 1/16 screen. After the chips were floor-dried for 2 days to reduce moisture,
they were successfully shredded, and the find product was sealed in plastic-lined drums for further
processing and combustion testing. Commercid use of hybrid poplar in combustion systems will require
some degree of drying and processing because of its pliability and high moisture content.

BIOMASS CHARACTERIZATION

Part of the characterization task of the biomass work involved modifying techniques for effective
characterization of biomass. Pulverized-coa samples are prepared for CCSEM andysis by

Figure 16. Hybrid poplar tree being harvested
from an experimenta tree farm in northwestern Minnesota.

51



mounting in carnaubawax, cross-sectioning, polishing, and coating with a20-nm layer of carbonto provide
a flat, highly conductive surface. This preparation method was found to be completely unsuitable for
biomass materid because of theinability to polish the specimen and severe charging in the SEM. A method
was adopted using light element binders and high pressures to press a sample againgt a highly polished
surface. Carbon powder is mixed with the sample and binder to improve conductivity between particles
and a very fine wire pressed into the sample to increase conductivity and reduce particle charging. A
modified CCSEM technique was used to collect data on particle size and chemistry of the inorganic
condtituents in wheset straw, dfafa stems, and hybrid poplar. Mgor minerd speciesfor the coas and for
the biomass samples as determined by CCSEM are given in Table 8. The mgority of the larger inorganic
materid in these biomass samplesisin the form of thin amorphous silicate Sructures or phytaliths. Figure
17 showsthese structures after the surrounding organic materid hasbeen removed by achemica oxidation
procedure (29). The physica form of thisslicamay result in deposition behavior quite different from silica
in quartz or clays found in cods.

Analytical Technique Development and Fuel Char acterization Results

Methods for accurately quantifying organicaly bound dements in biomass fuds using chemicd
fractionation were developed. Cold chemical digestion using concentrated nitric acid followed by
inductively coupled plasma (ICP) andysis of the dementad chemistry of biomass fuels was determined to
be giving erroneous numbersfor slicain the chemicd fractionationleaching extractsfor wheet straw, dfdfa,
and other biomasstypesthat wereinvestigated. The silicon concentrations determined by thismethod were
below detection in some cases using |CP, while in comparison, XRF analyss showed 10%—-20% silicon
inthe bulk ash. It was determined that nearly

TABLES8

CCSEM Mingrd Content of the Fuds

Absaoka
[llinois No. 6 Coal Wheat Straw Alfdfa
Cod Sample 1 Biomass Biomass  Hybrid Poplar
Minerd Fraction: 19.442 8.449 0.855 2412 2.299
Minerd, wt% Totd Totd Totd Totd Totd
Quartz 15.3 17.7 26.1 34.3 1.9
Iron Oxide 11 4.2 15 0.3 9.1
Cdcite 35 115 45 37.7 68.6
Kaolinite 8.2 30.9 0.0 0.0 0.9
K Al-Slicate 75 3.3 0.0 0.5 0.6
Pyrrhotite 46.3 8.6 0.0 0.0 0.7
S-Rich 24 1.1 114 51 0.4
Unknown 8.2 8.7 55.3 18.6 9.3
Other 7.5 14 1.2 3.5 8.5
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Figure 17. Phytolith structures of wheat straw.

dl the silicon present was not solubilized during the | CP pretrestment, and an dternate lithium metaborate
ash fuson method is required for slicon determination. The ability to use ICP is of importance for the
andys's of low-ash-content biomass materids, requiring much less sample to be processed in the CHF
andysis procedure than does andysis by ashing and XRF andyss. The CHF andyses are givenin Table
0.

The proximate and ultimate andyses of the codsand thebiomassmateridsaregivenin Table 10 and
the ash chemidry andyss in Table 11. Because of the high level of volatile potassum and other inorganic
materid in the biomass samples, ashing was performed at alower temperaturethan that for coa procedures
(575?C; 1067?F) following American Society for Testing and Materials (ASTM) Procedure E 1755-95
(118). A second sample of the Absa oka subbituminous cod with dightly different andyses was used for
the combustion tests with the hybrid poplar blends. Proximate-ultimate and ash chemistry of the blends
were not anayzed, but caculated based on the andyses of the parent fuels.

The biomasssampleshaveal ower heeting val ueand are characterized by much higher volatile matter
and oxygen content and lower sulfur than the cods. The wheat sraw ash level is Smilar to that of the
Absaoka cod, with the dfafa ssems and hybrid poplar having a much lower ash content than the cods.
Although the ash content is lower, each of the three biomass materials has a digtinctly different ash
chemigtry. The wheet straw ash contains primarily silica aong with Sgnificant potassum, while the dfdfa
gems contain nearly equa amountsof slica, calcium, and potass um along with sgnificant phosphorus. Both
have very high chlorine content. In contrast, the hybrid poplar ash is comprised mostly of cacium and
potassum, again with significant phosphorus present. The presence of sgnificant, potentialy
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TABLE9
CHF Andysis of Fuds, wit%

Removed by Removed by
Element Water NH,OAc Removed by HCI Remaining

Illinois No. 6 S 0 0 0 100
Al 0 0 0 100

Fe 9 0 0 91

Ti 0 0 2 98

P 0 0 0 100

Ca 19 74 0 7

Mg 3 6 0 91

Na 47 17 3 33

K 2 2 2 9

Absaloka S 0 0 0 100
Al 0 0 18 82

Fe 8 5 28 59

Ti 0 6 6 88

P 0 3 91 6

Ca 0 70 30 0

Mg 0 68 17 15

Na 58 42 0 0

K 2 8 7 83

Whesat Straw S 2 16 3 79
Al 12 44 44 0

Fe 3 2 16 79

Ti 0 1 1 98

P 100 0 0 0

Ca 14 51 19 16

Mg 55 45 0 0

Na 71 20 1 8

K 88 12 0 0

Alfafa Stems S 31 69 0 0
Al 18 57 24 1

Fe 2 4 19 75

Ti 5 16 10 69

P 79 14 0 7

Ca 14 44 26 16

Mg 46 42 0 12

Na 68 25 4 3

K 72 21 0 7

Hybrid Poplar S 19 41 16 24
Al 16 34 1 49

Fe 15 25 56 5

Ti 23 40 21 16

P 50 43 5 2

Ca 8 69 23 0

Mg 21 76 2 1

Na 51 30 12 7

K 62 38 0 0
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TABLE 10

Proximate and Ultimate Andysis of the Fuds

Absaloka
Absaloka Absaloka [llinoisNo. 6 Sample 2
IllinoisNo. 6  Samplel IllinoisNo. 6  Sample 1 Hybrid Hybrid
Wheat Straw Wheat Straw Alfdfa Alfafa Poplar Poplar
Absaloka Absaloka 80%—20% 80%—20% 80%—-20%  80%—20% Hybrid  80%-20%  80%—20%
IllinoisNo. 6  Cod Coal  Wheat Straw Blend Blend Alfadfa Blend Blend Poplar Blend Blend
Fuel Cod Samplel Sample2  Biomass (caculated) (caculated) Biomass (calculated) (calculated) Biomass (calculated)  (calculated)
Proximate Analysis, as received wt%
Moisture 331 22.00 21.00 9.60 457 19.52 7.80 4.21 19.16 5.20 3.69 17.84
Volatile Matter 33.27 33.71 36.25 74.40 41.50 41.85 82.92 43.20 43.55 78.85 42.39 4477
Fixed Carbon 53.16 36.39 33.40 8.38 44.20 30.79 5.35 43.60 30.18 14.82 45.49 29.68
Ash 10.26 7.90 9.34 7.62 9.73 7.84 3.93 8.99 7.11 1.13 8.43 7.70
Ultimate Analysis, as received wt%
Hydrogen 513 6.33 5.61 591 5.29 6.25 6.11 5.33 6.29 6.13 533 571
Carbon 67.70 52.82 49.44 38.29 61.82 49.91 41.83 62.53 50.62 45.04 63.17 48.56
Nitrogen 1.18 0.65 1.07 0.76 1.10 0.67 164 127 0.85 0.82 111 1.02
Sulfur 3.60 0.57 0.78 0.23 2.93 0.50 0.12 2.90 0.48 0.25 2.93 0.67
Oxygen 12.13 31.73 33.74 47.18 19.14 34.82 46.37 18.98 34.66 46.63 19.03 36.32
Ash 10.26 7.90 9.34 7.62 9.73 7.84 3.93 8.99 7.11 1.13 8.43 7.70
Heating Value, 11,500 8981 8720 6462 10,492 8477 7112 10,622 8607 7641 10,728 8504
Btu/lb
Chlorine, 340 50 50 2120 696 464 2340 740 508 93 291 59

pg-g dry basis
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TABLE 11

Bulk Ash Chemidry of the Fuds, wt%
Absaloka Absaloka
[llinoisNo.  Samplel Absaloka Sample 2
6 Wheat lllinoisNo.6 Samplel IlincisNo. 6 Hybrid
Absalok Absalok Wheat Straw ~ Straw Alfadfa Alfdfa Hybrid Poplar ~ Poplar
Ilinois No. a a Wheat 80%—20%  80%—20% 80%—20%  80%—20% Hybrid 80%—20%  80%—20%
6 Coal Coal Straw Blend Blend Alfdfa Blend Blend Poplar Blend Blend
Fuel Cod Samplel Sample2 Biomass (calculated) (calculated) Biomass (calculated) (calculated) Biomass (calculated) (calculated)
SO, 531 328 249 63.9 54.8 388 300 511 325 46 518 318
AlLO, 203 189 16.7 00 171 152 05 186 16.9 15 198 183
Fe,0, 142 48 51 04 120 39 0.7 130 43 20 139 47
TiO, 09 09 08 01 08 0.7 0.1 08 08 0.1 09 09
PO 0.2 04 0.3 13 04 0.6 8.7 09 13 78 04 0.7
Ca0 34 20.2 300 34 34 16.9 251 53 20.7 490 46 212
MgO 16 54 32 17 16 4.7 43 18 53 85 18 55
Na,0 13 0.7 14 2.7 15 11 15 13 08 04 13 0.7
K,O 21 05 05 226 53 48 279 44 35 249 2.7 13
SO, 29 156 171 40 31 133 12 28 14.0 12 29 151




voldile potassum can be expected to contribute to increased ash deposition during combustion. The
chlorine leve in the two herbaceous biomass samples is aso nearly an order of magnitude higher than in
the lllinoisNo. 6 cod and 40 times higher than in the Absa oka subbituminous cod, indicating that corrosion
onmeta heat exchange surfacesmay be an issue. The effect of the biomass ash compaosition on the blends
is not as pronounced as would be expected, since the 80% coa—20% biomass are prepared by weight on
an as-received basis. The higher moisture and ash content of the cods tend to dominate and mask the
cacium, potassium, and phosphorus contribution of the biomass.

The CCSEM andysssummary of Table8identifiessgnificant cacitematerid inthedfdfagemsand
the hybrid poplar. Both thewhesat straw and the dfafa stems have significant amounts of materid classfied
as quartz, which is the amorphous silica-based phytoliths. SEM BEI (backscattered electron imaging)
images of the wheset straw, dfdfa stems, hybrid poplar and Illinois No. 6 and Absaloka coasare shown
in Figures 18-22, illudtrating the contrast in the shape and size of the mineral matter present between the
coal and biomass. The whesat straw is dso slicarich and has a large amount of materia classified as
unknown. This unknown materid is a potassum-—cacium-rich slicate aso probably phytalithic, for which
there is no corresponding cod minera type. In contrast, nearly haf the mineral content of the 1llinois No.
6 cod ispyritic, with only moderate amounts of quartz, keolinite clay, potassum auminosilicate, and minor
amounts of other mineras. The Absal oka subbituminous cod minerds are predominantly quartz, kaolinite
clays, and cdcite. The particle-sze digtribution indicates that the combined quartz and Si-rich minerd
meatter for the wheat straw and dfdfa sems is sgnificantly larger than for the Illinois No. 6 cod and
comparable to the Absaloka cod, as shown in Figure 23. This may have an important effect on the
deposition behavior. The complete CCSEM andyses of the cods and biomass materids (using cod
andysis minerd criteri@) are given in Tables F1-F5 of Appendix F.

Because the CCSEM dlassfication schemewas designed for minerd phasesin cod and the biomass
materid is phytalithic in origin, most of the chemica point analyses are unclassified by the CCSEM data
reduction program. Cluster andyses were performed on these unknowns using Minitab Release 13 for the
multivariate analyses. Clusters were defined by their average composition. A graphic representation of the
five mogt abundant clusters for each of the biomassfuds can be found in Appendix G, Figure G37 for the
hybrid poplar, Figure G39 for the dfafa stems, and Figure G41 for the wheset straw. Each of thesefigures
are accompanied by a pie chart representing the frequency of each of the clusters. For the hybrid poplar,
the Carrich cluster represents 68% of the particles analyzed. The dfdfa stems and whesat straw both
showed a S—K clugter as the dominant chemica group.

The chemicd fractionation results for the lllinois No. 6 cod, given in Table 10, show sgnificant
solubility of calcium and sodium only with water and ammonium acetate extraction, dthough very little of
these dementsis present. The results for the Absaloka cod are typica for awestern subbituminous cod,
with three quarters of the cacium and magnesum and dl of the sodium in an ion-exchangable form. In
contrag, dl of the dementsin the biomass samples show some solubility in water and ammonium acetete,
particularly phosphorus, calcium, potassum, and magnesum. In a subbituminous cod, this would be
indicative of organically bound cations;, however, inthebiomass, thismay dso betheresult of water-soluble
compounds.
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Figure 18. SEM BEI image of whesat straw.
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Figure 19. SEM BEI image of dfafastems.
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Figure 20. SEM BEI image of hybrid poplar.
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Figure 21. SEM BEI image of Illinois No. 6 cod.
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Figure 22. SEM BEI image of Absaoka cod.
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Figure 23. Particle-sze distribution of quartz and slica-rich materid.
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Combustion Testing and Biomass Cofiring Results

Entrained fly ash and fouling deposits were generated in the CEPS combustor for the parent coals
and biomass materids and blends of 80% coa with 20% biomass. Slagging and low-temperature fouling
deposits were aso produced for the blend of 80% Illinois No. 6 cod with 20% whesat straw. The generd
combustion test conditions are given in Table 12. Slagging and fouling depodts were collected on a
removable cooled probe for later andysis and determination of deposit Strength, with gas composition
monitored during the tests.

Table 13 gives the gas compositionsfor the CEPS combustion tests. The oxygen and CO, levesin
the flue gas after combustion were approximately 3.2%-5.0% and 17.0%-18.7%, respectively. The CO
levels for the blend were gpproximately twice that of the 100% Illinois No. 6 cod and three times that of
the 100% whesat straw. The CO leve for the pure dfadfa stems was approximately twice that for the
cod—dfafa sem blends, which were smilar to those of the coas. The hybrid polar gave the highest CO
leved at 183 ppm, about twice that of the cod hybrid poplar blends. A decrease in the blend SO, leves
fromthat of the pure cods can be attributed to the blending with the very-low-sulfur-content whesat straw
aswell aspossible sulfur capture by the dkdi and dkaine-earth d ementsin thewhesat straw ash. The NO,
level for the coal—-whegt straw blendsis comparable to those of the parent cods in the blends. However,
the 100% wheat straw and 100% hybrid poplar showed high NO, levels comparable to the 100%
Absaoka cod. Blending these two biomass materia swith Absalokacoa gppeared to sgnificantly reduce
the NO, levels. The 100% dfdfa stems exhibited the highest NO, leve. Again, blending with the cods
reduced the NO, level to avaue comparable to or lower than that of the pure coals.

Depost growth rates and strengths are given in Table 14. Note that three deposit tests were
performed with the 80% Illinois No. 6-20% whest straw blend. Figure 24 summarizes the growth rates
and crushing strengths of fouling deposits formed from the cods, biomass materids, and 80% coa—20%
biomass blends. The whesat straw fouling deposits, dthough growing rapidly, had very little strength or
indicationof sintering. Coal—whesat straw blends, athough growing morerapidly than the coa deposits, had
effectively no strength. The rate of growth of the dfdfaand cod—dfdfablendswas smilar, with the blend
deposit strengthslower than that of the dfafaand parent cods. Smilar behavior isaso seen for the hybrid
poplar and coa—hybrid poplar blends. The blending of coa with biomassappearsto dilutethecoa minerds
with the porous biomass ash, resulting in fouling deposits with lower strength and which are more easily
removable. No strengths were obtained for severd of the deposits because of their extreme weakness. A
dagging deposit was produced only for the 80% IllinoisNo. 6 coad—20% wheat straw blend. Although the
deposit deposition ratewaslower than the corresponding blend fouling deposit, the dagging depositisquite
strong because of the higher formation temperature, alowing increased interaction of the deposit ash
components. Photographs of the deposits produced are given in Figures 25-35.

Slagging Deposit
The deposits were examined using SEMPC and CCSEM andysis performed on the entrained ash.

The morphology of the 80% Illinois No. 6 coad—20% wheet straw blend dagging deposit showed distinct
eongated dlicate dructures derived from the wheat draw plant materid as wel as
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TABLE 12

Combustion Conditions for Deposit Testing

CEPS CEPS CEPS CEPS CEPS CEPS
Test 101 95 CEPS102 CEPS94-4 CEPS94-2 CEPS94-CP1 CEPS116 CEPS 115 CEPS 113 114 111 117 112
Illinois
Illinois No. Illinois No. Absaloka Illinois No. No.6 Absaoka
Illinois Absalok  Wheat 6 6 IllinoisNo. 6  Wheat 6 Absaloka Hybrid  Hybrid Hybrid
No. 6 a Straw  Wheat Straw Wheat Straw  Wheat Straw Straw Alfafa Alfafa Alfafa  Poplar  Poplar Poplar
100%  100% 100%  80%—-20% 80%—20%  80%-20% 80%-20% 100%  80%—-20% 80%-20 100% 80%-20 80%—20
Coa Cod Biomass Blend Blend Blend Blend Biomass Blend % Biomass % %
Sample Blend Blend Blend
Deposit Fouling Fouling  Fouling Slagging Fouling Convective Fouling Fouling Fouling Fouling Fouling Fouling Fouling
Pass
Gas Flows, Ipm
Primary Air 20 30 20 20 20 20 20 20 20 20 20 20 20
Secondary Air 77 137 77 77 77 77 77 77 77 77 77 77 77
Purge Air 3 3 3 3 3 3 3 3 3 3 3 3 3
Total AirIn 100 170 100 100 100 100 100 100 100 100 100 100 100
Flue Gas Flow 111 180 112 110 111 111 120 115 111 120 111 111 112
Temperatures, ?7C
Preheat Furnace 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
Furnace No. 3 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500
Furnace No. 4 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500
Furnace No. 5 1400 1500 1400 1400 1400 1400 1400 1400 1400 1400 1400 1400 1400
Furnace No. 6 1300 1400 1300 1300 1300 1300 1300 1300 1300 1300 1300 1300 1300
Furnace No. 7 1200 1300 1200 1200 1200 1200 1200 1200 1200 1200 1200 1200 1200
Preheat Air 847 794 847 846 849 849 848 846 847 848 845 847 846
Secondary Air 724 645 727 686 713 713 705 689 681 701 688 709 683
Section 2 1242 1253 1176 1247 1279 1279 1224 1138 1228 1227 1137 1261 1206
Section 3 1297 1391 1227 1264 1267 1267 1245 1239 1224 1215 1221 1250 1226
Section 4 1306 1314 1326 1252 1291 1291 1311 1311 1291 1294 1324 1302 1306
Section 5 1307 1379 1313 1267* 1311 1311 1310 1320 1303 1309 1330 1307 1311
Section 6 1235 1331 1237 1223 1244 1244 1219 1234 1233 1240 1259 1220 1239
Section 7 988t 1089t 1012? 1005 981t 981 10421 1025t 995! 1010t 10061 987t 1000*
Section 8 780 900 805 837 788 788 854 864 748 788 799 742 768
Convective Pass Outlet NA2 533 NA2 565 560 560" 437 437 NA2 NA2 379 395 342
Heat Exchanger No. 1 232 399 262 207 221 221 NAZ? NAZ? NA? NA? 274 NA? 266
Outlet
Heat Exchanger No. 4 118 220 136 127 135 135 NA2 NA2 NA2 NA2 169 NA2 161
Outlet
Baghouse Inlet 114 202 133 103 94 94 NA2 NA2 NA2 NA2 178 NA2 171
Baghouse Bottom 97 130 105 96 90 90 180 202 160 173 65 125 57
Baghouse Top 139 138 140 138 140 140 60 94 116 143 91 76 89
Deposit Probe 540 532 540 500 540 540 540 540 540 540 540 540 540
Centerline Gas NA? NA? NA? NA? NA? NA? 1034 1034 1034 1034 NA? 1034 1034
Temperature®
1 Location of deposit probe.
2 Not applicable.

3 At probe location.



€9

TABLE 13

Gas Andyssfor Depost Testing
CEPS101 CEPS95 CEPS102 CEPS94-4 CEPS94-2 CEPS94-CP1 CEPS116 CEPS CEPS113 CEPS CEPS111 CEPS117 CEPS112
115 114
Absaloka

IllinoisNo. IllinoisNo. IllinoisNo.6  Wheat Illinois No. Absaloka IllinoisNo. 6  Absaloka

Illinois No. 6 Absaloka  Wheat 6 6 Wheat Straw Straw Alfafa 6 Alfafa Hybrid Hybrid Hybrid

Straw ~ Wheat Straw Wheat Straw Alfafa Poplar Poplar Poplar

100% 100% 100% 80%—-20% 80%—20%  80%—-20% 80%—-20% 100% 80%-20% 80%—20 100% 80%—-20%  80%—20%
Coal Coal Biomass Blend Blend Blend Blend  Biomass Blend % Biomass Blend Blend
Blend
Fouling Fouling  Fouling Slagging Fouling Convective Fouling  Fouling Fouling Fouling Fouling Fouling Fouling
Deposit Deposit  Deposit Deposit Deposit Pass Deposit  Deposit Deposit Deposit Deposit Deposit Deposit
Deposit

0,, % 3.17 4.12 5.01 4.85 4.67 4.67 4.93 4.97 4.72 4.83 4.77 4.76 5.03
CO,, % 18.50 18.54 18.44 17.00 17.01 17.01 18.46 18.55 18.24 18.39 18.73 18.27 18.41

CO, ppm 24 28 24 86 74 74 32 43 21 28 183 71 102

0,, ppm 2688 609 159 2135 2171 2171 467 61 2136 464 43 2089 553
NO,, ppm 1020 1577 1557 1120 1071 1071 1404 1942 1355 1514 1410 1142 1222




TABLE 14

Deposit Strengths and Growth Rates
CEPS CEPS CEPS102 CEPS94-4 CEPS94-2 CEPS94- CEPS116 CEPS CEPS CEPS CEPS111 CEPS CEPS112
101 95 CP1 115 113 114 117
Illinois Illinois Illinois
No. 6 No. 6 Illinois Absaloka Illinois No.6  Absaloka
Illinois Absalok  Wheat Wheat Wheat No. 6 Wheat No.6 Absaloka Hybrid Hybrid Hybrid
No. 6 a Straw Straw Stravw~ Wheat Straw  Straw Alfafa Alfafa Alfdfa Poplar Poplar Poplar
100%  100% 100% 80%—-20% 80%—-20% 80%—20% 80%—-20% 100% 80%-20 80%—20 100% 80%—-20 80%—20%
Coal Coal Biomass Blend Blend Blend Blend Biomass % % Biomass % Blend
Blend Blend Blend
Convective
Fouling Fouling Fouling Sagging  Fouling Pass Fouling Fouling Fouling Fouling Fouling Fouling  Fouling
Deposit Deposit Deposit Deposit Deposit Deposit Deposit  Deposit Deposit Deposit Deposit Deposit Deposit
Fuel Fed, kg 0.77 2.83 0.15 0.77 0.47 0.88 0.34 2.10 1.03 1.36 4.60 141 2.65
Fuel Fed, Ib 1.69 6.23 0.34 1.70 1.03 1.95 0.74 4.63 2.28 3.00 10.14 3.11 5.85
% Ash 10.26 7.84 7.62 9.73 9.73 9.73 7.84 3.93 8.99 7.11 1.13 8.43 7.70
Deposit Duration, min ~ 60.0 120.0 7.0 60.0 35.0 70.0 20.0 102.0 80.0 80.0 244.0 111.0 150.0
Deposit Main Ash, g 1.3858 5.3267 2.4534 0.7937 1.6320 NA? 1.6305 3.8188 3.8905 2.5356 0.3716 0.7335 2.1238
Deposit White Ash, g 0.6330 0.4234  0.0560 0.0916 NA! NA? 0.1329 1.3916 0.3011 0.3350 0.2519 0.5503  0.3925
Deposit Total Weight, 2.0188 5.7501 2.5094 0.8853 1.6320 NA1 1.7634 52104 4.1916 2.8706 0.6235 1.2838 2.5163
9
g Deposit-kg AshFed 25.65 2595 213.34 11.79 35.86 NA? 67.01 63.13 45.08 29.67 12.00 10.80 12.32
g Deposit-b Ash Fed 11.64 11.77 96.86 5.35 16.28 NA? 30.40 28.64 20.45 13.46 5.44 4.90 5.59
Deposit Rate, g—min 0.0336 0.0479 0.3585 0.0148 0.0466 NA? 0.0882 0.0511 0.0524 0.0359 0.0026 0.0116  0.0168
Deposit Strength, kPa 1834.0 2820.0 220.6 3771.4 * 2220.1 1054.9 3275 393.0 199.9 *
Deposit Strength, psi 266.0  409.0 32.0 547.0 * 322.0 * 153.0 47.5 57.0 * 29.0 *

1 Not applicable.

* Too weak to be measured.



Deposition Rate, g/kg ash fed

250

200

150

100

S0

LR I R

2 500

Ab.

[ Deposition Rate
Deposit Strength

o
£ g
" P
Rt e

= 400

— 300

— 240

Figure 24. Comparison of deposit growth rates and crushing strengths.
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Figure 26. Absaloka fouling deposit.
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Figure 27. Wheat straw fouling deposit.
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Fgure 28. Alfdfa stem fouling deposit.

Figure 29. Hybrid poplar fouling deposit.
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Figure 30. 80% lllinois No. 6-20% whesat straw fouling deposit.
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Figure 31. 80% Illinois No. 6-20% dfafa stem fouling deposit.
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Figure 32. 80% lllinois No. 6-20% hybrid poplar sem fouling deposit.

COPTLTITaED

8_0_!? 0 Absaloka/WS # 116

-
<5

Figure 33. 80% Absaloka—20% wheat straw fouling deposit.
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Figure 35. 80% Absa oka—20% hybrid poplar fouling deposit.
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diginct angular minerd matter derived from the coa, both being assmilated into the potassum-ron
auminosilicate melt phase as shown in Figure 36. It gopears that interaction of potassum occurs in the
deposit and not with the entrained fly ash at this point in the combustion process. Although condensation
may be occurring on the surface of the entrained ash, the angular shape and evidence of remnant plant
gtructural festures of the biomass-derived slica indicate that significant interaction and melting is not
occurring until incorporated into the deposit. This may be due to additiona potassium in the form of
chlorides, hydroxides, and sulfates and, to a lesser degree, smilar sodium species condensing onto the
deposit asit forms. Phosphorus, which isaso present in higher amountsin the blend and biomass deposits,
may a0 be acting as a fluxing agent Imilar to sodium, potassum, and cacium. The CHF showed 100%
remova of phosphorus by water and ammonium acetate from the biomass materid, indicating thet it is
ether organicdly bound or in a water-soluble form. If organicaly bound, the phosphorus would be
expected to form either gas-phase species or very fine particulate with minima interaction with other ash
components during the combustion stage. However, at present, the form of entrained phosphorus and its
role in deposit formation and sintering is not known. Examination of the fly ash CCSEM andysisindicates
that particles containing high phosphorus concentrations generdly aso have high calcium concentrations,
suggesting the formation of a calcium phosphate in the combustion process. The blend dagging deposit
produced was hard and well sintered, with evidence of partid melting of the deposit materid. In contrast
to the dagging deposit, the blend fouling deposit, dthough growing rapidly, had very little strength or
indication of antering. This low strength may be the result of the large slica (amorphous slica) structure
which did not entirdly fuse and provides aphysica weakening of the deposits. The blend low-temperature
fouling deposit obtained from the CEPS convective pass smilarly had very little strength.

T T———
8261 38kU Sedum

Figure 36. 80% Illinois No. 6-20% whegt straw dagging deposit.
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Table 15 compares the SEMPC minerd species determined for the fouling deposits. The 100%
[llinois No. 6 depogit isdominated by illite clay, mixed carbon-rich species, and mixed slica-rich species,
with very little quartz. The Absaoka deposit is comprised of high-slica-content auminosilicate materia
classfied as* mixed-metd-rich,” dong with anorthite, wollastonite, illite clay, and mixed silica-rich species.
The 100% whegt straw fouling deposit minera speciesare primarily quartz derived from the plant inorganic
dlica structures and mixed-silicon-rich materid resulting from the reaction of the plant slicawith cacium,
potassum, and magnesium. The80% IllinoisNo. 6-20% wheat straw blend fouling deposit reflectsthe high
dlica content of the blended wheat straw, with the mgjority of the materid being mixed-slica-rich species.
The 80% Absd oka—20% whest straw blend dso includeslarge amounts of quartz and silica-rich materid,
dong with illite. Theillite may be derived from the Absaoka cod, with the diluting effect of the high-silica
content whesat straw ash. Again, the materid classified asquartz by the SEMPC analysisof thewhesat straw
is probably predominantly plant-derived amorphous slica. The dfdfa sems have a very high cdcite
content, dong with mixed-slica-rich materid. The80% lllinoisNo. 6-20% dfadfablend isprimarily mixed-
dlicarrichmaterid, dong with someillite claysandiron oxide. It gppearsthat iron has been assmilated into
the blend deposit in amounts greater than in ether the Illinois No. 6 or the dfdfa deposts. The 80%
Absa oka—20% dfafablend aso contains mostly mixed-slicarich materid, aong with some quartz and
clays.

The overdl chemidry and the chemidiry of the inner (tube side) and outer (gas Side) portions of the
deposits were obtained from the SEMPC andysis. No sgnificant difference was seen in the deposit
composition between the inner and outer portions. The overdl deposit chemistry isgivenin Table 16. The
chemigtry of the depodts generdly reflects the bulk ash chemistry of the parent cod, wheat straw, and
blend.

Tables 17 and 18 give the SEMPC minerd species and chemidry for the 80% Illinois No. 6 cod
dagging and fouling depodits, aswell as a low-temperature deposit obtained from the CEPS convective
pass and the CCSEM andysis of the blend fly ash. Reported as oxides, the results showed a decreasein
SO, content, with a corresponding increase in Al,O; content from the dagging to fouling to low-
temperature fouling deposit and entrained ash sample, as shown in Figure 37. The Fe,O5 content of the
fouling depodgit is gpproximately hdf that of the dagging and low-temperature deposts, which are
comparable. Sodium, potassum, and sulfur content is aso significantly higher in the low-temperature
deposit and in the entrained ash. The finer entrained ash which is <22 um is enriched in potassum in
combinationwith slica, iron, and duminum. Enrichment of chlorineand sulfur isalso seeninthefinest <2.2-
pmsizefraction. Thisis consistent with amechanism of condensation of gas-phase potassum species onto
the entrained ash at |ower temperatures. Theweakness of thefouling and low-temperature fouling deposits
indicates that little interaction of the potassium with the entrained ash occurs at lower temperature and that
low-viscosty mets are not produced later in the combustion process, during the formation of Illinois No.
6 fly ash.

CCSEM andysiswas performed on the fly ash of the codsand blends. A summary of theseresults
isgivenin Table 19. The complete CCSEM andlysisresults are given in TablesH1-H11 of Appendix H.
Although some quartz, clays, and duminosilicates are identified, the great mgority of the ash is classfied
as ether unknown or gdlicarich. Note that the 80% Illinois No. 6-20% wheat straw blend hasahigh level
of iron oxide, similar to the fouling deposit. The mineral

72



€L

TABLE 15

Fouling Deposit Minerd Species

Test CEPS101 CEPS CEPS102 CEPS94-4 CEPS94-2 CEPS94- CEPS116 CEPS CEPS113 CEPS CEPS111 CEPS117 CEPS112
95 CP1 115 114
Illinois No. Illinois No. Absaloka Illinois No. Absaloka Illinois No. 6 Absaloka
IllinoisNo. Absalok  Wheat 6 6 IllinoisNo. 6 Wheat 6 Alfafa Hybrid Hybrid Hybrid
6 a Straw  Wheat Straw Wheat Straw Wheat Straw  Straw Alfalfa Alfalfa  80%-20  Poplar Poplar Poplar
100% 100% 100%  80%—20% 80%—20% 80%-20% 80%-20% 100%  80%—20% % 100% 80%—-20% 80%—20%
Sample Coal Coa Biomass Blend Blend Blend Blend Biomass Blend Blend Biomass Blend Blend
Convective
Deposit Type Fouling  Fouling  Fouling Slagging Fouling Pass Fouling  Fouling Fouling Fouling Fouling Fouling Fouling
Calcium Oxide 0.8 0.0 0.4 0.0 0.4 0.0 4.0 7.6 0.0 2.8 17.2 0.0 6.8
Iron Oxide 0.8 0.8 0.0 0.4 12 5.2 0.8 0.0 10.8 2.0 1.6 5.2 2.8
Mixed-Oxide-Rich 0.0 0.4 0.0 0.0 0.0 0.4 0.0 12 0.0 0.4 12.4 0.8 0.4
Mixed-Sulfur-Rich 1.6 2.0 0.0 0.4 0.8 3.2 2.8 1.2 0.0 1.6 0.8 1.2 8.8
Apatite 0.4 0.0 0.0 0.0 0.0 0.0 0.0 7.2 0.4 0.0 0.4 0.0 0.0
Mixed-Phosphorus- 0.0 0.0 3.2 0.4 2.4 0.8 2.0 42.8 3.2 0.8 16.0 0.0 0.0
Rich
Calcite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.2 0.0 0.4
Mixed-Carbon-Rich 14.4 0.0 0.0 6.4 1.2 0.4 0.0 0.0 0.0 0.0 0.0 0.4 0.0
Mixed-Metal-Rich 0.0 22.4 0.0 0.0 0.4 0.0 0.4 0.8 0.0 0.0 0.0 0.0 0.0
Quartz 4.0 0.8 34.4 8.4 22.4 1.2 19.2 0.0 3.2 11.6 12 2.0 8.4
Anorthite 7.6 21.2 0.0 0.0 0.0 0.0 2.4 0.0 2.8 3.2 0.0 16.8 13.2
Altered Kaolinite 0.8 0.8 0.0 0.0 0.0 1.2 1.6 0.0 0.0 4.0 0.0 0.4 1.6
Ilite 15.2 12 0.4 22.8 26.0 27.2 22.8 12 12.0 9.6 2.0 12.8 5.2
Montmorillonite 6.4 13.6 0.0 4.0 2.0 0.0 2.8 0.0 0.8 1.6 0.0 8.0 0.8
Wollastonite 0.4 14.4 0.0 0.4 12 0.0 0.8 0.0 0.4 0.4 0.0 0.4 0.0
Calcium Silicate 0.4 0.4 0.0 0.0 0.0 0.0 1.6 0.4 0.4 1.6 0.0 0.4 8.0
Gehlenite 0.0 0.8 0.0 0.0 0.0 0.0 0.4 0.0 0.4 7.2 0.0 0.0 4.8
Mixed-Silicon-Rich 45.2 14.8 61.6 51.2 39.2 57.2 32.8 29.2 63.6 44.0 4.8 48.8 30.4
Unknown 0.8 1.2 0.0 0.0 0.8 1.6 1.2 6.4 1.6 6.4 34.4 0.4 2.8
Other 1.2 5.2 0.0 5.6 2.0 1.6 4.4 2.0 0.4 2.8 2.0 2.4 5.6




TABLE 16

Fouling Depogit Bulk Chemistry, wit%

17

Test CEPS101 CEPS CEPS102 CEPS94-4 CEPS94-2 CEPS94-CP1 CEPS116 CEPS CEPS113 CEPS114 CEPS111 CEPS117 CEPS112
95 115
Ilinois No. Illinois No. Absaloka Illinois No. IllinoisNo. 6 Absaloka
IllinoisNo. Absalok  Wheat 6 6 IllinoisNo. 6 ~ Wheat 6 Absaloka Hybrid Hybrid Hybrid
6 a Straw  Wheat Straw Wheat Straw  Wheat Straw Straw Alfafa Alfafa Alfdfa Poplar Poplar Poplar
100% 100% 100%  80%—-20% 80%—20% 80%—-20% 80%—20% 100%  80%—-20% 80%—20%  100% 80%—20%  80%—20%
Sample Coa Coa Biomass Blend Blend Blend Blend Biomass Blend Blend Biomass Blend Blend
Deposit Fouling  Fouling Fouling Slagging Fouling Convective Fouling  Fouling Fouling Fouling Fouling Fouling Fouling
Type Pass
SO, 49.2 53.7 76.9 61.2 66.6 45.8 59.8 145 44.8 44.3 8.2 49.2 37.4
Al,Oq 16.4 16.3 0.4 8.7 111 18.6 7.3 0.4 15.7 13.6 34 17.7 12.8
Fe,0s 21.6 7.3 0.3 13.8 6.7 13.0 24 0.3 18.5 4.6 2.6 16.2 5.9
TiO, 0.8 0.8 0.1 0.3 0.4 14 0.2 0.1 0.7 0.5 0.1 0.6 0.5
P,Os 0.3 0.3 2.3 13 14 0.8 1.6 20.2 25 4.0 9.5 1.0 1.0
Ca0 6.4 16.3 5.6 5.9 5.6 21 17.7 38.9 8.9 22.5 52.1 9.6 31.6
MgO 0.6 17 2.8 25 2.1 0.8 1.9 7.1 15 2.6 8.9 1.6 2.0
Na,O 0.4 0.5 0.7 0.7 0.4 1.2 0.8 0.4 0.6 0.5 0.6 0.5 0.9
K,O 2.4 0.6 10.4 4.7 4.6 8.9 5.8 16.6 5.8 5.6 11.6 2.3 15
0, 11 14 0.2 0.4 0.7 5.6 2.0 11 0.6 13 25 0.8 5.7
clo 0.4 0.6 0.3 0.3 0.2 15 0.2 0.1 0.2 0.1 0.2 0.2 0.2
Cr,04 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
BaO 0.2 0.4 0.1 0.1 0.1 0.3 0.2 0.1 0.2 0.3 0.2 0.2 0.4




TABLE 17

Illinois No. 6 Deposit and Ash Minerd Species, wit%

Sagging  Fouling Convective Pass  Bulk

SEMPC Minerd Depost  Depost Deposit Flter = CCSEM Minerd

Cdcium Oxide 0.0 0.4 0.0

Iron Oxide 0.4 12 52 184 Iron oxide

Mixed Oxide 0.0 0.0 0.4

Pyrite 0.0 0.0 12 0.1 Okxidized pyrrhotite

Mixed-Sulfur-Rich 0.4 0.8 3.2

Mixed-Phosphorus-Rich 04 24 0.8

Mixed-Carbon-Rich 6.4 1.2 0.4

Mixed-Meta-Rich 0.0 0.4 0.0

Quartz 8.4 22.4 1.2 4.8 Quartz

K Feldspar 0.4 0.8 0.4 4.2 K-Al-slicate

Altered Kaolin 0.0 0.0 1.2

Illite 22.8 26.0 27.2

Montmorillonite 4.0 2.0 0.0

Pyroxene 0.8 12 0.0

Wollastonite 0.4 1.2 0.0

Mixed-Silicon-Rich 51.2 39.2 57.2 4.3 Si-rich

Al-S—CaRich 4.4 0.0 0.0 0.0

Other 0.0 0.8 1.6 62.8 Undassfied (S-rich)
TABLE 18

[llinois No. 6 Deposit and Ash Chemistry, wt%

Saggng  Fouling Convective Pass Bulk

Depost  Depost Deposit Filter
S0, 61.2 66.6 45.8 46.8
ALO; 8.7 11.1 18.6 15.9
Fe,0, 13.8 6.7 13.0 22.2
TiO, 0.3 0.4 14 1.0
P,Os 1.3 1.4 0.8 0.6
CaOo 59 5.6 2.1 39
MgO 25 21 0.8 0.9
NaO 0.7 0.4 12 1.0
K,O 4.7 4.6 8.9 5.9
SO, 0.4 0.7 5.6 15
clo 0.3 0.2 15 0.0
Cr,0; 0.1 0.1 0.1 0.0
BaO 0.1 0.1 0.3 0.2
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Figure 37. Comparison of 80% Illinois No. 6-20% wheat straw deposit and fly ash chemistry.

classfications provide little information about ash transformations and interactions, because of the large
component of materia classfied as unknown. More information is provided by the average chemicd
composition of the fly ash given in Table 20. The mgority of the materid in the fly ash isin the unknown
classification, with an average chemical compodtion given in Table 21.

Clugter andlyss was performed on the CCSEM ash results because of the high number of
unclassfied particles resulting from the presence of inorganic matter arisng from the biomass. These
andyses were donein the same manner as with the fud analyses. Resultsfor the biomass ash samples can
befound in Appendix G, Figures G1 through G12. For each biomass ash, thereisafigure representing the
average composition of the unknowns (Figures G1, G5, and G9), a figure representing the five most
sgnificant clugters (Figures G2, G6, and G10), a pie diagram showing the frequency distribution (Figures
G3, G7, and G11), and a figure showing the particle-size didtribution (Figures G4, G8, and G12). The
wheat straw ash shows the greatest smilarity from the fuel to the ash andyzed. A high percentage of
andysesfrom both samples contained both S and K. While Cl wasasgnificant component inthefue, very
little was detected in the ash sample (Figure G5). In contrast, both the hybrid poplar and dfdfastem fuds
show little Cl, while the ash unknowns contain 10% and 28%, respectively. These fuds show aggnificant
rearrangement of éements during combustionwhich can at least in part be contributed to the particle Sze
being smdl (greeter than 50% of the particlesandyzed were below 10 umin diameter). Sgnificant amounts
of Ca and K tend to reduce the melting temperature of the Si-containing particles, dlowing more
components to be incorporated into the glassy matrix. SEM microprobe andyses cannot distinguish
between any phases that may condense on the surface of the ash particle as it cools or the bulk of the
particle. These samples were cut and polished cross sections of the ash particles, but sgnificant
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TABLE 19

CCSEM Hy Ash Analyss, wt%

LL

Test CEPS101 CEPS95 CEPS102 CEPS94-2 CEPS116 CEPS115 CEPS113 CEPS114 CEPS111 CEPS 117 CEPS 112
Absaloka
Wheat  IllinoisNo.6  Wheat IllincisNo. 6 Absaloka IllinoisNo. 6  Absaloka
lllinoisNo. 6 Absadloka Straw  Wheat Straw~ Straw Alfafa Alfafa Alfdfa Hybrid Poplar Hybrid Poplar Hybrid Poplar

100% 100% 100% 80%-20% 80%-20%  100% 80%-20% 80%—20% 100% 80%—-20% 80%—-20%
Sample Codl Cod Biomass Blend Blend Biomass Blend Blend Biomass Blend Blend
Deposit Type Fouling Fouling  Fouling Fouling Fouling Fouling Fouling Fouling Fouling Fouling Fouling
Quartz 0.1 0.0 319 4.8 16 15 6.7 5.8 14 8.7 45
Iron Oxide 17 12 0.0 184 12 18 7.1 29 9.0 45 15
Calcite 0.2 32 12 0.3 32 0.3 0.1 0.7 79 0.3 7.0
Dolomite 0.0 0.6 0.7 0.0 0.5 0.2 0.0 0.3 6.3 0.1 0.5
Kaolinite 0.1 6.6 0.0 0.0 0.0 0.2 0.6 0.1 0.1 0.2 0.0
K Al-Silicate 4.2 4.1 0.1 4.2 2.3 14 15.1 8.2 0.6 12.2 17
CaAl-Silicate 0.1 15.2 0.0 0.0 21 05 0.2 29 0.0 0.5 6.6
Mixed Al-Silicate 13.2 6.2 0.0 21 0.0 0.2 0.9 0.1 0.7 5.0 41
KCl 0.0 0.0 0.2 0.0 0.0 9.6 0.0 0.0 0.2 0.1 0.0
Si-Rich 2.3 0.3 36.1 43 1.8 1.0 53 19 0.6 39 13
CaRich 15 14 0.5 17 17 0.2 0.3 1.0 6.1 11 2.8
Unknown 74.1 51.4 274 62.8 80.0 82.2 62.0 724 57.2 60.2 63.6

Other 25 9.8 1.9 14 5.6 0.9 1.7 3.7 9.9 3.2 6.4
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TABLE 20

Average CCSEM Chemicad Compostion of Hy Ash, wt%

Test CEPS101 CEPS95 CEPS102 CEPS94-2 CEPS116 CEPS115 CEPS113 CEPS114  CEPS111 CEPS 117 CEPS 112
Absaloka Absaloka
Absalok  Wheat lllinoisNo.6  Wheat IllinoisNo.6 Absaoka IllincisNo. 6 Hybrid
IllinoisNo. 6 a Straw  Wheat Straw ~ Straw Alfdfa Alfdfa Alfalfa Hybrid Poplar Hybrid Poplar Poplar
100% 100% 100% 80%20%  80%—-20% 100% 80%20%  80%—20% 100% 80%—20% 80%—20%
Sample Cod Cod Biomass Blend Blend Biomass Blend Blend Biomass Blend Blend
Deposit Type  Fouling Fouling  Fouling Fouling Fouling Fouling Fouling Fouling Fouling Fouling Fouling
SO, 50.1 326 75.0 430 20.1 10.7 46.1 312 100 444 255
ALO, 226 229 04 157 123 37 14.8 153 4.0 158 150
Fe,O, 109 58 04 245 37 57 131 50 16.2 9.7 38
TiO, 16 12 01 12 0.7 04 11 08 04 0.9 08
PO 08 0.7 20 09 18 44 10 15 71 10 09
Cao 41 26.7 81 35 231 78 31 210 303 82 264
MgO 09 44 29 09 25 16 0.7 36 55 12 24
Na,0O 14 09 0.7 11 11 16 0.7 0.6 10 11 13
K,O 59 14 9.0 6.3 35 211 79 6.1 71 52 21
SO, 15 24 05 22 134 173 51 48 9.7 6.3 6.8
BaO 03 0.7 0.2 03 08 04 03 05 0.2 04 08
co 01 03 0.8 0.2 171 25.6 5.8 9.9 85 5.7 140




TABLE 21

Average CCSEM Chemicad Compodtion of Fly Ash with “Unknown” Minerd Compogtion, wt%

6L

Test CEPS101 CEPS95 CEPS102 CEPS94-2 CEPS116 CEPS115 CEPS113 CEPS114  CEPS111 CEPS 117 CEPS 112
Absaloka Absaloka
Absalok  Wheat lllinoisNo.6  Wheat IllinoisNo.6 Absaoka IllincisNo. 6 Hybrid
IllinoisNo. 6 a Straw  Wheat Straw ~ Straw Alfdfa Alfdfa Alfalfa Hybrid Poplar Hybrid Poplar Poplar
100% 100% 100% 80%20%  80%—-20% 100% 80%20%  80%—20% 100% 80%—20% 80%—20%
Sample Cod Cod Biomass Blend Blend Biomass Blend Blend Biomass Blend Blend
Deposit Type  Fouling Fouling  Fouling Fouling Fouling Fouling Fouling Fouling Fouling Fouling Fouling
SO, 50.1 272 55.1 489 183 838 411 258 101 375 215
ALO, 231 198 10 211 124 36 16.3 157 31 171 156
Fe,O, 104 6.5 0.7 110 29 4.7 89 27 9.3 7.7 28
TiO, 17 17 0.2 17 08 04 15 10 05 12 09
PO 038 11 48 10 19 49 14 17 85 13 10
Cao 32 321 137 28 195 79 39 232 248 95 211
MgO 09 6.1 6.0 11 25 18 09 43 6.0 15 26
Na,0O 15 05 15 12 11 17 09 0.6 14 12 14
K,O 6.4 11 146 85 35 218 95 6.0 112 59 24
SO, 15 28 09 22 155 185 70 55 135 82 89
BaO 04 09 03 04 09 04 03 0.6 03 0.6 09

cdo 01 03 14 0.2 20.8 25.6 8.2 130 113 83 211




amount of Cl were found with the dfafa sems ash (Figure G1) and a moderate amount of P was found
with the hybrid poplar ash (Figure G9).

To form aclearer picture of the chemica interactions of the ash in the depositsand fly ash, Table 22
provides vaues of the difference between the depost or fly ash chemical composition and that of the
inorganic materia inthefud. A postive va ueindicates enrichment and anegative va ue depletion. Because
of the variable amount of sulfur capture by the fly ash, the vaues given are on a sulfur-free basis and, for
congstency with the fud andysis, on a Cr,O5- and BaO-free basis as well.

The compogtion of the Illinois No. 6 ash is dominated by slica, duming, and iron and the
composition of the Absaloka ash by dlica, dumina, and calcium. The wheat straw ash is predominantly
dlica, with 8% cacium and 9% potassum present. A smal enrichment of iron occursin thelllinoisNo. 6
deposit, while sllicais enriched and calcium depleted in the Absoloka depost relative to the chemistry of
the parent cod inorganic materid. Thereis dso a dight depletion of cacium in the Absaloka fly ash. No
enrichment or depletionof chlorine occursfor the deposits or fly ash for the cod's. The whesat Straw shows
a depletion of potassum and enrichment of slicain the deposit. This would be expected because of the
impection of large slica phytoliths aong with the formation of vapor-phase or fine particulate potassum
gpecies which would not be expected to deposit. The wheat straw fly ash is very close in composition to
that expected from the inorganic chemidry of the fuel. The blends of wheeat straw with the cods has the
magor chemical congtituentscorresponding to the parent fuel's. The 80% A bsal oka—20% wheat straw blend
compositionasoincludesasignificant amount of sulfur captured by the cod-derived calcium and the whest
straw-derived potassium. Although thewhegt straw contains appreciable chlorine, thereislittlein either the
wheat straw fly ash or the 80% Illinois No. 6-20% wheet straw blend fly ash. However, chlorine is a
sgnificant component of the 80% Absal oka—20% whesat straw blend fly ash. Thissuggeststhat thechlorine
in the wheat straw and Illinois-wheet straw blend remainsin the gas phase (possibly asHCl) or asavery
fine submicron aerosol (possibly asKCl) whichistoo smal to be analyzed by the CCSEM technique. The
presence of chlorine in the Absaloka—whesat straw ash indicates elther condensation or agglomeration of
chlorine compounds such asK Cl onto larger ash particlesor competition of Absal oka-derived calciumwith
the whesat straw-derived potassium for chlorine capture. Someenrichment of slicaisseeninthelllinoisNo.
6-wheat strav and Absaoka-wheat sraw deposts dong with depletion of auminum. The
Absa oka—whesat straw fly ash aso contained much less silica than would be expected and sgnificantly
more chlorine as well as some enrichment of cacium. The lack of slicain the fly ash may be due to
depostion in the CEPS ducting prior to the baghouse where the sample was collected.

The dfdfa depost shows enrichment of phosphorus and potassum, dong with depletion of slica,
potassum, and chlorine. The dfdfafly ash chemidry is comprised of slica, cacium, and potassum, with
a dgnificant amount of captured sulfur. A very high amount, 25% of the ash weight, ischlorine. Thereisa
depletion of cacium, possibly due to the formation of fine calcium species. The 80% Illinois No. 6-20%
dfdfaand 80% Absd oka—20% dfdfablend fly ashes have dlicaand duminacontent smilar to thewheat
graw blend fly ashes. The Absd oka—dfafablend fly ash does not exhibit the high sulfur capture shown by
the Absaloka—~wheat straw blend or the dfafafly ash. Although the Absd oka—dfdfafly ash does contain
more chlorine than the lllinois No. 6-dfdfafly
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TABLE 22

Differences Between Fud and Deposit and Hy Ash Chemistry, wit%

[llinois No. 6 Absaloka
[llinois No. 6 Wheat Straw Wheat Straw Wheat Straw Alfdfa
100% Absdoka 100% 80%—20% 80%—20% 100%
Sample Cod 100% Biomass Blend Blend Biomass
Difference Depost Fy Ash Depost Fly Ash Depost Fly Ash Deposit  Fly Ash Deposit  Fly Ash  Deposit  Fly Ash
SO, ?24 ?3 25 4 13 ?2 6 11 17 7?38 ?13 ?15
Al,O, ?4 2 ?4 4 0 0 2?9 ?76 2?10 7 ?0 4
Fe,0, 7 ?3 1 ?0 ?0 0o 2 ?5 7?2 2 ?0 6
TiO, ?0 1 ?0 0 0 0 2?1 0 71 1 0 0
P,Oq 0 1 ?0 0 1 20 1 1 1 0 12 ?3
CaO 3 1 ?20 ?9 2 3 2 2 ?1 9 16 ?14
MgO ?1 ?1 ?2 1 1 0 1 0 ?3 1 3 ?2
Na,O ?1 0 ?1 ?1 ?2 0 21 ?1 0 0 ?1 0
K,O 0 4 0 1 712 ?1 2?1 ?1 0 ?2 ?9 ?1
Clo ?0 ?0 1 0 ?3 1?1 ?21 2?1 20 ?7 24
[llinois No. 6 Absaloka [llinois No. 6 Absaloka
Alfafa Alfafa Hybrid Poplar Hybrid Poplar Hybrid Poplar
80%—20% 80%—20% 100% 80%—20% 80%—20%
Sample Blend Blend Biomass Blend Blend
Difference Depost Fy Ash Depost Fly Ash Depost Fly Ash Deposit  Fly Ash  Deposit  Fly Ash
SO, ?7 ?3 8 ?4 4 7 2?3 ?5 3 ?10
Al,O, ?3 ?3 ?6 ?3 2 3 7?2 ?3 78 ?5
Fe,0, 5 1 0 0 1 6 2 ?4 1 ?1
TiO, 0 0 0 0 0 0O O 0 ?1 0
P,Oq 2 0 3 0 2 0 1 1 0 0
Ca0o 4 ?2 ?1 ?2 5 ?15 5 4 9 4
MgO 0 ?1 ?3 ?2 1 ?2 0 ?1 ?4 ?4
Na,O ?1 ?1 0 0 0 1 21 0 0 1
K,O 1 4 2 2 2?13 ?17 O 3 0 1
Cclo ?1 5 ?1 9 ?1 8 O 6 0 15




ash, it is gpproximately haf that of the Absaoka—wheat straw blend, even though the chlorine content of
the wheet straw and dfafaare nearly the same. Indeed, thereis only asmall enrichment of chlorine (9%)
inthe Absd oka—dfdfafly ash. Asthe cod—afdfablend depogtsexhibited the highest strengths, thiswould
suggest that interactions of the Absdoka and dfafa mineras have occurred, with cacium now in aform
less amiable to sulfur and chlorine capture.

The hybrid poplar deposit showsadepletion of potassum, with thefly ash showing depletion of both
cacdum and potassium and someiron enrichment. Despitethis, the hybrid poplar fly ash contains significant
caadum, dongwithsilica, iron, 7% phosphorus, and 7% potassium. Thereisa so moderate capture of sulfur
and chlorine, moderately higher than would be expected from thefue chlorine content. Because of thelow
ash content of the hybrid poplar, the effect on the coal—poplar blendsis not as pronounced, athough the
Absaloka—poplar blend fly ash does show a fair degree of chlorine capture and the deposit some
enrichment of cacium.

A comparison of theoverdl CCSEM minerd particle-szedigtributionsof the coa sand biomassfuels
and fly ashes is shown in Figures 38-43. The Illinois No. 6 cod is dominated by large pyritic minera
particles (pyrite and pyrrhotite) as is the cdculated minerd-size digtribution for the parent blend. A
sgnificant reduction occurs on formation of the Illinois No. 6 fly ash because of the large pyritic minerd
matter (Figure 38). The parent wheset straw particle sizes are shown as smdler than those of the cod, with
little minera matter larger than 22 um. However, thisis probably dueto underestimation of theflat, platelike
dlicate phytolith structures of the wheat sraw by the CCSEM dgzing procedure. A caculated sze
digtribution of the blend fud is shown, based on the blend ratio and the Size digtributions and minerd ash
content of the parent fuels. An analogous caculated size distribution of the blend fly ash has been
constructed from the ash content and parent fly ash particle- sizedigtributions. Thefly ash of the purewheet
straw isshifted to larger particle Szesthan that of the parent fuel, indicating that agglomeration is occurring.
However, theszedigribution of the blend fly ash isshifted to smaler particle sizes than would be expected
fromthe cdculated fly ash Sze digtribution. Theblend fly ash containseven morefine particulate of lessthan
4.6 micronsthan the lllinois cod. The agglomeration that occurred for the pure wheet straw ash does not
occur with the Illinois No. 6-wheat straw fly ash. This suggests that some interaction of the two ash
components is hindering the agglomeration mechanism of the wheat straw ash.

A smilar comparison of the Absaoka and wheat straw fuds and fly ashes (Figure 39) shows the
Absaloka fly ash produces fly ash with much finer particle sizes than the minerds in the parent cod.
Fragmentation of cacite and clays aong with the organicaly bound dkaies and akdine earthsin the cod
matrix are responsible. The Absaloka—whesat straw blend fly ash is shifted to larger particle Szesthan the
parent coa and is nearly the particle-sze distribution for the blend fly ash predicted by the weighted
average of the parent fly ashes. Thissuggeststhat either the presence of the Absa oka ash does not inhibit
the wheat straw ash agglomeration or that interaction of the Absaloka and wheat straw fud minerasis
occurring.

Appendix G contains the cluster andlyss results of the CCSEM unknowns for the blended ashes.
Figures G13 through G16 show the clustering results of the 80% I1linois No. 6 cod—20% dfdfastemsash.
Figures G17 through G20 show the 80% Illinois No. 6 coad—20% hybrid poplar ash, and Figures G21
through G24 show the results of the 80% Illinois No. 6-20% whegt straw ash.

82



Lt SR L T

100 F— —

o g
: - it it /
-
a0 [

P
- A —— lllingis M. 6 Fusl
—— lllinois Mo. 6 Ash
—— Wheat Straw Fusl
H = Wheat Straw Ash
—&— Blend Fuel {calz}
—&— Blend Ash
—8— Elend Ash (calc.)

I
l.h

[

o
49
T
)

Cumulative wit%
Y
[ )
]

4.6-10 10-22 22-46 46-100
Farticle Diameter, gm
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Smilar plotswere madefor the 80% Absa okacod and the 20% biomassfuels. Thesearefound in Figures
G25 through G28for the Absd oka—dfafastemsblend, Figures G29 through G32 for the Absa oka—whesat
straw blend, and Figures G33 through G36 for the Absa oka-hybrid poplar blend. For each of the blended
fuds, there is a graph representing the bulk chemigtry of the unknowns, the five most sgnificant clusters,
afrequency didribution of those clusters, and a particle-size-range distribution.

For the Illinois No. 6 and dfafa stems (Figure 40), the dfdfa fly ash has a sgnificantly smadler
particle-sze digribution than the minerds in the parent dfafa fud. This is the expected result of the high
cacdum and potassum content, which would result in the production of fine particulate as well as vapor-
phase potass um species. Thefly ash, asnoted previoudy, showed enhancement of potassium and chlorine.
The predicted blend fly ash distribution is nearly identicd to that of the Illinois No. 6 fly ash as aresult of
the higher cod ash content. However, the experimenta blend fly ash ismuch larger than predicted, smilar
to that of the minerd sze digtribution of the dfdfafud. Thisindicates interaction and agglomeration of the
mineras from the parent cod and biomass, athough no great enrichment of any eements was seen in the
bulk fly ash chemistry. Behavior of the Absdoka and dfdfa sems (Figure 41) is smilar, with the blend
showing amuch larger particle-size distribution than predicted from the parent fly ashes. Here, however,
the blend particle-sze digribution is nearly the same as that of the parent dfdfa fly ash, indicating that
interaction and agglomeration may not be as extensive as with the Illinois No. 6 fly ash. In both cases, the
presence of the dfafaminerd matter has resulted in particle-sze digtributions larger than that seen for the
parent codsand equal to or larger than those of the parent dfdfa. This suggeststhat biomass blending may
have an beneficid effect in improving ash collectibility by incressing particle sze.

The ashesfor thelllinoisNo. 6 and hybrid poplar (Figure 42) dso show ashift tolarger particleszes
on blending over that of the predicted blend-size distribution. Here, the effect is not as pronounced, with
the blend fly ash-gze ditribution being somewhat smdler than that of the parent hybrid poplar. However,
the blend-size distribution is again larger than the parent Illinois
No. 6 fly ash. Smilar behavior (Figure 43) is seen for the Absaloka and hybrid poplar fly ash blend.

It is known that biomass combustion typicaly resultsin alarge submicron particle fraction because
of condensation of volatilized mineras, primarily potassium and sodium sulfates and chlorides. The amount
of submicron particulate generated is an important issue. As part of the CEPS combustion testing with
hybrid poplar, Absaoka coal, and an 80%—20% Absaoka-hybrid poplar blend, on-line measurements
were made using an APS and a SMPS. These measurementsindicated that there isamoderate shift in the
submicron fraction to larger particle sizes (SMPS measurements) and, possibly, a smal shift to larger
paticle szes in the supermicron particle size range (APS measurements), as shown in Figure 44.
Surprisingly, the cod gppeared to have more fine submicron ash than either the hybrid poplar or the blend.
A tentative hypothesisis that condensation of sticky potassum species from the biomass ash on fine cod
ash particlesisresulting in agglomeration of these particles. Further APS and SMPS measurements during
pilot-scale combustion tests are planned to resolve thisissue.

86



120 FERG IR R }r’ LR
t

100

80 1

B0

| 100% Paplar
" =t~ 20% Poplar 0% Absalokar

4a

20

0- .
Q.00 0.100 1.000 10.000

Particle Size, um

Accumulated % of Ash Collected with SMPS

Figure 44. On-line APS-SMPS particle-size distributions.

Severa minerd interactions and transformations are seen to occur during the production of the fly
ash. The CCSEM andysis results for the mgjor minera phases have been given in Tables8 and 19. The
mogt griking is the behavior of iron between the parent Illinois No. 6 cod, the Illinois No. 6 fly ash, and
the blend fly ash. The large particles of pyritic iron present in the coa decompose and fragment during the
combustion process, leaving essentialy no iron-rich materid with asize greater than 22 um. Further, there
is extengve interaction with minerds containing Al and S show that most of the iron is found in the
“undassified” minera category in combination with duminum and silica. Smaler amounts of iron are dso
found in the mixed Al-S category and the S-rich category, while very little iron oxide and no pyritic
mineras are present. The iron present in theblend fud arisesamost exclusively from pyritic minerdsinthe
lllinois cod fraction. During combustion of the blend, the pyritic minerdsfragment, again resulting in dmost
no particlesgrester than 22 um. Again, particle-by-particle examination of theanayssdatashowsaportion
of theiron isfound in the unclassified, slica-rich, and mixed AI-S minerd categories, as occurred with the
fly ash produced from the pure cod. However, a significant amount (18 wt%) of iron oxide is dso
identified. Cocombustion of the biomass with the Illinois No. 6 coa appears to have reduced the degree
of assimilation of pyritic mineral matter into the Al- and Si-containing ash components. Thismay be because
of dilution of the duminoglicate cod minerdswith nearly pure slicawith high surface areafrom the wheet
straw, an dteration in the duminoslicate fly ash chemisiry because of theincreased S and K derived from
the wheat straw, or the presence of surface potassium compounds hindering the interaction of iron oxide
with the duminoglicate materias.

The second notable interaction during the production of fly ash isthe behavior of potassum derived
from the wheat draw fraction of the blend. Table 23 shows the average potassium
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TABLE 23

Average Potassum Concentration of 1llinois No. 6 and Blend Fly Ash

lllinoisNo. 6 Blend

FHy Ash% K Hy Ash % K
Quartz 5.6 4.0
Iron Oxide 0.4 0.6
Cdcite 0.4 0.2
Kaolinite 3.7 0.0
K Al-Slicae 9.6 13.9
Mixed Al-Silicate 8.3 8.3
Pyrite 0.0 0.0
Pyrrhotite 0.0 0.0
Si-Rich 9.8 9.9
Unclassfied 9.7 12.8

compogtion of the mgor minerd phases of the Illinois No. 6 and blend fly ash. Potassum is depleted in
the quartz and kaolinite minerd phases, but shows strong increases in the potassum aduminosilicate and
unclassfied phases. Thisindicates that interaction of whegt straw-derived potassum with duminoslicate
minerasisoccurring, particularly inthefiner <22-um blend fly ash fractions. Thismay bearesult of Imple
physica coating of duminosilicate ash by condensation of potassum species on the ash or deposition of
fine potassum aerosol particles. Examination of the morphology of the blend fly ash, as shown in Figure
45, indicates smoothly rounded particles, suggesting that coating with condensed potassium speciesisthe
likely mechanism. Although the blend fly ash contains appreciable submicron materid, the compaosition is
gmilar to that of the larger supermicron fraction, i.e., containing S, Al, Fe, and K, with an increase in
potassium content at smaller particle Szes. No pure potassum species such as chlorides or sulfides were
identified. The lower percentage of potassum in the quartz minera phase which is derived primarily from
the whesat straw argues against asmple physica deposition mechanism only and suggests that a chemica
interaction of potassum with the duminoslicate materid may aso be occurring. The association of the
potassum is sgnificant because the presence of the coa ash components appears to be tying up some of
the biomass-derived potassum, reducing the amount potentialy released as a fine sulfate or chloride
aerosol. In contrast, Figure 46 shows the morphology of the 100% whest straw fly ash. This ash is
characterized by very large, angular particles clearly related to the parent plant structures, dong with
rounded but imperfectly spherica ash particles. The chemistry of thelarger particlesis primarily slica, with
lesser but ill sgnificant amounts of calcium, potassum, or both present. The other feature of the 100%
wheat straw ash not seen in the blend ash is the presence of very fine
(<2-pm) particles consisting of potassum chloride, calcium sulfate, and, occasiondly, calcium phosphate.
These gppear on the surface of the larger dlicate particles, intheform of isolated discrete particles, and in
gpparent agglomerates of very fine particulate materid.
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MODELING OF FLY ASH AND AEROSOL FORMATION DURING COMBUSTION OF
BIOMASSBY MODIFYING A CODE DEVELOPED FOR COAL COMBUSTION

In Augtrig, the main focus on biomass combustion is in hot-water-producing combustion plantsfor
digrict heating purposes. These units are manly grate fired, and the dominant biomass fud is
bark. However, other biomass fuels such as waste wood and agricultura residues such as straw are used
aswell. Because of the smdl scae of these plants (typicdly 3-10 MW), flue gas particle control devices
represent a magjor investment cost for these plants. However, because of increased awareness of the
hazardous effects of particle emissons, the regulatory limits of particulate emissons are being steadily
decreased for these plants, making ingtdlation of expensve particle control units a necessity.

Theresearch group a the Technicd University of Graz (TUG) iscontinuoudy collecting experimentd
data from Austrian biomass combustion plants, but by being ableto mode factorsinfluencing the particle-
Sze digtribution during biomass combustion, new ideas and methods can be quditatively tested prior to
expengve full-scae test runs.

Dr. Jonas Dahl of TUG, Audtria, worked in apostdoctora position for 9 monthsat the EERC during
the year 2000. Dr. Dahl investigated the feashility of modifying and usng acomputer code devel oped for
predicting ash transformation in coa combustion to mode fly ash and aerosol formation in biomass
combustion processes. Little is known on how cocombustion of cod with biomasswill affect ash behavior
in power plants. Such a model predicting the size distribution
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and chemica composition of fly ashwould bean important tool to eval uate eventua deposition and dagging
problems.

The original objective of the work was to adapt an ash transformation code devel oped for cod for
predicting ash and aerosol formation in abiomass combustion system. However, because of poor existing
documentation of the code, this objective had to be modified to concentrate on understanding and
documenting the current agorithms of the code and, from this, suggest changes for gpplication of the code
to biomass fuels and aerosol formation predictions.

The darting point of the development of a biomass ash transformation model was the EERC
TraceTran program. The core of the TraceTran code is the ATRAN code, which was developed to
describes the trandformation of the mineras during cod combustion. The work performed was mainly
focused on understanding this part of the TraceTran code. The ATRAN code has been refined over the
years and used for severa types of thermal conversion processes of coa. Each of these processes has
required their own specia equations that have subsequently been added as options hardcoded into the
source code.

TheTraceTran (ATRAN) Program

A generd explanation of the functions of TraceTran is dready given in the operation manud to the
program (119). The manud aso contains adetalled explanation of the required input to the program. This
report does not, however, supply any information on the code itself or the agorithms used in the program.
Thus, in order to be ableto change the program for future projectsand fud types, the current work focused
on obtaining adetaled ingght of the dgorithms used and the functioning of the code. However, because
of the complexity of the code, the following description is preiminary and not yet afull documentation of
the code.

The source code to TraceTran condst of 23 C++ files ((CPP) and 24 header files (.H) which, are
liged in Table 24. The CPP files contain the agorithms and actud code, while the header files contain
definitions of the format and content of functions, constants, and variables used in the respective CPPfiles.

The main section of the TraceTran program isthe TRACTRAN.cpp. This part starts the program
and cdls upon the seven different ATRAN files that contain the main code for the ash transformation
cdculations. The basc function of thesefiles are described Table 24 and are executed in the order of 1-5-
2-3-6-4-7. These ATRAN files subsequently cal the remaining subprogramsligtedin Table 25. Themain
function of each of these subprogramsis aso briefly described in Table 24.

It should benoted that COMATRAN and RANDOM appear to beoldrelicsfrom previousversions
of ATRAN or TraceTran and are not used in the present code. No function call tothe COAMTRAN.CPP
or its header file was found in the source code, and according to comments in the source code, the
agorithm of the RANDOM.CPP has most likely been replaced by an internal C++ random number
function.
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TABLE 24

Summary of the TraceTran Source Code Files

CPPFiles Header Files

TRACTRAN.CPP Windows interface to the program ATRAN.H Defines maxparticlesin
Input and start of the program system, organic-bound Si
and % of vaporized
elementsin sizebin <1.
ATRAN1.CPP Datainput, data formation, sulfur ATRAN1H DefinessATRAN1
removal, and fragmentation
ATRAN2.CPP Coalescence of included particles ATRAN2.H DefinesATRAN2
ATRAN3.CPP liberation ATRAN3H DefinesATRAN3
ATRAN4.CPP Data manipulation of ash, sortsminerals ATRAN4.H DefinesATRAN4
according to size and type of mineral
ATRANS.CPP Mass balances (normalizes and ATRANS.H DefinesATRANS
compares datafrom CCSEM and XRF
analyses)
ATRANG.CPP Condensation reactions ATRANG.H DefinesATRANG
ATRAN7.CPP Final output of data ATRAN7.H DefinesATRANY
FORMATSH Contains the format for
theinput and output files
to ATRAN
STORAGE.CPP Handles memory management STORAGE.H Defines STORAGE
SPHERES.CPP V, A, and cross A of spheres SPHERESH Defines SPHERES
GETTYPE.CPP Returns fragmenting mineralsto ATRAN GETTYPEH DefinesGETTY PE
2
GETSIZE.CPP Sort particlesinto size bins GETSIZEH Defines GETSIZE
GETPHASE.CPP Writes mineral number for each particle  GETPHASEH Defines GETPHASE
FILEIO.CPP Handles and stores input and output FILEIOH Defines FILEIO
arraysfor the seven ATRAN files
CONVMAG.CPP Convertsthree mag filesinto two CONVMAG.HPP Defines CONVMAG
COMPOUND.CPP Mineral classification of CCSEM data COMPOUND.H Defines COMPOUND
from each particle
COMMON.CPP Common constants and error messages COMMON.H Defines COMMON
ELEMENTS.CPP Normalizing routine for element input ELEMENTSH DefinesELEMENTS
TRACE.CPP Tracks the trace elements through the TRACEH DefinesTRACE
ash transformation, look-up tables for
four coals, six conditions (C-O, steam),
27 temperatures (1500?7-2007C), and six
pressures (1-26)
HOTGAS.CPP Extra code for running the programin HOTGASHPP DefinesHOTGAS
hot-gas mode
HGELEM.CPP Normalizing routine for elementsin hot- HGELEM.H DefinesHGELEM
gas mode
COMATRAN.CPP Mineral classification of CCSEM data COMATRAN.H Defines COMTRAN
from each particle
RANDOM.CPP Random number generator RANDOM.H Defines RANDOM
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TABLE 25

Format of the CCSEM Andysis Files
#|T[Cts [Na|[Mg [Al [S [P|S|d |[K [Ca]Fe|Ba|[Ti|X |Y [Dia [Max [Min |Ar[Pe |snh [F# [L-L

Explanations: Max Max diameter

# Particle number Min  Min diameter

T Type Ar Area

Cts  X-ray counts Pe Perimeter

X x coordinate Sh Shape factor

Y y coordinate F# Frame number

Dia  Averagediameter L-L Locked or liberated particle

General Algorithmsand Data Flow in TraceTran

Data from CCSEM analyses are input to the program as files made up of large arrays of data
containing the chemigtry, size (= cross section area which is recalculated as the diameter of a spherica
particle), and minera juxtapostion (locked or liberated) of each individud particle andyzed a three
different magnifications (50x, 250%, and 800x). Each magnification contains data on particles in certain
gze ranges. The 800x file contains particles between 1 and 4.6 um. The 250 contains particles between
4.6 and 22 um and the 50x between 22 and 100 pm.

The standard CCSEM andysismethod stopstheautometic analyseseither when 1200 particleshave
been analyzed (#) or when 100 frames (F#) have been andyzed (each areathe SEM can scan without
having to move the sample) at each magnification. This means that the maximum number of particle deta
entering the program would be 3600. However, at thelower-magnification analyses, thelimit of 100 frames
istypicaly reached before 1200 particles have been found in these Size ranges.

The following numbered sections follow the flow sheet shown in Figure 47 describing the basic
caculations of the TraceTran code. Both the flow sheet and the explanationsin Sections 1 to 9 are afirst
basic verson of acomplete documentation of the agorithmsin the code.

1) When thefirgt verson of ATRAN was programmed, only two magnifications were used for the
CCSEM analyses, and thus, the three magnification files have to be converted into two before
ATRAN can process them further. Thisis automaticaly done in the interface to TraceTran (see
Figure 48 and Table 25) by dividing the dataiin the 250x file into the other two files which then
produces the two size ranges. low (1-10 pm) and high
(20-100 pm).

2) The chemica compositionsof the particlesare compared with the compaosition of 35 minerasthat
have been identified in cod. The number of theidentified minerd isthen added after each particle
intheinput arrays. Some minerds behavein asmilar way during combustion and, therefore, are
identified with the same minerd number. Theresult is 32 different minerd numbers. If none of the
compogitions comply with the minerd identification, the particle is classified as unknown and is
assigned the minera number 33.
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3) Concentrations of organicaly associated eements are identified by subtracting the CCSEM
andyss from the XRF andyss. However, before this can be done, the two anadyss methods
have to be correlated with each other. Thisisdone by converting dl the mgjor e ementsto oxides
and then correcting the amount of SO, found with XRF with the amount of SO,found with
CCSEM. In order to be able to do this correation, it is assumed that 2% of the S isorganicaly
bound in the cod or present as submicron particles in the fud which are not andyzed by
CCSEM. Theratio between 98% of the XRF S and the CCSEM S isthen used asafactor for
corrdating the other ements andyzed by CCSEM. Findly, the amount of eements found by
CCSEM is subtracted from the amount found by XRF. The difference is consdered as
organicaly associated dements. If the amount in the CCSEM is higher than the amount detected
by XRF, the amount detected by XRF is used and the organically bound part set to 0.0001, as
avaue exactly equd to O will crash the program because of divison by zero errors.

4) Asthe program progresses, severd new arraysare cregted by extracting and sorting information
from the input arrays, e.g., locked and liberated particles are divided into new arrays which are
used for the fragmentation and coadescence caculations. Both locked and liberated minera
particles fragment during combustion. The extent of fragmentation depends on what type of
minerd the particle contains. Theminerds pyrite, oxidized pyrite, kaolinite, calcite, dolomite, and
guartz fragment during combustion while the other minerds do not. Through experimenta
research and years of full-scale cod combustion experience, the EERC has deve oped different
fragmentation factors which vary for the different minerd types and aso with the combustion or
gadficationtechnology. The TraceTran code containsempirical measured factorsfor pressurized
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bubbling fluidized-bed gasification (BFB), fluidized-bed combugtion (FBC), low-NO, pulverized
fud (pc) combustion, and cyclone combustion (Table 26). No experimental measurements are
available for stoker or grate combustion systems. All particlesin al Sze ranges containing

these fragmenting minerds fragment, but the fragmentation factors are randomly varied within a
given Sze range. The new particles formed from the fragmentation maintain their identification
number whether they were liberated or locked particles. Typicaly, fragmentation dramatically
increases the number of particles. The program gppearsto alow for up to 10,000,000 particles
after fragmentation, based on the defined size of the temporarily crested memory array used for
the fragmentation portion of the program.

During fragmentation, minera particles containing sulfur are compensated for theloss of SO, and
CO, during the combustion—gasification process by multiplying their individua areaand diameter
by appropriate factors. The result isthat the sum of volume and mass of the fragmented particles
is less than the volume and mass before removal. The factors vary with the minerd type, eg.,
0.7894 for iron carbonate (Fe,[ CO;];) and 0.7176 for gypsum (CaSO,).

5) Previous investigations have shown thet liberated particlesin coa do not interact significantly with
any other particles once they enter the furnace. Thus only locked particles are dlowed to grow
because of codescence. At the high temperatures prevailing during cod combustion, dl mineras
melt and can thus coaesce to form new particles. However,

TABLE 26

Fragmentation and Coal escence Congtants in TraceTran

Bailer Type
Gadficaion
Hot Gas,
Minerd Huidized Pulverized  Low-NO, Cyclone TraceTran
Pyrite 20 5 7 350 180
Iron Carbonate 20 5 7 350 180
Pyrrhotite and 20 5 7 390 180
Ox. Pyrrhotite

Gypsum 1 1 1 1 1
Baite 1 1 1 1 1
Ca-Al-P 1 1 1 1 5
Kadlinite 30 70 20 100 5
Cdcite and Dolomite 9 1 1 1 5
Quartz 15 150 25 1 55
Codescence 70 150 240 420 280
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the degree of codescence is dependent on how the locked mineras are digtributed in the coa
particles. In the program, the coalescence is smulated by randomly combining locked particles
based upon a frequency distribution until the totd number of particles reaches athreshold vaue
of 10,000 particles. The degree of coa escenceisa so based upon acoa escencevauethat varies
with the combustion technology.

6) All organicdly bound dements are assumed to vaporize during cod combustion. The amount of
organicaly bound eementsis determined by subtracting the minera bound € ements determined
by the CCSEM andyses from the total amount of mgor eements determined by the XRF bulk
ash analysi's, as described in Section 3.

7) The vaporized dements (i.e,, organicaly bound eements) are then divided into nuclesting and
heterogeneoudy condensing groups. The split between these two is determined by empirica
factorsfitted to experimenta datawhich differ for each e ement and boiler type. A certain amount
of the submicron particles are dlowed to agglomerate and form particles >1um. These factors
are contained in a file caled homohet, which is different for each combustion—gasification
technology.

8) The heterogeneoudy condensing eements are randomly distributed on the surface of the locked
and liberated minerd particles.

9) The output from the caculations of the main eements are summarized in the comboash file.
Calculationswith the TraceTran Code

Initidly, it was very difficult to get the TraceTran program to run using the new andyss data from
biomass fuels. According to the description of the program, it should be able to accept the internd EERC
gtandard format of CCSEM files. Apparently these standards had been changed since the program was
first coded. The code expected as input three CCSEM files obtained from analyses performed at three
magnifications. 800%, 240x, and 50x. Because of theingalation of new SEM instruments and concurrent
changes in the automated SEM analyds routines, the new standard analyses at the EERC are now
performed at magnifications of 800%, 250%, and 50x. Furthermore, in these CCSEM files the chemical
compositions are now reported in “floating point” numerical format. Examination of the TraceTran code
gppeared to indicate that it expect a floating point number format for the CCSEM input. However, the
sample files containing data for Illinois No. 6 and Sufco cods that are ingtalled dong with the TraceTran
programusean integer number formet for these values. Initia testswith floating point numberswould cause
the program to crash. By changing dl input filesto integer format for the CCSEM chemica compositions,
cdculations were findly carried out using the biomass data.

Cdculations were performed for two cods (lllinois No. 6 bituminous coa and Absaloka
subbituminous cod) and three biomass fuels (hybrid poplar, wheset straw, and Austrian bark). The results
from the TraceTran caculations were then compared to the experimenta particle-size distributions of
baghouse ash determined by CCSEM andysis as shown in Figure 49.
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Figure 49. Results from the TraceTran modd cal culations compared to measured particle-size
distribution of baghouse ash from CEPS combustion tests.

TraceTran requires input in the form of three CCSEM files (800x, 240%, and 50x), one XRD file
(minerd bulk compaosition), one ULT file (ultimate analys's of fud compaosition and ash content), and two
files containing bulk content and mineral association of trace eements (see Figure 47). Details on the
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content of thesefilesare described in the TraceTran manua (119). Unfortunately, it turned out to berather
difficult to gather complete data sets (CCSEM andyses of fuel and ash and XRF analyses) fromthe same
test runsfor dl fuds Thus, for some of the fuels shown in Figure 49, the fuel andyses usad in the mode
cdculations are from a different test run than the ash analyses. The sample number or a note on the data
source are o given in Table 27.

TABLE 27

EERC |dentification Numbers for Data Used in the TraceTran Calculations

Fuel Ash XRF Ult.
[llinoisNo. 6 Ingtaled with 000168 Ingtalled with Ingaled with
TraceTran TraceTran TraceTran

Absaoka 990047 990970 000283 000283
Straw 990415 000748 990415 990415
Hybrid Poplar 000683 000721 000683 000683
Audtrian Bark TUG No analyses TUG wet Estimated from

performed chemicd database values

anayses

Asthetrace dementswere not investigated for the biomass material sand owing to thefact that these
eements have avery amdl effect on thetota particle-size didtribution, the same dummy trace dement files
were used for al modd caculations. The bulk trace element file does contain the bulk amount of Cl
present. This was discovered after the calculations were performed and thus was not considered in the
trace dement caculaions. This presumably could have affected the results for the submicron part of the
TraceTran output.

The usua gasfication conditions only affect the behavior of the trace dements in the TraceTran
cdculations and have no effect on the tota particle-sSze didtribution. Because of this, the same “dummy”
gadification conditions were used for al caculations (see Figure 47).

Discussion of Results

While comparing the resultsin Figure 49, it must be kept in mind that the CCSEM technique does
not andyze paticles smdler than 1 um. Thus the amount of submicron particles in the fly ashes are
unknown, and a comparison with the TraceTran output is not possible for the submicron size bin.
Comparison of TraceTran caculations with baghouse ash from bench-scale CEPS tests did not show a
good correlaion. Typicaly, ash particles in the Sze range 10-30 are missing from the experimentd data
These particles presumably are removed because of impaction, as the flue gas stream direction changes
90 degrees at the CEPS furnace exit. Comparison for these sizerangesisthusnot redly relevant, although
the wheat straw data fit rather well, with asignificant peak in the 10-30-um range. It should be noted that
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TraceTran predictions are based on aerodynamic diameter, while the CCSEM analysis measures physica
particle diameter.

Asseenin Figure49, the cal culated and the measured fly ash particle-size distributionsdo not fit very
well. The TraceTran program was designed for cod so it was expected that biomass data
probably would give apoor fit. However, the smilar lack of fit for the cod datawas unexpected. The most
likdy reasonisthat the cod fuel and ash dataused were not from the sametest runs. More cad culaionswith
other sets of data are, therefore, required to test the validity of the TraceTran predictions. Moreover, the
default verson of TraceTranwasused infor thetest calculations. Presumably, cdculationsin another mode
such as“pulverized” or “low-NO,” (see Table 26) would give better results. Currently, the default mode
is hardcoded into the program and can only be changed by modifying or recompiling the source code. No
mode changes were attempted in these firg test caculations. Thiswill be done when the TraceTran code
is reprogrammed and the modes are easier to change by the user.

Resultsfrom Mineral Classification of Biomass Fuels
As previoudy explained, the calculation of fragmenting minerd particles in TraceTran is srongly
dependent on the minera compaosition identified in the CCSEM andyses. Therefore, it is crucid that the
fragmenting mineras are correctly determined in the biomass fuds as wel asin cod. Table 28 show the
predominant minerds of the 32 mineras identified in the TraceTran code from CCSEM anayses of the
fudsinvestigated. The fragmenting minerds are quartz, cdcite, dolomite, kaolinite, pyrite, and pyrrhotite.
TABLE 28

Predominant Minerdsin the Fuds Investigated, wt%

Minerd Absaoka [llinoisNo. 6 Poplar Bark Straw
Quartz* 18.4 15.3 19 26.1 26.1
Cdciter 8.9 35 68.6 8.3 4.5
Dolomite* 1.3 0 0.7 5.6 0.1
Kaolinite* 34.5 8.2 0.9 0 0
Pyrite* 0.1 2.6 0.1 0 0
Pyrrhotite* 9.1 46.3 0.7 0 0
Iron Oxide 4.4 1.1 9.1 19 15
K Al-Slicate 3.7 75 0.6 2.9 0
CaSilicate 0 0 0 54 0.3
Si-Rich 1.6 24 04 2.3 114
Other 7.3 4.8 6.5 0.3 0.5
Unknown 10.3 8.2 9.3 39.6 55.3

* Considered as fragmenting in the TraceTran code.
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Discussion

The modding of fragmentationin TraceTran is heavily dependent on which fragmenting minerdsare
identified in the minera classfication part of the code. The identified fragmenting minerds in the biomass
fuels were quartz, cdcite, and dolomite. However, the andlyses of bark and wheat straw aso contained
large numbers of minera particles with compaositions that did not match any of the 32 minerals which can
be identified by the code. The reason for thisis the different chemica structure of biomass fuels where a
large part of the inherent minerals can consst of phytoliths. The compaosition of these phytoliths can vary
grestly, depending on the species of the plant and on the soil it was grownin. In order to find trendsin the
composition of these new “minerds” daidicad cluster analyses of the chemicad composition of minerd
particlesin biomass have been initiated by the EERC. The minerd particlesin fuels and ashes are grouped
by meansof cluster andysesusing the satistical software package Minitab verson 13.1. Resultsfromthese
datistical analyses have been reported in previous sections.

Implementation of Aerosol Modd Calculations

One of the mgor objectives of TUG is to gain information on possble influences controlling the
formation of the submicron part of the fly ash during biomass combustion. Because the current version of
TraceTran is not able to predict a submicron sze digtribution, amodel for the formation and dynamics of
submicron particles has to be developed for the TraceTran modd.

The General Dynamic Equation

To improve TraceTran and modify it to model biomass combustion and ash transformations, severd
important agorithms are suggested for expressing the combustion process and ash formation mechanisms.

The sze and chemicd compostion change of fly ash particles in combustion processes are due to
physica mechanisms such as chemica reactions, homogeneous nucleation, vapor condensation,
coagulation, and deposition. The combination of these processes can be described by the General Dynamic
Equation (GDE) (120), which is a population baance over aunit volume of the system. Consequently, by
s0lving the GDE, the number concentration and size distribution of the fly ash can be calculated. However,
the GDE is anonlinear, partid integral-differential equation, and as such, its solutionis complex and often

Jl

Figure 50. Illustration of the assumed plug flow and the descretized sze distribution.
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requires smplifying assumptions and numerica solution methods to obtain a solution. Severd different
schemes and gpproaches have previoudy been used to solve the GDE for aerosol dynamics (121).

The most common models used for combustion processes assume a flue gas which moves in plug
flow and the temperature and composition of the gasuniformin any cross section of theflue gasduct (121,
122). The axid temperature profile and vel ocity of the gas are assumed to be known, and thusthetime and
temperature in every point on the z-axes are known as well. The numerica solution is then performed by
stepwise caculation of the GDE for each ?z (Figure 50).

Furthermore, asapart of the numerica solution, the continuous size didtribution is approximated by
dividingit into discrete segments, or Size bins. Thefiner thisdiscrete Size distribution is made, the better the
resolution of the sze digtribution caculations, but a the cost of increased computationa time.

Assuming the above-described approximations, the one-dimensiona GDE for each size bin k can
then be written as (122):

dn, _J1 ), @m0 adn o v,
AL v v [Ea]

where n, isthe particle number concentration for a Size class k with particle diameter dp,. The fird term
on the right corresponds to particle formation due to the homogeneous nucleation mechanism (formation
of critica sizeembryo with the sze dp*), the second term (coag) describes the coagul ation mechanism, the
third term (grow) describes the growth by condensation and chemicd reactions, and the fourth term the
rate of particle deposition on boundary surfaces, where \; is the particle deposition velocity, A, isthe
deposition areg, and ?V isthe axid volume sep.

In aprevious EERC report, Dr. Flemming Frandsenreviewed and described in detail the equations
for cdculating the growth and nucleation term of the GDE in ahot flue gas (123). The explanations of these
mechaniams will, therefore, not be repeated in this report, but the equations are described by Equations
1-3. Frandsen's report aso contained a computer code HOMONUCL where the point of nucleation for
asingle condensing speciesin acooling gaswith afixed chemica compostion and amonodispersed source
of primary particles could be calculated. Frandsen concluded that in order to be ableto apply the code on
a combustion system, the following additions to the code would be necessary:

* The gas-phase composition should be caculated usng chemica equilibrium caculaions, asthe
formation of condensing speciesis coupled to the globa chemidtry in the flue ges.

* A discrete particle-size didribution of the ash should be implemented instead of the
monodispersed particles used in the code.

» Coagulation was not considered in the HOMONUCL code and should thus be consideredina
new code.

» Theeffect of multicomponent nucleetion should be consdered.
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» Data on surface tenson for the nucleating species have to be collected. The caculation of
nuclegtion is very sendtive to the surface tenson, and thus good data are crucid.

Accordingly, the am of thiswork has been to find possible solutions to the necessary additions to
the HOMONUCL code and to identify necessary changesto the TraceTran code so that it can easly be
connected to an improved HOMONUCL code. Thus aconceptual model was developed wherethemain
caculations and order are described. This conceptual modd is outlined in Figure 51.

The idea behind the conceptua modd isthat the TraceTran code will be used to create theinput to
the aerosol modd by providing it with the amount of eementsin the gasphaseaswell asaprimary particle-
gze digribution. The TraceTran code identifies organic-bound eements. The magor amount of these
elements will vaporize during combustion; however, eements that form high- temperature stable oxides
such as Mg, Al, Ca, and Si will form new particles in the boundary layer or onthe surface of the burning
char particles and, thus, form the submicron part of the primary minerd particle-sze digtribution. Other
organicaly bound e ements such asthedkai metalsK and Naor volatile trace d ements enter the main flue
gas where they undergo gas-phase reactions mainly with Cl- and S-forming chloride or sulfates. If there
isan excess of akdi to Cl and S, dkali hydroxides or carbonates are formed as well. These compounds
ether condense on the surface of the primary minerd particles or nucleate and form new submicron

particles.

The condensation or nuclegtion of the akali metas depends on the partid pressure of the pecies
formed in the gas phase. The speciation and partial pressure (p,) of these species are determined by
caculating the chemica equilibrium in the gas phase at temperature T. The temperature is, in turn,
determined by the step taken on the z axis (see Figure 50). At the same temperature as the gas-phase
equilibrium cal cul ation, the saturation pressure of speciesi (P, «) iscalculated over aparticle containing the
pure condensed species.

The mass transfer retio | of the speciesi to the surface of the sphericd primary minerd particlesin
sze bin k with the average sze of d, can be determined by:

[ _2epivdk.Di
i_,k' Rg . T

whereD; isthe diffusion coefficient for speciesi in the flue gas. The B4 isthe number of particlesinsize
bin k per volume unit, and C is the Fuch-Sutugin correction factor which depends on the Knudsen
number (123). If thetemperature profileis steep enough and the concentration of speciesi ishighinthegas
phase, the gas-to-particle conversion by condensation may not be fast enough and p, will reach the critica
partial pressurep; i for nucleation. Thecritica pressureis cal culated by multiplying the sturation pressure
Pisx Dy the critica saturation ratio S,;; which is a function of the temperature and of compound-specific
properties of the condensed species such asiits surface tenson. Frandsen concluded in his investigations
with the HOMONUCL code that the caculation of nucleation is very sengtive to the surface tenson and
that such dataaretypicaly difficult to obtain. New estimated data on the surfacetension of KCl andK ,SO,
have been recently reported by Christensen and coworkers (121). Search for surface tenson of other

species such as ZnO and PbCl, which can be important for certain waste wood fuels (124) needs to be
done in future invetigations.

*F load k * 6’1 - P:,mt)' Cp's [Eq. 2]
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If nuclestion occurs, it will add mass to the Sze bin with the same Sze asthe criticd clugter sze for
gpeciesi. The caculation of the critical cluster Sze was described in detail by Frandsen (123) and is thus
not further discussed. The nucleated mass of speciesi isequa to the difference between the excess partia
pressure and the critical partid pressure. Below the critica partid pressure, condensation on the newly
formed particles will be the dominating gas-to-particle mechanism.

The masses added by condensation and nuclegtion by dl condensing species are then summarized
for respective size bins. Because of the fact that the number concentration of size bins larger than the
nucleating particles is unchanged, the growth of these particles can then be cdculated assuming spherica
particles and a homogeneous chemica compostion. This new size didtribution is then subsequently used
for the cdculation of coagulation which will determinethefina sze distribution for each calculation step on
the z axis.

The cdculation of coagulation istypicaly the most complicated and calculaion-intensve sep in the
solution of the GDE and often requires some type of matrix solution. In the discsrete distribution
caculations, the net rate of formation of particlesof szek by callison of particlesfromsizebini andj and
the loss of particles of Sze k by collison with other particlesis given by Friedlander (120):

dn .1 -
%?E??%,mﬂ},nj?nk??-;fnmrh [Eq. 3]
i2j2k 7

where 3 is the colligon frequency function, which depends on the sizes of the calliding particles and on
system properties such as temperature and pressure.

The cdculaion of 3 depends on which collison mechaniam is consdered. Typicdly Brownian
coagul ationisthemost dominating mechanismfor collision of submicron particles, whileturbulent shear and
gravitationa settling are the governing mechanism for particles larger than a few microns (125). Thus a
combination of al three mechanisms has to be consdered to determine a 3 that will cover the whole
investigated size pectra (<100 pm).

The use of adiscrete size classification and coagulation ca culation produces a huge amount of new
Sze classes for each step in the axid direction z. Consequently, Sze classes must be merged in order to
keep the number of equations and the computationd time at areasonable level. Examples of such merging
are described by Jokiniemi and coworkers (122) and by Christensen and coworkers (121).

After each step (z +?2), anew Sze didribution is caculated that is subsequently used as the input
Sze digtribution for the condensation cal culations at the next cal culation step onthe z axis. Thetotal amount
of ement ein al condensed and nucleated species is summarized and subsequently withdrawn from the
gas-phase equilibrium calculations for the next step on the z axis as wdl (e.g., the sum of K in condensed
KCl and K,SO,).
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The choice of step length of ?z and the number of sizebinsistypicaly abaance between accuracy
and computationa time and has to be tested and evaluated for each investigated system. According to a
review of different mathematica models for aerosol dynamic caculations by Signeuor and coworkers
(126), typicaly 30-60 size bins evenly distributed on alogarithmic scale give acceptable results.

Moreover, it has to be noted that in the conceptua mode in Figure 51, no caculaions of particle
losses to wall surfaces due to deposition are included. This effect will aso have to be consdered in the
future aswdll.

Therefore, it is important that the output size digtribution from the TraceTran code can be easly
adjusted so that it will fit the Sze bins required by the aerosol modd.

Improvementsto the TraceTran Code

Implementation of chemica equilibrium caculations will make the code flexible for use with both
mass S ze distribution and trace eement behavior predictions. This part could be programmed aswell, but
an easer solution would be to use readily available modelsthat can be easily linked to any program code.
GTT sHls programsthat can be implemented in C code (Chemapp) or in Excel (Chemsheet). However,
in order to run these programs, databases for the calculations with Chemapp or Chemsheset have to be
created from either Chemsage or FACT.

Boththe TraceTran code and the conceptua model described in Figure 51 assumethat dl particles
are phericd. Thisistruefor most fly ash formed in pc combustion units but not for fly ash formed in grate-
fired biomass combustion units. Because of the lower temperaturein grate-fired biomass units and thelow
amount of large minerd particles in the fud, coarse fly ash particles typicaly have the shape of
agglomerates. Thiswill Sgnificantly affect the particle surface areafor agiven partice sze.

The TraceTran code was designed for coal and is heavily dependent on empiricaly fitted congtants
derived from experimental datafromtest runswith cod, but also on good CCSEM andyses. Themain part
of thetransformationstaking place are based on Satistically randomized ca cul ationsaround theseempirical
factors. Thefactorswere gathered from therma conversion techniques such as pulverized fud combustion,
PBFB gadification, FBC, combustion, and cyclone combustion of cod. It is unlikely that these empirica
factors will be correct for grate-fired biomass combustion.

Furthermore, the CCSEM andyss of biomass fuels will have to be checked for datistica
repeatability. Elongated minerd particles in biomass could be an important factor in the reproducibility of
the andyses.

The present TraceTran code modelsal particlesas spherica and dense. Thisaffectsthesurfacearea
available for heterogeneous condensation, whichisincorrect for agglomerated biomass ash particles, thus
the particle Size of the supermicron particlesisincorrect aswell. A possible change would be the addition
of afractd factor to the Sze caculaion of the coarse fly ash particles, assuming that al (or a part) are
agglomerates of amaller particles in a certain Sze range. Because the calculations are based on Satistical
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evauations of the transformations, it needs a certain minimum number of particles in order to fulfill the
datistical assumptions made.

Suggestions on Changesto the TraceTran (ATRAN) Code

It is suggested that the EERC concentrate on reprogramming the ATRAN code so thet it will be
more flexible, dlowing easy sdlection of input parametersin the caculaions. The output fromthe ATRAN
code should aso be easily changeable in order to serve as input to future development of an aerosol
module.

The following changes would be necessary:
1) The mode of plant that is caculated should be selectable as an input to the program.

2) The congtants for fragmentation and coal escence should be removed from the source code and
placed in aninput file. Thisway, it will be much easier to include these factors for new fuds such
as biomass.

3) Thesizehinsintheoutput from TraceTran should beeasily changeable. Thereason for thisisthat
the output would be linked to other aerosol modeling programs.

4) Zinc should be added to the trace element file or a least asan dternative, asfor somefuesit can
be a sgnificant aerosol-forming element (e.g., waste wood [124]).

5) Chlorine should be included with the bulk XRF file or as a separate input file and not with the
trace eements as in the current code.

CONCLUSIONS

Thework performed hasinvolved aninvestigation of Sgnificant issuesrelated to biomasscofiringwith
cod. Accomplishments of thiswork are summarized below.

Survey of Literature on Biomass Processing and Cofiring

Biomass can be successfully cofired with cod in both wall- and tangentiadly fired pc boilers, cyclone
bailers, fluidized-bed boilers, and spreader stokers. Woody biomass is the preferred cofire fuel because
it containsless ash, dlicates, potassum, and chlorine which could stimulate deposit formation. Herbaceous
biomass (such as switchgrass and straw) contains more of the chlorine, slicates, and dkai metals that
facilitate deposition, but they can be used if careistaken during sdlection and fud preparation. Deposition
rates have been found to depend strongly on interactions between the cofired fuelsaswell asonindividua
fuel properties. Biomass should not be stored outdoors for long periods of time, as the materid tends to
degrade during storage.
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Proper fud preparationisanimportant factor in successful cofiring. The biomass should be uniformly
pulverized to at least ? ¥4 in. diameter (preferably ? < in.). Drum chippers work well for woody biomass
comminution, while hammer mills are the most effective for pulverizing herbaceous biomass. Wet biomass
should be pulverized to asmaler size to minimize residud carbon in the ash. The biomass should be fed
to the bailer separately from the cod. Transport of the biomass can be made more consistent by adding
vibration to the conveyors and bins.

NO, emissons are not adversely affected by the addition of biomass. In fact, when woody biomass
iscofired with cod, the overall NO, emissions are often reduced. Corrosion can be minimized by keeping
the tube surface temperatures as low as possible and by firing higher-sulfur-content coa with higher-
chlorine-containing biomass since less chlorine is present in deposits when sulfur is also present in the
sysem.

Withrespect to ash deposition, woody biomasswill decreaserates of ash depositionin hotter regions
of aboiler where silicate-rich ash deposits can form and herbaceous biomass (e.g., strawsand switchgrass)
can cause increased fouling because of the presence of silicon, potassum, and chlorine in the biomass.

Many utilities are attempting to preserve lowest achievable levels of carbon in ash for ash resde,
reuse, and disposd. With pressure on utilitiesto lower NO,, more utilities are employing low-NO, burner
technologies and staged combustion strategies, which generdly increases carbon in fly ash. Burnout of
biomass particles depends on moisture content and particle size. Processing will need to achieve small
enough biomass sizes (i.e, top size of 3.2 mm, 0.125 in.) and low enough moisture to avoid adding
additiona poor burnout and increased residud carbon in the ash.

Barriers for biomass cofiring in large utility boilers are primarily related to economics. Currently,
biomass is sgnificantly more expendve than cod as a fud feedstock, making utilities uninterested in this
resource. Assuming that some sort of economic incentives are provided, such as by federd or Sate
programs, then the barriers for biomass cofiring gppear to focus primarily on consistent availability of
biomass resources, efficient processing of biomass for incorporation into the boiler, and impacts on ash
behavior.

The Effects of Plant Cell Chemistry on Cofiring Biomass with Coal

Severa minerd dements are essentid for plant growth. A number of these e ements which occur in
higher concentrations can cause difficultiesduring firing of biomassor cod—biomassblendsin utility boilers.
Nitrogen in the biomass can increase NO, levels, depending on the nitrogen content and the stoichiometry
of the system. Silicon, potassum, chlorine, and dkali metds can dl contribute to ash deposition, while
chlorine and alkai metals can adso corrode the boiler system.

A literature investigation into minera uptake and storage by plants that are considered for biomass
cofiring reveded the form and concentration of inorganic elements in plant matter. Sixteen essentid
edements, C, H, O, N, P, K, Ca, Mg, S, Zn, Cu, Fe, Mn, B, Mo, and Cl, are found throughout plants.
Asidefrom H and O, the predominant inorganic dementsare K and Ca, which areessentid for thefunction
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of dl plant cells and will, therefore, be evenly distributed throughout the nonreproductive, aerid portions
of herbaceous biomass. Someinorganic congtituents, e.g., N, P, Ca, and Cl, are organically associated and
incorporated into the structure of the plant. Cell vacuoles are the repository for excessionsin the plant.
Minerds deposited in these ubiquitous organelles are expected to be most easily leached from dry materid.

There are other dements obtained from soil interactions with roots, air interactions with aeria
portions of the plants, and water interactions with bothrootsand aerid portions of plants. These elements
may not have specific functions within the plant, but are neverthe ess absorbed and fill aneed. An example
is S, found in the form of monoslicic acid, S((OH),. In rice, it enhances resistance to fungus disease and
increasesthegrainyidd. Theleaf blades of rice are more erect when silicadagsare gpplied, and it hasaso
been proven that rice plants showed retardation of their vegetative growth and a decreased degree of seed
setting when the S content was extremely [ow.

Another common nonessentid element, Na is deposted throughout that plant despite its
nonfunctiond status. Its concentration will depend entirely on extringc factors regulating its availability in
the soil solution, i.e., moisture and soil content. Similarly, Cl content is determined less by the needs of the
plant than by avallability in the soil solution; in addition to occurring naturdly, Cl is present in excessasthe
anion complement in K fertilizer gpplications.

The overdl plant development and maintenance depend on the chemica substances absorbed and
transported by the roots. Nutrient supply to the roots is dependent on nutrient concentrations in the ol
solution, the nature of nutrients, soil moisture status, and plant absorption capacity. The data suggest that
dthough minerd content varies somewhat based on the needs of the plant, much is dependent on the
availability of dementsin the soil solution surrounding plant roots. Thisis most influenced by soil content,
moisture availability, root uptake activity, and, in some cases, pH. Knowing the soil and moisture
conditions, pH, and fertilizer history will provideingght into expected concentrations of ementsin plants.
Thus the geographic and dlimatic conditions have a strong effect on the variahility in inorganic content of
biomass materid.

Geographic and Seasonal Differencesin Switchgrass Elemental Composition

An analyss was performed on data collected by the Chariton Valey RCD group, based in
Centerville, 1owa, on switchgrass samplesfrom ten different farmsin the south-centra portion of lowa The
god was to determine correlations between switchgrass elemental composition and geographica and
seasonal changes o asto identify factorsthat influence the eemental composition of biomass. Switchgrass
can be an acceptable energy fud, showing low-moderate ash content, low sulfur, relatively low moisture,
and acceptable heat contents. The most important factors in determining levels of various chemica
compounds were found to be seasona and geographical differences. From a standpoint of the amount of
energy present in each sample, early spring was found to be the best harvest date in southern lowa. The
time with the lowest concentration of ash and various chemica compoundsisApril or May, athough some
oxides actudly pesk in the spring and are less abundant in the early fal. Overdl, the best time to harvest
acrop islate March or early April whenthe cropsare coming out of dormancy. At thispoint, the viscosity
of liquid phases formed during combustion would be higher because of lack of dkali and chlorine, and
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boiler performance would be better. Moisture-free heat content is aso high, and even the air-dried
switchgrassreadings (for which moistureisdlill present) show rdaively high Btw/bratings. Thisissignificant
because of the energy requirements needed to dry the harvested switchgrass.

The switchgrass samples showed sgnificant compositiona variation due to loca soil and moisture
conditions. Geographicaly, the highest, driest areas generally produced sampleswith more Btw/lIb and less
KO than did low-lying wetlands. Growing at high devations means less time ar-drying and more heat
content per pound, as well as lower K,O concentrations, which will reduce the contribution of K,O in
forming fouling depogitsin aboailer.

Characterization and Processing of Test Fuels

Selection and anaysis of fuels were based on biomass resources available in the upper midwestern
United States. dfdfa sems from Minnesota, wheat straw from North Dakota, and hybrid poplar wood
from aUniversty of Minnesota—Crookston tree farm. Cods chosen for cocombustion with the biomass
were an lllinois No. 6 bituminous cod and an Absdoka (Wyoming) Powder River Basn (PRB)
subbituminous cod.

The basic chemistry and advanced andyseswere completed on these biomassfuds, and smdl-scde
tests demongtrated successful processing of afafastems, whesat straw, and hybrid poplar to suitable Sze
and moisture for cofiring.

Analytical Techniques I mprovement

The biomasschemica and minerd ogicd compostionsderived for dfdfastemsand wheet sraw were
obtained aong with observations of carbonate and phosphate minerals and amorphous slica phytolith
structures.

Work in the area of understanding the mode of occurrence and chemica-physica properties of
dlicarich phytoliths in herbaceous biomass such as wheat straw or dfafa sems was undertaken. A
leaching and separation technique was used to separate Silica phytoliths from biomass, and these particles
were anadyzed using SEM. Some of the silica phytoliths contain minor amounts of potassum.

The chemicd fractionation technique was modified and problems with determination of dlica
overcome by implementing acid digestion and wet-chemistry andysis of leachates instead of oven ashing
and XRF andysis of the leached materid.

Because the CCSEM classification schemewas designed for minera phasesin cod and the biomass
materid isphytolithicin origin, most of the chemica point analysesare unclassified by the tandard CCSEM
data reduction program. Statistical cluster analyses were performed on these unknowns. Clusters were
defined by their average composition. Five abundant clustersfor each of the biomassfud swerefound. For
the hybrid poplar, the Ca-rich cluster represents 68% of the particlesanalyzed. Thedfdfastemsand wheat
gtraw both showed a S—K-rich cluster as the dominant chemica group.
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Smilaly, cdusgter andysiswas performed on the CCSEM fly ash andyss results because of the high
number of unclassified particles resulting from the presence of inorganic matter from the biomass. These
andyses were performed in the same manner as the fuel cluster analyses. The wheat straw ash wasfound
to show the greatest smilarity from the fud to the ash andyzed. A high percentage of analyses from both
fud and ash samples contained both S and K. While Cl was asignificant component in thefud, very little
was detected in the ash sample. In contrast, both the hybrid poplar and dfafa stem fuds show little Cl,
while the ash unknowns contain 10% and 28% Cl, respectively. These fuels exhibit a sgnificant
rearrangement of eements during combustion which can at least in part be atributed to the particle sze
being smdl (greater than 50% of the particlesandyzed were below 10 umin diameter). Sgnificant amounts
of Ca and K tend to reduce the melting temperature of the S -containing particles, alowing more
components to be incorporated into the glassy matrix. Although SEM microprobe andyss cannot
distinguish between any phases that may condense on the surface of the ash particle as it cools from that
of the same dement dispersed in the bulk of the particle, a Sgnificant amount of Cl was found with the
dfdfa stem ash and a moderate amount of P was found with the hybrid poplar ash consstent with
condensation of these elements on the ash particles.

Ash Formation and Deposition

The biomasssampleshaveal ower hesting val ueand are characterized by much higher volatile matter
and oxygen content and lower sulfur than the cods. The wheat straw ash level is Smilar to that of the
Absaoka cod, with the dfdfa stems and hybrid poplar having a much lower ash content than the cods.
Although the ash content is lower, each of the three biomass fuds has a didtinctly different ash chemidtry.
The wheset Sraw ash containsprimarily slicaand sgnificant potassum, whilethe dfdfasemscontain nearly
equal amounts of slica, cacium, and potassum aong with sgnificant phosphorus. Both have very high
chlorine content. In contrast, the hybrid poplar ash consists mostly of calcium and potassium, again with
sgnificant phosphorus present. The effect of the biomass ash composition on the blends is not as
pronounced as would be expected, since the 80% coal—20% biomass are prepared by weight on an as-
received basis. The higher moisture and ash content of the cods tend to dominate and mask the calcium,
potassium, and phosphorus contribution of the biomass.

Entrained fly ash and fouling deposits were generated in the CEPS combustor for the parent cods,
biomass materiads, and blends of 80% cod with 20% biomass. Sagging and low-temperature fouling
deposits were a so produced for the blend of 80% Illinois No. 6 cod with 20% whegt straw. The dagging
and fouling deposits were collected on a removable cooled probe for later anaysis and determination of
deposit strengths.

The dagging deposit for 20% whesat straw biomass cofired with 80% Illinois No. 6 cod was found
to be generdly hard and well sintered, with evidence of partid meting of the depost materia. Deposit
morphologies showed distinct e ongate Silicate structures derived from the wheat straw materia aswell as
diginct angular minerd matter derived from the cod, both being assmilated into the potassiunm-ron
aduminoslicate mdt phase. In contrast, a 100% lllinois No. 6 dagging deposit dso shows some partid
melting of ash, but the deposits are not as hard and resistant to removal.
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In contragt, the Illinois No. 6~whest straw fouling deposits, athough growing rapidly, hed very little
gtrength or indication of sintering. All the cod—whegt straw blends, athough growing morerapidly thanthe
coal depodits, had effectively no strength. The rate of growth of the afdfa and cod—dfdfa blends was
amilar, with the blend deposit srengths lower than that of the dfafaand parent cods. Smilar behavior is
als0 seen for the hybrid poplar and cod-hybrid poplar blends. The blending of cod with biomass appears
to dilute the cod minera swith the porous biomass ash, resullting in fouling deposits with lower strength and
which are more easily removable. The weakness of the fouling deposits indicates thet little interaction of
the biomass potassum or calcium with the entrained ash occurs to produce low-viscosity melts in the
temperature regime a which fouling deposits are produced.

CCSEM andysswas performed onthefly ash of the codsand blends. Although somequartz, clays,
and auminosilicateswereidentified, the great mgority of the ash was classfied aseither unknown or sllica
rich. The 80% Illinois No. 6-20% whesat straw blend ash dso had ahigh levd of iron oxide, amilar to the
fouling depogit. The standard minerd classifications providelittleinformation about ash transformationsand
interactions, because of the large component of materid classfied as unknown. Using cluster andlysis, the
wheat sraw ash was found to show the greatest smilarity from the fue to the ash analyzed. A high
percentage of anadysesfrom both fuel and ash samples contained both S and K. While Cl wasasgnificant
component in the fud, very little was detected in the ash sample. In contrast, cluster analysis of both the
hybrid poplar and dfadfa sem fuels shows little Cl, while the ash unknowns contain 10% and 28% Cl,
respectively. These fudls exhibit a Sgnificant rearrangement of €ements during combustion which can a
least in part be atributed to the particle Sze being smal (greater than 50% of the particles andyzed were
below 10 pm in diameter).

The compogtion of the Illinois No. 6 ash is dominated by slica, duming, and iron and the
composition of the Absaloka ash by silica, dumina, and cacium. The whegat straw ash is predominantly
dlica, with 8% cacium and 9% potassum present. A smdl enrichment of iron occursin the lllinois No. 6
deposit, while slicais enriched and calcium depleted in the Absaloka deposit relative to the chemistry of
the parent cod inorganic materid. There is aso adight depletion of cacium in the Absdoka fly ash. No
enrichment or depletion of chlorine occursfor the deposits or fly ash for the cod's. The wheat straw shows
a depletion of potassum and an enrichment of dlica in the deposit due to the impaction of large slica
phytoliths dong with the formation of vepor-phase or fine particulate potassum species which would not
be expected to deposit. The blends of wheet straw with the cods has the mgor chemical congtituents
corresponding to the parent fuels. The 80% Absal oka—20% wheat straw blend composition also includes
asgnificant amount of sulfur captured by the coa-derived cal cium and the wheset straw-derived potassum.
Although the whesat straw contains appreciable chloring, thereis little in ether the wheet straw fly ash or
the 80% Illinois No. 6-20% wheet straw blend fly ash. However, chlorine is a sgnificant component of
the 80% Absa oka—20% whesat straw blend fly ash. This suggests that the chlorineinthe wheet straw and
[llinois No. 6-whest straw blend remainsin the gas phase (possibly as HCI) or as a very fine submicron
aerosol (possbly as KCl) which istoo smdl to be anadlyzed by the CCSEM technique. The presence of
chlorine in the Absdoka—wheat straw ash indicates either condensation or agglomeration of chlorine
compounds such as KCl onto larger ash particles or competition of Absaoka-derived cacium with the
wheat straw-derived potassum for chlorine capture. Some enrichment of silicaand depletion of duminum
areseeninthelllinoisNo. 6~whest straw and Absal oka—whest straw deposits. The Absal oka—whest straw
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fly ash dso contained much less slica than would be expected and significantly more chlorine as well as
some enrichment of calcium. The lack of slicain thefly ash may be dueto deposition in the CEPS ducting
prior to the baghouse where the sample was collected.

The dfdfadepost shows enrichment of phosphorus and potassum, dong with depletion of slica,
potassum, and chlorine. The dfdfafly ash chemidry is comprised of slica, cacium, and potassum, with
adgnificant amount of cagptured sulfur. A very high amount, 25% of the ash weight, ischlorine. Thereisa
depletion of cacium, possibly due to the formation of fine calcium species. The 80% Illinois No. 6-20%
dfdfa and 80% Absd oka—20% dfdfablend fly ashes have sllicaand dumina content similar to the wheat
straw blend fly ashes. The Absaloka—dfafablend fly ash does not exhibit the high sulfur capture shown by
the Absaloka—~wheat straw blend or the dfafafly ash. Although the Absd oka—dfdfafly ash does contain
more chlorine than the Illinois No. 6-dfdfa fly ash, it is gpproximatdy haf thet of the Absdoka—~whesat
sraw blend, even though the chlorine content of the wheat straw and adfdfa are nearly the same. Indeed,
thereisonly asmadl enrichment of chlorine (9%) in the Absdoka—dfdfafly ash. Asthe cod—dfdfablend
deposits exhibited the highest strengths, this would suggest that interactions of the Absdoka and dfdfa
mineras have occurred, with calcium now in aform less amiable to sulfur and chlorine capture.

The hybrid poplar deposit shows a depletion of potassum, with the fly ash showing a depletion of
both cdcium and potassum and some iron enrichment. Despite this, the hybrid poplar fly ash contains
sgnificant caldum, slica, and iron and 7% phosphorus and 7% potassium. Thereis aso moderate capture
of sulfur and chloring, moderatdy higher than would be expected from the fuel chlorine content. Because
of the low ash content of the hybrid poplar, the effect on the coa—poplar blends is not as pronounced,
athough the Absal oka—poplar blend fly ash does show a fair degree of chlorine capture and the deposit
some enrichment of cacium.

The CCSEM minerd particle-size digtributions of the cods and biomass fuels and fly ashes show
that thelllinoisNo. 6 cod isdominated by large pyritic minera particles. A sgnificant reduction occurson
formation of the lllinois No. 6 fly ash because of the fragmentation of the large pyritic minera matter. The
parent whegt straw particle Szesare shown assmdller than those of the cod, with little minerd matter larger
than 22 um. However, this is probably due to underestimation of the flat, platelike slicate phytolith
structures of the wheet straw by the CCSEM szing procedure. The fly ash of the pure wheat straw is
shifted to larger particle sizes than that of the parent fue, indicating that agglomeration is occurring.
However, the Sze digribution of the blend fly ash is shifted to smdler particle Szes. The blend fly ash
contains even more fine particulate less than 4.6 microns than the Illinois cod. The agglomeration which
occurred for the pure wheat straw ash does not occur with the Illinois No. 6-wheet straw fly ash. This
suggests that someinteraction of the two ash componentsis hindering the agglomeration mechanism of the
whest straw ash.

A smilar comparison of the Absaoka and wheat straw fuels and fly ash particle-sze digtributions
shows that the Absaloka fly ash produces fly ash with much finer particle szes than the minerds in the
parent cod. The fragmentation of cdcite and clays dong with the organicdly bound dkalies and dkaine
earths in the coa matrix are responsble. The Absaoka—wheat straw blend fly ash is shifted to larger
particle Szes than the parent cod and is nearly the particle-sze digtributionfor the blend fly ash predicted
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by the weighted average of the parent fly ashes. This suggeststhat either the presence of the Absalokaash
does not inhibit the wheat straw ash agglomeration or that interaction of the Absa okaand wheset straw fue
minerdsis occurring.

For the lllinois No. 6 and dfdfa sems, the dfafa fly ash has a Sgnificantly smdler particle- gze
digribution than the mineras in the parent dfdfa fud. Thisis the expected result of the high cacium and
potassum content, which would result in the production of fine particulate and vapor-phase potassum
species. The fly ash showed enhancement of potassum and chlorine. The predicted blend fly ash
digribution is nearly identica to thet of the lllinois No. 6 fly ash as aresult of the higher coa ash content.
However, the experimenta blend fly ash is much larger then predicted, smilar to that of the minerd-size
digtribution of the dfdfafud. Thisindicates interaction and agglomeration of the mineras from the parent
cod and biomass, athough no great enrichment of any eements was seen in the bulk fly ash chemigry.
Behavior of the Absdoka and dfdfa semswas smilar, with the blend showing amuch larger particle-size
distribution than predicted from the parent fly ashes. Here, however, the blend particle-size didtribution is
nearly the same asthat of the parent dfdfafly ash, indicating that interaction and agglomeration may not
be as extensve as with the lllinois No. 6 fly ash. In both cases, the presence of the dfafa minerd matter
hasresulted in particle-size ditributionslarger than that seen for the parent cod'sand equd to or larger than
those of the parent dfafa This suggests that biomass blending may have an beneficid effect in improving
ach collectibility by increasing partide sze.

The ashesfor the lllinois No. 6 and hybrid poplar show a shift to particle sizeslarger than predicted
on blending. Here, the effect isnot as pronounced, with the blend fly ash-size ditribution being somewhat
smdler than that of the parent hybrid poplar. However, the blend-size digtribution is again larger than the
parent Illinois No. 6 fly ash. Similar behavior was seen for the Absaloka and hybrid poplar fly ash blend.

As part of the CEPS combustion testing with hybrid poplar, Absaloka coal, and an 80%—20%
Absaoka-hybrid poplar blend, on-line measurements were made using an APS and a SMPS. These
measurements indicated that there is a moderate shift in the submicron fraction to larger particle szes
(SMPS measurements) and, possibly, asmadl shift to larger particle Szes in the supermicron particle Sze
range (APS measurements). The cod gppeared to have more fine submicron ash than ether the hybrid
poplar or the blend. A tentative hypothesis is that condensation of sticky potassum species from the
biomass ash on fine cod ash particles is resulting in agglomeration of these particles. Further APS and
SMPS measurements during future pilot-scae combustion tests are planned to resolve thisissue.

Modeling of Biomass Ash Transformations

The TraceTran modd shows promise for use as an ash transformation model for biomass
combusgtion. Modifications that would be required include 1) implementation of chemica equilibrium
caculations to estimate the critica biomass species present and their quantity; 2) modifying the code to
represent the mgority of biomass-derived ash particles asirregular agglomerates and not as spheres; 3)
generding additional experimental and empirical data to better determine congtants suitable for biomass
for use in the program agorithms; and 4) making a series of code changes that will make the model more
flexible, such as user-selectable power plant mode, placing empirical congtants used in the algorithmsin an
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externd input file rather than being embedded in the source code, dlowing variable output sze binsfor fly
ashdidributions, and adding key biomasseementa condtituents such as chlorine and zinc to theinput files.
These changes would be essentid dong with the changes in the fundamentd agorithms to express ash
formation using agenera dynamic equation.

FUTURE WORK

The direction for future work recommended here is based on the observation that U.S. utilitieswill
become increasingly interested in cofiring biomass with cod as a practica low-cost option for reducing
greenhouse gas emissions. In the Midwest, some interest in the use of switchgrass as a biomass fuel
feedstock has aready been expressed by Northern States Power Company, Otter Tail Power Company,
and Gresat River Energy. At the present time, with the exception of wood waste used close to the source
of supply, most sources of forest and agricultural biomass can be expected to cost $2-$3-M M Btu, which
issgnificantly higher than thetypica cost of PRB cod (typicdly $0.75-MMBtu). If incentivesare provided
in the United States to make cofiring biomass profitable to utilities, then mgor issues of ash behavior will
come to the forefront. Past work has demonstrated the importance of understanding why specific biomass
types ether enhance or diminish ash deposit formation in coal—iomass cofiring arrangements. However,
a good theoreticd moded of inorganic transformations and interactions during biomass cofiring is till
needed, especidly for biomass types which may be the most likely candidates for U.S. utilitiesto exploit.
It is recommended that additiona research on the mechanisms of biomass ash formation and deposition
be focused on hybrid poplar, switchgrass, and perhaps an additiond readily available type of straw, such
as rice straw. Excdlent facilities for rigorous near-red-world cofiring combustion testing and product
andyssat the EERC, plusash deposition expertise, would be used to understand, and in some casesverify,
other researchers resultsin ash behavior during biomass combustion.
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GLOSSARY OF BIOMASSTERMS

Aerial: Borneintheair rather than underground or underwater.

Angiosperm: A plant of the class Angiospermae, characterized by seedsenclosed inan ovary; aflowering
plant.

Anthesis: The blooming or time of full bloom of aflower.

Cambium: A layer of cellsin the sems and roots of vascular plants that givesrise to phloem and zylem.

Chloroplast: Specidized intracellular organdle that carry out photosynthes's during daylight hours.

Cortex: A layer of tissuein roots and stems lying between the epidermis and the vascular tissue.

Culm: Thejointed stem of agrass or sedge.

Cytosol: The compartment of the cytoplasm that includes everything other than the membraned—bounded
organelles. Site of protein synthesis and many of the reactions by which some smal molecules are
degraded and others are formed (intermediary metabolism of the cdll).

Druses: Multiple crysds thought to have formed around anucleation siteto form acrystal conglomerate.

Gramineae: Family of grasses of which whest, rice, and switchgrass are members.

Idioblast: A plant cdl that differs noticeably in form from neighboring cells

Ligule: A graplike structure, such as aray flower of adaisy or a sheathlike organ at the base of agrass
et

Medicago sativa: (dfafa) Diploid.

M eristems: Specia regionscompaosed of self-renewing stem cdlls. Apica merisemsat thetipsof growing
roots and shoots are involved in adding new cdlls that will e ongate and differentiate into root tissues
and gemtissues pluslesf primordid. Laterd meristems, circumferentidly arranged inside the plant are
involved in producing cells that increase the girth of the plant.

Monosaccharide: Aldehydes or ketones that dso have two or more hydroxyl groups. Generd formula
is (CH,O)n, (where n = 3, 4, 5,6, 7). The adehyde or ketone group provides the means for the
molecule to exigt ether as a chain or aring and for the linking of ringed monosaccharides to join,
forming long chains of sugar molecules caled polysaccharides.
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Opalineslica: (SO,”H,0) These deposts are known as silicophytoliths or opd phytoliths.
Oryza sativa: (rice) Diploid.

Panicum virgatum: (switch grass) Diploid.

Petiole: The stdk of aledf; aleaf without apetioleis sessle.

Phloem: Complex set of living cdlsin the vascular tissue that is respongble for trangporting sucrose from
photosynthetic cellsin the legf to the rest of the plant.

Phytalith: (plant-rock) Deposit of slicaaswell as other types of plant mineral deposits.
Poaceae: Alternative name for family of grasses Graminege.

Polysaccaride: A group of nine or more monosaccarides joined by glycosdic bonds, such as starch and
cdlulose

Populus tremuloides: (hybrid poplar) Diploid.

Protoplasm: A complex jellylike colloidal substance concelved of ascondtituting the living matter of plant
and animd cdlls and performing the basic life functions.

Stoma: pl. -mata One of the minute pores in the epidermis of a leaf or sem through which gases and
water vapor pass.

Sucr ose: A crygtdlinedisaccharidecarbohydrate, C ,,H,,0;;, found in many plants, manly sugar caneand
sugar beet, and used widely as a sweetener, preservative, and in the manufacture of plastics and
cdlulose. The mgor form in which sugar is trangported between plant cdlls, sucroseisexported from
the leaves via vascular bundles, providing the carbohydrate required for the rest of the plant.

Taxon: A group of organisms congtituting one of the categoriesor forma unitsin taxonomic dassification,
such as phylum, order, family, genus, or species, and characterized by common characteristics in
varying degrees of digtinction.

Tonoplast: The single membrane that separates a vacuole from the cytoplasm in aplant cell.

Triticum aestivum: (domestic wheet) Diploid.

Triticum monococcum: (Einkorn wheat) Diploid wheat thought to have been domesticated from

Triticumboeoticum. It has been cultivated since Neolithic timesin Europe and the Ancient Near East
and is currently grown in most countries of the European continent.
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Vacuole: A samdl cavity in the protoplasm of acell.
Xylem: Long tubes forming the strengthened wall of the vascular tissue that transport water and ion

throughout the plant. The capillary movement within the xylemisreated to water evaporation from the
plant. In mature plants, they are dead cdlls with dl the cytoplasm removed.
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APPENDIX D

SWITCHGRASS PROXIMATE, ULTIMATE, AND
ASH CHEMISTRY ANALYSES



Sample Lodge Lodge G. Peterson#1 G. Peterson#2 Schultz#1 Schultz#3 Schultz#5 Schultz#7 Schultz#9 Schultz#11 Schultz#13 Schultz#15 Schultz#17 Van Patten  Van Patten  Krutsinger  Krutsinger

Land #1 Land #2 #1 #2 #1 #2
County Appanoose Appanoose Lucas Lucas Lucas Lucas Lucas Lucas Lucas Lucas Lucas Lucas Lucas Lucas Lucas Lucas Lucas
Township Chariton ~ Chariton English English English English English English English English English English English English English Liberty Liberty
Farm Lodge Lodge G. Peterson  G. Peterson  Schultz Schultz Schultz Schultz Schultz Schultz Schultz Schultz Schultz VanPatten VanPatten  Krutsinger  Krutsinger
Land Land
Date 1999 1999 2000 2000 1999 1999 1999 2000 2000 2000 2000 2000 2000 1999 1999 1999 1999
Status Harvested Harvested Harvested Harvested Unharveste Unharveste Unharveste Unharveste Unharveste Unharveste Unharveste Unharveste Unharveste Harvested — Harvested Harvested — Harvested
d d d d d d d d d
Proximate Analysis, wt% (as-received)
Moisture 23.05 13.66 12.09 17.61 1177 12.77 11.37 12.40 11.14 14.00 10.28 17.33 14.29 14.20 16.36 12.87 12.79
Ash 4.01 3.98 3.18 3.46 4.90 4.74 5.00 418 3.97 4.46 3.49 255 2.98 4.12 4.10 3.93 4.70
Volatile 61.16 68.09 7214 66.14 69.40 69.64 69.92 71.02 72.29 69.24 74.28 69.34 71.83 68.07 66.37 68.68 67.96
Fixed Carbon 11.78 14.27 12.59 12.79 13.93 12.85 13.71 12.40 12.60 12.30 11.95 10.78 10.90 13.61 13.17 14.52 14.55
Sulfur, wt% (fuel basis) 0.12 0.07 0.09 0.11 0.08 0.06 0.06 0.10 0.08 0.08 0.13 0.09 0.07 0.05 0.06 0.09 0.09
Btu-lb, HHV 6029 6837 7193 6742 7010 6884 7082 7057 7122 6754 7259 6733 6945 6868 6648 6997 6969
LHV, Btu-b 5792 6696 7068 6561 6722 6479 6864 6837
MMF, Btu-b 6300 7144 7449 7002 7401 7256 7486 7390 7440 7095 7543 6922 7175 7187 6955 7306 7341
Air Dry Loss, wt% (fuel
basis) 17.39 7.69 5.00 10.71 5.00 5.88 435 5.54 417 7.01 4.00 12.50 8.70 6.90 9.68 833 8.33
Ultimate Analysis, wt% (as- received)
Moisture 23.05 13.66 12.09 17.61 11.77 12.77 11.37 12.40 11.14 14.00 10.28 17.33 14.29 14.20 16.36 12.87 12.79
Carbon 36.41 41.34 42.45 39.73 41.75 41.69 42.04 41.79 42.61 40.96 4334 40.28 41.66 41.04 39.76 41.88 41.48
Hydrogen 4.57 5.10 5.20 4.91 5.00 4.98 511 497 5.02 4.88 5.24 4.80 4.93 4.98 4.76 4.09 5.03
Nitrogen 0.61 0.57 0.57 0.79 0.42 0.37 0.33 0.31 0.37 0.33 0.33 031 0.33 0.27 0.29 0.34 0.29
Sulfur 0.12 0.07 0.09 0.11 0.08 0.06 0.06 0.10 0.08 0.08 0.13 0.09 0.07 0.05 0.06 0.09 0.09
Ash 4,01 3.98 318 3.46 4.90 474 5.00 4.18 397 4.46 3.49 255 2.98 4.12 4.10 393 4.70
Oxygen 3123 35.28 36.42 33.39 36.08 35.39 36.09 36.25 36.81 35.29 37.19 34.64 35.74 35.34 34.67 36.80 35.62
Chlorine 0.25 0.20 0.03 0.04 0.05 0.06 0.07 0.01 0.03 0.02 0.01 0.01 0.01 0.06 0.05 0.08 0.11
O
|L Bulk Ash Chemistry, wt%
SO, 58.43 57.37 72.76 72.15 67.93 69.83 69.82 74.76 75.90 79.64 7135 68.10 7321 70.87 63.87 67.92 62.77
Al,O; 0.87 0.30 0.59 0.76 0.43 0.35 0.81 0.37 0.08 0.07 0.01 041 1.25 0.59 0.29 0.01 0.07
TiO, 0.09 0.01 0.02 0.02 0.01 0.04 0.09 0.04 0.04 0.04 0.04 0.04 0.09 0.01 0.01 0.01 0.01
Fe;0; 0.36 0.33 0.42 0.53 0.39 0.27 0.31 0.35 0.30 0.22 0.46 0.57 0.78 0.35 0.45 0.36 0.30
CaO 7.70 7.28 8.86 10.50 6.96 751 9.44 10.30 10.20 9.46 12.50 14.50 13.80 7.88 7.48 6.72 6.67
MgO 6.08 438 3.77 4.59 3.02 3.75 3.55 321 3.26 2.75 3.19 3.69 2.93 3.50 2.99 3.03 2.27
Na,O 0.86 1.02 0.18 0.18 0.13 0.12 0.15 0.09 0.11 0.08 0.23 0.44 0.23 0.26 0.31 0.26 0.26
K20 17.40 21.10 5.53 6.85 13.00 11.30 9.75 7.40 7.05 5.00 8.56 6.93 3.30 11.60 16.20 12.10 14.40
P,0s 4381 391 243 317 9.13 852 7.32 4.69 4.46 4.08 4.49 4.83 334 7.57 7.69 837 8.69
05 2.19 2.90 1.74 244 112 0.96 127 115 1.05 0.97 101 139 1.05 1.05 179 126 0.95
cl 3.10 147 0.15 0.31 0.37 041 0.45 0.11 0.18 0.10 0.28 041 0.11 0.21 0.20 0.38 0.54

Water-Soluble Alkalies, %

Na,O 0.012 0.018 0.004 0.004 0.001 0.001 0.001 0.002 0.002 0.004 0.002 0.001 0.001 0.001 0.001 0.001 0.001
0.015 0.021 0.004 0.005 0.001 0.001 0.001 0.002 0.002 0.004 0.002 0.001 0.001 0.001 0.001 0.001 0.001
K,0 0.859 0.951 0.176 0.239 0.702 0.534 0.503 0.281 0.286 0.219 0.102 0.112 0.072 0.507 0.714 0.526 0.731

0.116 1.101 0.200 0.290 0.796 0.612 0.568 0.321 0.321 0.254 0.113 0.135 0.084 0.591 0.854 0.604 0.838




N
N

Sample Cross#1  Cross#2  Sellers#l  Sellers#2  Sellers#2  Sellers#4  Sellers#6  Sellers#8  Sellers#10 Sellers#12  Sellers#14  Sellers#16  Sellers#18  Sellers#21  BillsBrome#20 Cemensky Peck
#19 Orchard
#22
County Wayne Wayne Wayne Wayne Wayne Wayne Wayne Wayne Wayne Wayne Wayne Wayne Wayne Wayne NA NA NA
Township South Fork  South Fork Union Union Union Union Union Union Union Union Union Union Union Union NA NA NA
Farm Cross Cross Sellers Sellers Sellers Sellers Sellers Sellers Sellers Sellers Sellers Sellers Sellers Sellers BillsBrome Cemensky Peck
Orchard
Date 1999 1999 1999 1999 1999 1999 1999 1999 2000 2000 2000 2000 2000 2000 2000 2000 2000
Status Harvested Harvested Harvested Harvested Unharveste Unharveste Unharveste Unharveste Unharveste Unharveste Unharveste Unharvested Unharveste NA NA NA NA
d d d d d d d d
Proximate Analysis, wt% (as-received)
Moisture 13.65 11.92 15.80 9.41 10.57 1154 1454 12.56 10.29 16.79 15.15 15.16 15.24 2358 30.24 25.69 18.23
Ash 4.41 395 3.63 4.15 5.52 4.48 381 357 411 394 3.10 311 4.05 8.76 6.11 3.90 5.00
Volaile 69.04 71.68 66.97 72.07 68.10 69.03 67.88 70.76 7211 67.24 69.87 70.44 69.53 57.28 54.02 60.69 64.35
Fixed Carbon 12.90 12.45 13.60 14.37 1581 14.95 1377 1311 13.49 12.03 11.88 11.29 11.18 10.38 9.63 9.72 12.42
Sulfur, wt % (fuel basis) 0.07 0.07 0.20 0.23 0.21 0.12 0.13 0.09 0.11 0.12 0.12 0.11 0.11 0.14 0.11 0.13 0.12
Btu-Ib, HHV 6929 7108 6731 7266 7114 6955 6823 6935 7220 6708 6881 6850 6817 5699 5295 5916 6378
LHV, Btu-lb 67838 6985 6568 7169
MMF, Btu-b 7275 7424 7004 7605 7563 7308 7114 7212 7555 7004 7118 7087 7128 6292 5667 6174 6740
Air Dry Loss, wt% (fuel
basi)s 5.56 435 10.71 435 5.56 6.25 8.33 7.14 435 1111 9.09 9.09 9.09 17.65 25.00 20.00 12.50
Ultimate Analysis, wt% (as-received)
Moisture 13.65 11.92 15.80 9.41 10.57 11.54 14.54 12.56 10.29 16.79 15.15 15.16 15.24 23.58 30.24 25.69 18.23
Carbon 41.44 42.39 40.69 43.40 41.84 41.88 40.77 41.92 42,94 39.61 40.79 41.05 40.25 33.63 3L.77 35.48 38.33
Hydrogen 4.87 511 4.86 5.53 5.36 5.28 5.06 522 5.37 4.95 5.14 5.06 4.99 4.32 4.08 4.44 4.63
Nitrogen 0.45 0.40 0.38 0.42 0.82 0.52 0.38 0.42 0.48 0.45 041 0.37 0.49 0.82 0.53 0.67 0.54
Sulfur 0.07 0.07 0.20 0.23 0.21 0.12 0.13 0.09 0.11 0.12 0.12 0.11 0.11 0.14 0.11 0.13 0.12
Ash 441 3.95 3.63 415 5.52 4.48 381 357 411 3.94 3.10 311 4.05 8.76 6.11 3.90 5.00
Oxygen 3511 36.16 34.44 36.86 35.68 36.18 35.31 36.22 36.70 34.14 35.29 35.14 34.87 28.75 27.16 29.69 3315
Chlorine 0.10 0.04 011 0.04 0.35 0.17 0.07 0.02 0.05 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.01
Bulk Ash Chemistry, wt%
SO, 69.21 63.96 64.04 63.76 52.99 57.92 65.76 69.20 7118 68.83 68.98 76.76 76.27 81.83 83.29 68.98 76.16
Al,O3 0.51 0.33 0.01 0.07 0.01 0.01 0.01 0.01 0.01 0.94 0.78 118 1.35 141 0.80 220 0.14
TiO, 0.01 0.01 0.09 0.04 0.17 0.22 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.13 0.14 0.07
Fe;05 0.35 0.36 0.42 0.38 0.38 0.42 0.28 0.25 0.30 0.39 0.35 0.42 0.46 0.46 0.57 0.90 0.33
Ca0 8.19 8.62 10.40 8.07 6.65 9.90 8.79 9.27 10.80 10.20 10.80 10.40 10.90 7.76 8.04 16.20 9.31
Mgo 483 554 564 4.25 3.90 432 6.05 411 3.87 4.38 4.53 4.25 315 2.69 1.02 243 195
Na,0 0.50 0.38 0.28 0.10 0.13 0.18 0.13 0.12 0.12 0.15 0.10 0.09 0.08 0.08 0.19 0.20 0.22
K20 10.40 12.30 1350 12.40 2150 15.50 10.80 6.87 6.45 6.37 3.87 345 2.16 3.80 3.20 4.46 5.70
P,0s 5.82 5.18 517 5.03 9.10 8.09 4.99 3.38 381 2.50 2.52 2.01 2.26 2.75 2.28 3.17 3.92
SoX 2.02 214 1.90 233 1.06 1.68 2.10 1.42 1.49 1.46 1.48 245 149 174 0.97 181 114
cl 0.47 0.24 0.71 0.60 5.10 250 0.82 0.23 0.36 0.18 0.15 0.06 0.05 0.06 0.05 0.10 0.13
Water-Soluble Alkalies, %
Na,O 0.001 0.001 0.002 0.002 0.002 0.001 0.001 0.001 0.001 0.003 0.001 0.001 0.001 0.001 0.001 0.001 0.002
0.001 0.001 0.002 0.002 0.002 0.001 0.001 0.001 0.001 0.003 0.001 0.001 0.001 0.001 0.001 0.002
K20 0.543 0.533 0.514 0.496 1.256 0.696 0.386 0.226 0.239 0.201 0.121 0.103 0.075 0.158 0.184 0.169 0.239
0.629 0.605 0.611 0.548 1.404 0.786 0.452 0.258 0.267 0.241 0.143 0.121 0.089 0.207 0.263 0.227 0.292




APPENDIX E

ANALYTICAL CHARACTERIZATIONS FOR
VARIOUSTYPES OF BIOMASS



TABLEE-1

Andyticd Characterizations for Various Types of Biomass

Paner Rice Wheat
Shavings  Eucalyptus Poplar ~ Switchgrass Straw Straw

Proximate Analysis (as-received)

Ash, wt% NA? 048 116 4.22 17.79 7.48
Volatile Matter, wt% NA 78.52 80.99 72.73 57.92 68.60
Fixed Carbon, wt% NA 11.66 13.05 14.89 12.56 14.73
Moisture, wt% NA 9.34 4.80 8.16 11.73 9.19
Hesating Value, Btu-Hb 8760 8262 8382 8012 6339 7599

Ultimate Analysis (as-received)

C 34.50 44.89 47.05 43.04 34.64 40.88
H 3.76 521 571 537 4.39 514
O (by difference) 26.65 39.92 41.01 38.58 29.70 36.06
N 0.16 0.13 0.22 0.53 112 0.83
S 0.01 0.03 0.05 0.10 0.09 0.17
CI? 0.02 0.05 <0.01 0.46 0.55 0.24
Ash Composition (as-received)
S 0.024 0.04 0.05 094 6.71 2.29
Fe 0.014 =3 - - 011 0.054
Al 0.021 0.02 0.02 0.03 0.14 0.077
Na 0.005 0.02 0.001 0.007 011 0.116
K 0.057 0.038 0.311 0.989 0.12 0.938
Ca 0.116 0.091 0.392 0.223 0.25 0.149
Mg 0.013 0.021 0.081 0.117 0.22 0.118
P - 0.061 0.075 0.284 0.13 0.044
! Analytical results not available. Continued . . .

2 Not usually reported as part of an ultimate analysis.
% None detected.
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TABLE E-1 (continued)

Wood Wheat
Corn Waste Wood Wheat Straw Wheat
Stover No.1 WasteNo. 2 Straw No.1 No. 2 Stems
Proximate Analysis (as-received)
Ash, wt% 4.75 6.21 6.58 525 321 4.96
Voldtile Matter, wt% 75.96 67.31 67.61 71.05 67.09 66.44
Fixed Carbon, wt% 13.23 16.26 16.53 13.96 12.29 12.78
Moisture, wt% 6.06 10.22 9.28 9.74 1741 15.82
Heating Vaue, BtuHb 7782 8164 7868 7988 7905 7847
Ultimate Analysis (as-received)
S 0.10 0.07 0.03 0.10 0.08 0.08
CI? 0.25 011 0.03 0.23 0.14 0.37
Ash Composition (as-received)
S 1.20 1.67 171 155 0.82 134
Fe =3 0.22 0.22 0.05 0.02 0.02
Al 0.05 0.34 0.37 0.06 0.01 0.01
Na 0.006 0.12 0.11 0.04 0.04 0.03
K 1.08 0.25 0.24 0.46 0.34 0.64
Ca 0.294 0.46 0.66 0.35 0.28 0.27
Mg 0.175 011 0.12 0.05 0.05 0.05
P 0.180 0.004 0.04 0.08 0.06 0.06
! Analytical results not available. Continued . . .

2 Not usually reported as part of an ultimate analysis.

3 None detected.
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TABLE E-1 (continued)

Alfdfa  Alfadfa
Stems Stems Summer Dakota Willow
No. 1 No. 2 Switchgrass Switchgrass  Willow Tops
Proximate Analysis (as-received)
Ash, wt% 4.78 4.83 2.33 315 0.85 217
Volatile Matter, wt% 7159 73.77 71.93 7107 76.52 73.92
Fixed Carbon, wt% 1434 13.80 1247 1314 12.40 16.70
Moisture, wt% 9.29 7.60 13.27 12.64 10.23 7.21
Heating Vaue, Btu1b 8025 8014 7979 8014 8330 8424
Ultimate Analysis (as-received)
C 42.79 43.23 221 41.45 4407 45.86
H 544 55 5.03 5.02 5.29 547
O (by difference) 35.09 36.00 37.81 37.02 39.21 38.28
N 243 2.66 031 0.65 0.32 0.89
S 0.18 0.18 0.04 0.07 0.03 0.12
Cl? 0.45 0.46 <0.01 0.03 <0.01 <0.01
Ash Composition (as-received)
S 0.13 0.07 0.67 0.90 0.03 0.02
Fe 0.01 0.01 0.02 0.02 0.004 0.01
Al 0.001 0.001 0.02 0.01 0.01 0.02
Na 0.04 0.05 0.01 0.01 0.02 0.04
K 111 114 0.16 0.20 0.09 0.33
Ca 0.63 0.67 0.18 0.27 0.28 0.53
Mg 0.30 0.27 0.07 0.10 0.01 0.04
! Analytical results not available. Continued . . .

2 Not usually reported as part of an ultimate analysis.

3 None detected.
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TABLE E-1 (continued)

Sandia Pistachio Almond Almond
Switchgrass Sdls Shdls Hulls Wastepaper

Proximate Analysis (as-received)

Ash, wt% 564 130 2.80 567 751
Voldtile Matter, wt% 66.49 75.49 70.13 67.22 78.61
Fixed Carbon, wt% 13.68 15.67 19.22 18.93 871
Moisture, wt% 13.68 753 7.85 8.18 517
Heating Vaue, Btu-Hb 8126 8469 8189 8069 9126

Ultimate Analysis (as-received)

C 40.90 46.41 46.20 42.70 46.76
H 4.90 5.83 548 548 6.7

O (by difference) 33.78 38.05 36.94 36.83 3301
N 0.48 0.63 0.68 1.06 0.66
S 0.05 0.20 0.03 0.04 0.14
CP? 0.08 0.04 0.01 0.05 =3

Ash Composition (as-received)

S 172 0.05 0.16 0.19 0.88
Fe 0.14 0.32 0.07 0.04 0.03
Al 021 0.01 0.04 0.04 311
Na 0.04 0.04 0.05 0.04 0.07
K 0.33 0.20 0.72 2.29 0.02
Ca 0.29 0.09 0.34 0.34 054
Mg 011 0.03 011 011 0.10
P 0.07 0.07 0.12 0.12 0.01

! Analytical results not available.
2 Not usually reported as part of an ultimate analysis.
% None detected.
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APPENDIX F

FUEL CCSEM ANALYSISRESULTS



CCSEM Andyssof IllinoisNo. 6 Cod

TABLEF-1

Mineral Fraction: 19.442

SizeBins: 1022 2246 46-10 1022 2246 46-100 Tota % Excluded
Quartz 37 53 43 16 0.3 0.1 15.3 26.2
Iron Oxide 0.0 0.0 0.1 0.0 0.2 09 11 985
Periclase 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rutile 0.0 0.0 0.0 0.0 0.0 0.0 0.0 490
Alumina 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cdcite 01 04 04 05 09 13 35 88.0
Dolomite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ankerite 01 0.0 0.0 0.0 0.0 0.0 01 56.0
Kaolinite 12 25 17 17 04 0.8 82 35.6
Montmorillonite 0.2 0.6 0.2 0.2 0.1 0.0 14 330
K Al-Silicate 16 30 19 09 0.1 0.1 75 210
Fe Al-Silicate 0.0 04 0.2 0.1 0.0 0.0 0.7 26.1
CaAl-Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
NaAl-Silicate 0.0 0.0 0.1 0.0 0.0 0.0 01 12.3
Aluminosilicate 01 0.1 0.1 0.1 0.0 0.0 0.3 411
Mixed Al-Silica 01 0.6 0.2 0.1 0.1 0.0 12 269
Fe Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaSllicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaAluminate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrite 0.0 0.0 0.3 0.3 0.6 14 26 89.6
Pyrrhotite 13 25 57 96 130 14.2 46.3 80.1
Oxidized Pyrrhotite 01 0.0 0.0 0.0 0.1 0.0 0.1 247
Gypsum 01 0.1 0.1 0.1 0.1 0.1 0.6 69.7
Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Apatite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaAl-Phosphate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
KCl 0.1 0.0 0.1 0.0 0.0 0.0 0.2 14.2
Gypsum-Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Al-Silicate 0.0 0.0 0.0 0.0 0.0 0.0 01 16.8
Si-Rich 09 0.6 05 0.2 0.1 0.0 24 18.0
CaRich 0.0 0.0 0.0 01 0.0 0.0 01 78.0
Ca-Si-Rich 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Unknown 23 25 15 1.0 0.6 0.3 82 282
Totals 119 184 17.2 166 167 192 100.0
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TABLEF-2

CCSEM Analysis of Absaloka Coal

Mineral Fraction: 8.449

SizeBins: 1022 2246 46-10 1022 2246 46-100 Total % Excluded
Quartz 12 19 30 50 49 17 177 639
Iron Oxide 0.2 05 04 06 10 15 42 90.3
Periclase 0.0 0.0 0.0 00 00 0.0 0.0 0.0
Rutile 0.1 0.0 0.0 02 02 0.0 0.6 817
Alumina 0.0 0.1 0.0 00 00 0.0 01 89.0
Cdcite 0.3 1.0 0.8 14 27 53 115 875
Dolomite 0.0 0.0 0.1 00 02 0.0 0.3 911
Ankerite 0.0 02 0.0 00 00 0.0 0.2 812
Kaolinite 36 83 9.1 61 31 0.7 309 373
Montmorillonite 0.2 0.0 01 0.3 0.0 0.2 0.9 438
K Al-Silicate 0.3 0.7 05 10 05 0.3 33 61.7
Fe Al-Silicate 0.1 0.2 0.0 00 00 0.2 05 77.9
CaAl-Silicate 16 11 0.3 03 01 0.0 35 125
NaAl-Silicate 0.0 0.0 0.0 00 00 0.0 01 70.7
Aluminosilicate 0.0 02 01 00 00 0.0 0.3 0.0
Mixed Al-Silica 0.1 0.1 0.0 02 01 0.0 05 36.3
Fe Silicate 0.0 0.0 0.0 00 00 0.0 0.0 0.0
CaSllicate 01 0.0 0.0 00 00 0.0 01 12.8
CaAluminate 0.0 0.0 0.0 00 00 0.0 0.0 0.0
Pyrite 0.0 0.0 0.0 01 01 0.0 0.2 100.0
Pyrrhotite 0.2 04 09 30 31 11 8.6 921
Oxidized Pyrrhotite 0.2 0.0 0.3 00 07 0.2 14 827
Gypsum 01 0.3 04 04 01 0.0 13 805
Barite 0.1 0.0 0.0 00 00 0.0 0.2 29.7
Apatite 0.1 0.1 0.1 04 00 0.0 0.7 62.8
CaAl-Phosphate 0.3 0.6 0.2 02 00 0.0 13 11.0
KCl 0.0 0.0 0.0 00 00 0.0 0.0 0.0
Gypsum-Barite 0.0 0.0 0.0 00 00 0.0 0.0 0.0
Gypsum-Al-Silicate 10 0.2 0.0 01 01 0.0 15 6.3
Si-Rich 05 0.1 0.1 02 01 0.1 11 19.2
CaRich 0.1 0.1 0.1 00 00 0.0 0.3 154
Ca-Si-Rich 0.0 0.0 0.0 00 00 0.0 0.0 0.0
Unknown 35 29 0.7 10 06 0.0 87 233
Totals 14.0 19.3 17.3 204 177 11.3 1000
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TABLEF-3

CCSEM Andysis of Whest Straw

Mineral Fraction: 0.855

SizeBins: 1022 2246 4610 1022 2246 46100 Tota % Excluded
Quartz 10 39 8.6 9.6 25 05 26.1 204
Iron Oxide 0.1 0.6 0.7 0.0 0.1 0.0 15 223
Periclase 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rutile 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Alumina 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cdcite 16 2.7 0.2 0.0 0.0 0.0 45 251
Dolomite 0.0 0.0 0.0 0.0 0.1 0.0 01 39.7
Ankerite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Kaolinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Montmorillonite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K Al-Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fe Al-Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaAl-Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
NaAl-Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Aluminosilicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Mixed Al-Silica 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fe Silicate 0.0 0.0 0.0 0.0 01 0.0 01 0.0
CaSllicate 0.0 0.0 0.3 0.0 0.0 0.0 0.3 26.2
CaAluminate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrrhotite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Oxidized Pyrrhotite 0.0 0.0 0.0 0.0 01 0.0 01 100.0
Gypsum 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Apatite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaAl-Phosphate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
KCl 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Al-Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Si-Rich 0.6 25 33 31 19 0.0 114 17.2
CaRich 0.0 0.0 0.1 0.0 0.1 0.0 0.2 674
Ca-Si-Rich 01 0.1 0.2 0.0 0.0 0.0 0.3 0.0
Unknown 54 99 2.7 115 57 11 553 210
Totals 8.8 19.8 3B0 241 106 17 100.0 0.0

F-3



TABLEF-4

CCSEM Andyss of Alfafa Stems
Mineral Fraction: 2412
Size Bins: 1022 2246 46-10 1022 2246 46-100 Tota % Excluded
Quartz 25 30 6.4 16.1 20 4.3 34.3 794
Iron Oxide 0.0 01 02 0.0 0.0 0.0 0.3 %1
Periclase 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rutile 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Alumina 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cdcite 04 27 101 239 0.6 0.0 37.7 43
Dolomite 0.0 0.0 0.0 0.2 01 0.0 0.3 0.0
Ankerite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Kaolinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Montmorillonite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K Al-Silicate 0.0 01 02 0.2 0.0 0.0 05 14.0
Fe Al-Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaAl-Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
NaAl-Silicate 0.0 0.0 0.0 01 0.0 0.0 01 0.0
Aluminosilicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Mixed Al-Silica 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fe Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaSllicate 0.0 01 0.0 0.0 0.0 0.0 01 26.6
CaAluminate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrrhotite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Oxidized Pyrrhotite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Apatite 0.0 0.0 01 01 0.0 0.0 0.2 0.0
CaAl-Phosphate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
KCl 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Al-Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Si-Rich 0.6 09 16 12 0.6 0.3 51 705
CaRich 0.6 10 0.8 01 0.0 0.0 25 2.7
Ca-Si-Rich 0.0 0.0 0.0 01 0.0 0.0 0.1 19.7
Unknown 34 42 4.6 43 13 0.8 18.6 18.6
Totals 76 121 239 46.2 48 55 100.0
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TABLEF-5

CCSEM Andyss of Hybrid Poplar

Mineral Fraction: 2.299

SizeBins: 1022 2246 4610 1022 2246 46-100 Total % Excluded
Quartz 0.1 02 04 04 0.2 0.6 19 139
Iron Oxide 0.9 39 28 14 01 0.0 9.1 115
Periclase 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rutile 0.0 0.0 0.0 01 0.0 0.0 01 0.0
Alumina 0.0 0.0 01 0.0 0.0 0.0 01 0.0
Cdcite 2.7 6.6 10.7 380 8.7 20 68.6 94
Dolomite 0.2 0.1 02 0.0 0.2 0.0 0.7 0.0
Ankerite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Kaolinite 0.0 0.0 0.0 0.3 0.0 05 09 29
Montmorillonite 0.0 0.0 0.0 0.2 0.0 0.0 0.2 0.0
K Al-Silicate 0.0 01 0.2 02 0.0 0.0 0.6 34
Fe Al-Silicate 0.0 0.0 02 0.2 0.0 0.0 04 15.6
CaAl-Silicate 0.0 01 0.1 01 0.0 0.0 03 42
NaAl-Silicate 0.0 0.0 0.0 0.0 0.0 0.0 01 0.0
Aluminosilicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Mixed Al-Silica 0.0 0.0 0.0 0.2 0.0 0.0 0.2 0.0
Fe Silicate 01 0.8 0.7 01 0.0 0.0 16 58
CaSllicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 335
CaAluminate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrite 0.0 0.0 01 0.0 0.0 0.0 01 0.0
Pyrrhotite 0.0 0.3 04 0.0 0.0 0.0 0.7 255
Oxidized Pyrrhotite 0.2 05 10 0.3 0.0 0.0 20 0.0
Gypsum 0.0 01 02 01 0.0 0.0 0.3 0.0
Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Apatite 0.3 04 0.2 0.1 0.0 0.2 11 87
CaAl-Phosphate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
KCl 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Al-Silicate 0.0 01 0.0 0.0 0.0 0.0 0.1 0.0
Si-Rich 0.0 0.0 0.3 0.0 01 0.0 04 14.3
CaRich 0.3 03 0.1 02 01 0.1 12 37
Ca-Si-Rich 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Unknown 20 28 18 13 0.8 05 9.3 111
Totals 6.9 16.3 195 430 104 39 100.0
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CLUSTER ANALY SIS OF BIOMASS FUEL
CCSEM DATA
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Figure G-1. Bulk chemidtry of dfafa stem baghouse ash.
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Figure G-2. The five mogt sgnificant clusters from dfafa sem baghouse ash.
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Figure G-3. Frequency digtribution for afafa stem baghouse ash.
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Figure G-4. Particle-size didribution for afafa stem baghouse ash.
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Figure G-5. Bulk chemigtry of wheet straw filter ash.
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Figure G-6. The five mogt Sgnificant clusters from wheat straw filter ash.
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Figure G-8. Particle-sze didtribution for wheat straw filter ash.
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Figure G-9. Bulk chemistry of hybrid poplar ash.
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Figure G-10. The five mogt significant clusters from hybrid poplar ash.

G-5



25

[
L]

tn

% of Total Sample
=

Si-Al-K-Ca 9%

Fe—Cl-5 9% ¢

K-Cl-P 14%

LoE DAt 18183000 T

Others 10%

...........

K—Ca—5-Cl 21%

Figure G-11. Frequency distribution of chemical groups, based on cluster andysis.

[l PR RLE T R W]

10022

T T T T
o 9tn 4.8 48§t 100 100t 220 22010480

Particle-Size Range, ¢m

Figure G-12. Particle-size digtribution for hybrid poplar ash.
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Figure G-13. Bulk chemidiry of Illinois No. 6 and dfdfa stem blend ash.
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Figure G-14. The five most sgnificant clusters from Illinois No. 6 and
dfdfastem blend ash.
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Figure G-15. Frequency distribution of chemical groups, based on cluster andysis.
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Figure G-16. Paticle-size digribution for Illinois No. 6 and afdfa stem blend ash.
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Figure G-17. Bulk chemigtry of Illinois No. 6 and wheat straw blend ash.
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Figure G-18. The five most sgnificant clusters from Illinois No. 6 and
whest straw blend ash.
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Figure G-19. Frequency distribution of chemical groups, based on cluster andysis.
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Figure G-20. Particle-size digtribution for Illinois No. 6 and wheat straw blend ash.
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Figure G-21. Bulk chemigtry of Illinois No. 6 and hybrid poplar blend ash.
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Figure G-22. The five most sgnificant clusters from Illinois No. 6 and
hybrid poplar blend ash.
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Figure G-24. Particle-gze digtribution for 1llinois No. 6 and
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Figure G-25. Bulk chemigtry of Absdloka and dfadfa stem blend ash.
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Figure G-26. The five most sgnificant clusters from Absdokaand
dfdfasem blend ash.
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Figure G-28. Particle-size digtribution for Absaloka and dfafa stem blend ash.
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Figure G-29. Bulk chemistry of Absdoka and whesat straw blend ash.
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Figure G-30. The five most significant clusters from Absaloka and
whest straw blend ash.
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Figure G-31. Frequency distribution for chemical groups, based on cluster analysis.
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Figure G-32. Particle-size distribution for Absalokaand
whest straw blend ash.
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Figure G-33. Bulk chemistry of Absalokaand hybrid poplar blend ash.
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Figure G-34. The five most sgnificant clusters from Absdokaand
hybrid poplar blend ash.
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Figure G-36. Particle-size distribution for Absaloka and
hybrid poplar blend ash.
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Figure G-40. Frequency digtribution of chemica groups, based on cluster analysis.
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APPENDIX H

FLY ASH CCSEM ANALYSISRESULTS



TABLE H-1

CCSEM Andyssof lllinoisNo. 6 Fy Ash

SzeBins um 1.0-22 2246 46-10 1022 2246 46-100 Totd
Quartz 0.0 0.0 0.1 0.0 0.0 0.0 0.1
Iron Oxide 0.2 0.6 0.8 0.0 0.0 0.0 1.7
Periclase 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rutile 0.0 0.1 0.0 0.0 0.0 0.0 0.1
Alumina 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cdcite 0.0 0.0 0.2 0.0 0.0 0.0 0.2
Dolomite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ankerite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Kaolinite 0.0 0.0 0.0 0.0 0.1 0.0 0.1
Montmorillonite 0.0 0.0 0.0 0.2 0.0 0.0 0.2
K Al-Silicate 0.0 0.2 15 1.7 0.7 0.0 4.2
Fe Al-Slicae 0.2 0.3 0.6 0.3 0.1 0.1 1.6
CaAl-Slicate 0.0 0.0 0.1 0.0 0.0 0.0 0.1
NaAl-Slicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Aluminoglicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Mixed Al-Silicate 0.1 2.3 7.7 25 0.4 0.1 13.2
Fe Silicate 0.0 0.1 0.0 0.0 0.0 0.0 0.1
CaSllicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaAluminate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrrhotite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Oxidized Pyrrhotite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Apdite 0.0 0.1 0.0 0.0 0.0 0.0 0.2
CaAl-Phosphate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
KCI 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Al-Silicate 0.0 0.0 0.3 0.2 0.0 0.0 0.4
Si-Rich 0.1 0.4 1.0 0.7 0.1 0.0 2.3
CaRich 0.0 0.4 0.9 0.2 0.0 0.0 15
Ca-Si-Rich 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Unknown 8.1 26.9 31.6 6.5 0.8 0.1 74.1
Totds 8.8 314 44,7 12.4 2.3 0.4 100.0

H-1



CCSEM Andysis of Absdoka Hy Ash

TABLE H-2

SzeBins um 1.0-22 2246 46-10 1022 2246 46-100 Totd
Quartz 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Iron Oxide 0.2 0.6 0.3 0.0 0.0 0.0 1.2
Periclase 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rutile 0.0 0.0 0.1 0.0 0.0 0.0 0.1
Alumina 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cdcite 0.1 15 1.2 0.5 0.1 0.0 3.2
Dolomite 0.1 0.3 0.2 0.0 0.0 0.0 0.6
Ankerite 0.0 0.0 0.1 0.0 0.0 0.0 0.1
Kaolinite 0.1 0.7 3.2 2.5 0.1 0.0 6.6
Montmorillonite 0.0 0.0 0.1 0.0 0.0 0.0 0.1
K Al-Silicate 0.1 1.3 2.1 0.6 0.0 0.0 4.1
Fe Al-Slicae 0.1 11 1.6 0.2 0.0 0.0 3.0
CaAl-Slicate 2.9 6.6 4.2 14 0.1 0.0 15.2
NaAl-Slicate 0.0 0.0 0.1 0.0 0.0 0.0 0.1
Aluminoglicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Mixed Al-Silicate 11 3.7 1.2 0.2 0.0 0.0 6.2
Fe Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaSllicate 0.0 0.6 0.2 0.2 0.0 0.0 1.0
CaAluminate 0.2 1.2 0.4 0.0 0.0 0.0 19
Pyrite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrrhotite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Oxidized Pyrrhotite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum 0.0 0.0 0.1 0.1 0.0 0.0 0.2
Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Apdite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaAl-Phosphate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
KCI 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Al-Silicate 1.0 14 0.3 0.2 0.0 0.0 2.9
Si-Rich 0.1 0.0 0.1 0.1 0.0 0.0 0.3
CaRich 0.3 0.7 0.4 0.1 0.0 0.0 14
Ca-Si-Rich 0.0 0.0 0.2 0.1 0.0 0.0 0.3
Unknown 23.3 21.4 45 2.0 0.1 0.0 514
Totds 29.7 41.1 20.6 8.2 0.4 0.0 100.0

H-2



TABLE H-3

CCSEM Andysis of Whest Straw Fly Ash

SzeBins um 1.0-22 2246 46-10 1022 2246 46-100 Totd
Quartz 3.0 5.7 4.3 6.5 7.2 53 31.9
Iron Oxide 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Periclase 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rutile 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Alumina 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cdcite 0.0 0.0 0.1 0.2 0.0 0.9 1.2
Dolomite 0.0 0.1 0.0 0.1 0.3 0.1 0.7
Ankerite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Kaolinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Montmorillonite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K Al-Silicate 0.0 0.0 0.0 0.1 0.0 0.0 0.1
Fe Al-Slicae 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaAl-Slicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
NaAl-Slicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Aluminoglicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Mixed Al-Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fe Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaSllicate 0.0 0.0 0.0 0.1 0.1 0.2 0.3
CaAluminate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrrhotite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Oxidized Pyrrhotite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Apdite 0.0 0.1 0.0 0.1 0.3 0.1 0.6
CaAl-Phosphate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
KCI 0.0 0.1 0.0 0.1 0.0 0.0 0.2
Gypsum-Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Al-Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Si-Rich 0.8 2.3 4.7 10.3 8.0 10.0 36.1
CaRich 0.0 0.0 0.1 0.2 0.1 0.1 0.5
Ca-Si-Rich 0.0 0.1 0.1 0.3 0.2 0.3 1.0
Unknown 0.4 1.1 5.0 9.8 51 6.0 274
Totds 4.3 9.6 14.3 27.8 21.2 22.8 100.0

H-3



CCSEM Andyssof AlfdfaHy Ash

TABLE H-4

SzeBins pm 1.0-22 2246 46-10 1022 2246 46-100 Tota
Quartz 0.0 0.1 0.4 0.7 0.2 0.2 1.5
Iron Oxide 0.0 0.2 0.3 1.0 0.3 0.0 1.8
Periclase 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rutile 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Alumina 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cdcite 0.0 0.0 0.2 01 0.0 0.0 0.3
Dolomite 0.0 0.0 0.0 0.2 0.0 0.0 0.2
Ankerite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Kaolinite 0.0 0.0 0.0 0.0 0.0 0.2 0.2
Montmorillonite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K Al-Silicate 0.0 0.0 0.6 0.6 0.2 0.0 14
FeAl-Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaAl-Silicate 0.0 0.1 0.3 0.1 0.1 0.0 0.5
NaAl-Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Aluminoslicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Mixed Al-Silicate 0.0 0.0 01 01 0.0 0.0 0.2
Fe Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaSilicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaAluminate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrrhotite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Oxidized Pyrrhotite 0.0 0.0 0.0 0.0 01 0.0 0.1
Gypsum 0.0 0.0 0.1 0.0 0.1 0.2 0.3
Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Apdite 0.0 0.0 0.1 0.2 0.1 0.1 0.5
Ca Al-Phosphate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
KCl 3.2 4.9 0.8 0.5 0.2 0.1 9.6
Gypsum-Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Al-Slicate 0.0 0.0 0.0 0.0 0.0 0.0 0.1
S-Rich 0.0 0.0 04 0.5 0.1 0.0 1.0
Ca-Rich 0.0 0.0 0.1 0.1 0.0 0.0 0.2
Ca-Si-Rich 0.0 0.0 0.0 0.1 0.0 0.0 0.1
Unknown 124 20.3 199 15.0 5.8 8.7 82.2
Totas 15.7 25.6 23.2 18.8 1.2 9.5 100.0

H-4



TABLE H-5

CCSEM Andysis of Hybrid Poplar Fly Ash

SzeBins pm 1.0-22 2246 46-10 1022 2246 46-100 Tota
Quartz 0.1 0.1 0.2 0.5 0.2 0.3 14
Iron Oxide 0.0 0.0 0.6 19 15 4.9 9.0
Periclase 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rutile 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Alumina 0.1 0.1 0.1 0.1 0.2 0.0 0.6
Cdcite 0.7 18 3.4 15 04 0.0 7.9
Dolomite 0.1 13 3.0 15 0.5 0.0 6.3
Ankerite 0.0 0.1 0.0 0.0 0.0 0.0 0.2
Kaolinite 0.0 0.0 0.0 0.0 0.1 0.0 0.1
Montmorillonite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K Al-Silicate 0.0 0.0 0.2 0.0 0.4 0.1 0.6
FeAl-Silicate 0.0 0.2 0.0 0.0 0.0 0.0 0.3
CaAl-Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
NaAl-Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Aluminoslicate 0.0 0.0 0.0 0.1 0.1 14 1.6
Mixed Al-Silicate 0.0 0.1 01 0.2 0.0 0.3 0.7
Fe Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaSilicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaAluminate 0.0 0.1 0.0 0.0 0.0 0.0 0.1
Pyrite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrrhotite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Oxidized Pyrrhotite 0.0 0.0 01 0.2 01 4.0 4.3
Gypsum 0.0 0.0 0.2 0.3 0.0 0.0 0.5
Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Apdite 0.0 0.4 0.9 0.5 0.1 0.0 1.9
Ca Al-Phosphate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
KCl 0.0 0.0 0.1 0.1 0.0 0.0 0.2
Gypsum-Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Al-Slicate 0.0 0.1 0.1 0.1 0.0 0.0 0.3
S-Rich 0.0 0.1 0.3 0.1 0.0 0.1 0.6
Ca-Rich 0.5 2.3 2.2 0.9 0.3 0.0 6.1
Ca-Si-Rich 0.0 0.0 0.1 0.0 0.0 0.0 0.1
Unknown 154 141 9.0 5.1 5.4 8.2 57.2
Totas 16.9 20.9 20.7 13.0 9.2 19.3  100.0

H-5



CCSEM Andysis of 80% Illinois No. 6-20% Whegt Straw Blend Fly Ash

TABLE H-6

SzeBins um 1.0-22 2246 46-10 1022 2246 46-100 Totd
Quartz 1.0 2.6 0.5 0.7 0.0 0.0 4.8
Iron Oxide 0.7 4.0 6.2 6.9 0.7 0.0 18.4
Periclase 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rutile 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Alumina 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cdcite 0.0 0.0 0.1 0.1 0.1 0.0 0.3
Dolomite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ankerite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Kaolinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Montmorillonite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K Al-Silicate 0.1 0.7 1.8 1.6 0.0 0.0 4.2
Fe Al-Slicae 0.0 0.1 0.0 0.2 0.0 0.0 0.3
CaAl-Slicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
NaAl-Slicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Aluminoglicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Mixed Al-Silicate 0.1 0.3 0.4 1.2 0.1 0.0 2.1
Fe Silicate 0.0 0.0 0.1 0.0 0.0 0.0 0.1
CaSllicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaAluminate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrrhotite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Oxidized Pyrrhotite 0.0 0.0 0.1 0.0 0.0 0.0 0.1
Gypsum 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Apdite 0.0 0.1 0.0 0.0 0.0 0.0 0.2
CaAl-Phosphate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
KCI 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Al-Silicate 0.1 0.4 0.0 0.0 0.0 0.0 0.4
Si-Rich 1.0 1.9 0.8 0.5 0.1 0.0 4.3
CaRich 0.0 0.6 0.7 0.4 0.0 0.0 1.7
Ca-Si-Rich 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Unknown 14.1 28.8 12.4 6.5 0.7 0.3 62.8
Totds 17.1 39.4 23.3 18.1 1.7 0.3 100.0

H-6



TABLE H-7

CCSEM Andysis of 80% Illinois No. 6-20% Alfafa Stem Blend Fly Ash

SzeBins pm 1.0-22 2246 46-10 1022 2246 46-100 Tota
Quartz 0.2 0.8 2.3 2.8 0.2 0.4 6.7
Iron Oxide 0.0 0.1 2.3 3.4 1.0 0.3 7.1
Periclase 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rutile 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Alumina 0.0 0.0 0.0 0.0 0.1 0.0 0.1
Cdcite 0.0 0.0 0.0 0.0 01 0.0 0.1
Dolomite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ankerite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Kaolinite 0.0 0.0 0.0 0.3 0.2 0.1 0.6
Montmorillonite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K Al-Silicate 0.0 0.1 2.7 9.2 2.2 0.9 15.1
FeAl-Silicate 0.0 0.0 01 0.0 0.0 0.0 0.1
CaAl-Silicate 0.0 0.1 0.0 0.1 0.0 0.0 0.2
NaAl-Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Aluminoslicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Mixed Al-Silicate 0.0 0.2 01 0.5 01 0.0 0.9
Fe Silicate 0.0 0.0 0.1 0.0 0.0 0.0 0.1
CaSilicate 0.0 0.0 01 0.0 0.0 0.0 0.1
CaAluminate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrrhotite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Oxidized Pyrrhotite 0.0 0.0 0.3 0.2 01 0.0 0.6
Gypsum 0.0 0.0 0.0 0.2 0.1 0.0 0.3
Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Apdite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ca Al-Phosphate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
KCl 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Al-Slicate 0.0 0.0 0.0 0.2 0.0 0.0 0.2
S-Rich 04 0.6 15 21 04 0.2 5.3
Ca-Rich 0.0 0.0 0.2 0.1 0.0 0.0 0.3
Ca-Si-Rich 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Unknown 2.7 8.2 20.0 17.0 6.0 7.9 62.0
Totas 3.3 10.2 29.9 36.1 10.7 9.8 100.0

H-7



TABLE H-8

CCSEM Andysis of 80% Illinois No. 6-20% Hybrid Poplar Blend Fly Ash

SzeBins um 1.0-22 2246 46-10 1022 2246 46-100 Totd
Quartz 0.7 1.6 3.5 2.4 0.2 0.4 8.7
Iron Oxide 0.0 16 1.7 0.9 0.3 0.1 4.5
Periclase 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rutile 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Alumina 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cdcite 0.0 0.0 0.1 0.1 0.1 0.0 0.3
Dolomite 0.0 0.0 0.1 0.0 0.0 0.0 0.1
Ankerite 0.0 0.1 0.0 0.0 0.0 0.0 0.1
Kaolinite 0.0 0.0 0.0 0.1 0.0 0.0 0.2
Montmorillonite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K Al-Silicate 0.0 0.5 3.6 7.1 0.9 0.0 12.2
Fe Al-Slicae 0.0 0.1 0.2 0.0 0.0 0.1 0.4
CaAl-Slicate 0.0 0.2 0.3 0.0 0.0 0.0 0.5
NaAl-Slicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Aluminoglicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Mixed Al-Silicate 0.1 0.9 25 1.2 0.3 0.0 5.0
Fe Silicate 0.0 0.0 0.1 0.0 0.0 0.0 0.1
CaSllicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaAluminate 0.0 0.0 0.1 0.0 0.0 0.0 0.1
Pyrite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrrhotite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Oxidized Pyrrhotite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum 0.0 0.0 0.2 0.7 0.1 0.0 11
Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Apdite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaAl-Phosphate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
KCI 0.0 0.0 0.0 0.0 0.0 0.0 0.1
Gypsum-Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Al-Silicate 0.1 0.2 0.4 0.2 0.3 0.1 1.3
Si-Rich 0.3 0.8 1.7 0.7 0.2 0.2 3.9
CaRich 0.0 0.3 0.3 0.4 0.1 0.0 11
Ca-Si-Rich 0.0 0.0 0.1 0.0 0.0 0.0 0.1
Unknown 6.1 13.8 21.4 11.3 4.7 2.9 60.2
Totds 7.5 20.1 36.1 25.1 7.3 3.8 100.0

H-8



TABLE H-9

CCSEM Analysis of 80% Absaloka—20% Whesat Straw Blend Fly Ash

SzeBins um 1022 2246 46-10 1022 2246 46-100 Totd
Quartz 0.0 0.8 04 02 0.1 0.0 16
Iron Oxide 0.0 0.2 07 02 0.0 0.1 12
Periclase 0.0 0.0 00 00 0.0 0.0 0.0
Rutile 0.0 0.0 00 00 0.0 0.0 0.0
Alumina 0.0 0.0 00 00 0.0 0.0 0.0
Cddite 0.0 0.8 09 11 0.4 0.0 3.2
Dolomite 0.0 0.2 02 01 0.0 0.0 05
Ankerite 0.0 0.0 01 00 0.0 0.0 0.2
Kaolinite 0.0 0.0 00 00 0.0 0.0 0.0
Montmorillonite 0.0 0.0 00 00 0.0 0.0 0.0
K Al-Silicate 0.0 0.0 12 09 0.2 0.1 2.3
Fe Al-Slicate 0.0 0.1 00 00 0.0 0.0 0.1
CaAl-Silicate 0.0 0.5 11 04 0.0 0.1 2.1
NaAl-Silicate 0.0 0.0 00 00 0.0 0.0 0.0
Aluminosilicate 0.0 0.0 00 00 0.0 0.0 0.0
Mixed Al-Silicate 0.0 0.0 00 00 0.0 0.0 0.0
Fe Silicate 0.0 0.0 00 00 0.0 0.0 0.0
CaSilicae 0.0 0.0 00 00 0.0 0.0 0.0
CaAluminae 0.0 0.1 05 02 0.0 0.0 0.8
Pyrite 0.0 0.0 00 00 0.0 0.0 0.0
Pyrrhotite 0.0 0.0 00 00 0.0 0.0 0.0
Oxidized Pyrrhotite 0.0 0.0 00 00 0.0 0.0 0.0
Gypsum 0.0 0.0 00 00 0.0 0.0 0.0
Barite 0.0 0.0 00 00 0.0 0.0 0.0
Apdite 0.0 0.0 00 00 0.0 0.0 0.0
CaAl-Phosphate 0.0 0.1 00 00 0.0 0.0 0.2
KCl 0.0 0.0 00 00 0.0 0.0 0.0
Gypsum-Barite 0.0 0.0 00 00 0.0 0.0 0.0
Gypsum-Al-Silicate 0.0 1.7 12 05 0.4 0.4 4.2
Si-Rich 0.1 0.1 08 07 0.1 0.0 18
CaRich 0.0 0.5 07 01 0.1 0.2 17
Ca-Si-Rich 0.0 0.0 01 00 0.0 0.0 0.1
Unknown 162 316 198 44 3.3 4.7 80.0
Totds 163 367 279 88 4.8 55  100.0

H-9



TABLE H-10

CCSEM Andyss of 80% Absaloka—20% Alfafa Stem Blend Fly Ash

SzeBins um 1022 2246 46-10 1022 2246 46-100 Totd
Quartz 0.1 0.4 1.3 32 08 0.1 5.8
Iron Oxide 0.0 0.0 0.9 18 02 0.0 29
Periclase 0.0 0.0 0.0 00 00 0.0 0.0
Rutile 0.0 0.0 0.0 00 00 0.0 0.0
Alumina 0.0 0.0 0.0 00 00 0.0 0.0
Cddite 0.0 0.0 0.3 01 03 0.0 0.7
Dolomite 0.0 0.0 0.0 02 00 0.0 0.3
Ankerite 0.0 0.0 0.1 00 00 0.0 0.2
Kaolinite 0.0 0.0 0.0 00 00 0.0 0.1
Montmorillonite 0.0 0.0 0.0 00 00 0.0 0.0
K Al-Silicate 0.0 1.0 23 38 09 0.1 8.2
Fe Al-Slicate 0.0 0.0 0.0 00 00 0.0 0.0
CaAl-Silicae 0.0 1.0 15 02 02 0.0 29
NaAl-Silicate 0.0 0.0 0.0 00 00 0.0 0.0
Aluminosilicate 0.0 0.0 0.0 00 00 0.0 0.0
Mixed Al-Silicate 0.0 0.0 0.1 00 00 0.0 0.1
Fe Silicate 0.0 0.0 0.0 01 00 0.0 0.1
CaSilicae 0.0 0.0 0.0 00 00 0.0 0.0
CaAluminae 0.0 0.2 0.5 04 00 0.0 11
Pyrite 0.0 0.0 0.0 00 00 0.0 0.0
Pyrrhotite 0.0 0.0 0.0 00 00 0.0 0.0
Oxidized Pyrrhotite 0.0 0.0 0.0 00 00 0.0 0.0
Gypsum 0.0 0.2 0.0 02 02 0.0 0.6
Barite 0.0 0.0 0.0 00 00 0.0 0.0
Apdite 0.0 0.3 0.0 00 00 0.0 0.3
CaAl-Phosphate 0.0 0.0 0.0 00 00 0.0 0.0
KCl 0.0 0.0 0.0 00 00 0.0 0.0
Gypsum-Barite 0.0 0.0 0.0 00 00 0.0 0.0
Gypsum-Al-Silicate 0.0 0.0 0.2 02 02 0.4 1.0
Si-Rich 0.2 0.3 0.9 03 02 0.0 1.9
CaRich 0.0 0.2 0.3 01 01 0.2 1.0
Ca-Si-Rich 0.0 0.0 0.1 02 00 0.1 0.4
Unknown 102 242 174 94 55 5.7 724
Totds 106 278 260 200 89 67  100.0

H-10



TABLE H-11

CCSEM Andlysis of 80% Absaloka-20% Hybrid Poplar Blend Fly Ash

SzeBins um 1.0-22 2246 46-10 1022 2246 46-100 Totd
Quartz 0.1 0.3 14 2.2 0.3 0.1 4.5
Iron Oxide 0.0 0.2 0.9 0.2 0.1 0.0 15
Periclase 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rutile 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Alumina 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cdcite 0.0 0.8 2.2 2.9 0.8 0.2 7.0
Dolomite 0.0 0.1 0.3 0.1 0.0 0.0 0.5
Ankerite 0.0 0.2 0.1 0.0 0.0 0.0 0.3
Kaolinite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Montmorillonite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K Al-Silicate 0.0 0.1 0.1 0.9 0.6 0.0 1.7
Fe Al-Slicae 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaAl-Slicate 0.1 15 3.2 16 0.3 0.0 6.6
NaAl-Slicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Aluminoglicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Mixed Al-Silicate 0.1 0.5 15 14 0.6 0.1 4.1
Fe Silicate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaSllicate 0.0 0.1 0.1 0.0 0.0 0.1 0.3
CaAluminate 0.0 0.5 0.9 0.3 0.0 0.0 1.7
Pyrite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pyrrhotite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Oxidized Pyrrhotite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum 0.0 0.0 0.0 0.1 0.0 0.0 0.1
Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Apdite 0.0 0.0 0.1 0.0 0.0 0.0 0.1
CaAl-Phosphate 0.0 0.0 0.0 0.0 0.0 0.0 0.0
KCI 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Barite 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum-Al-Silicate 0.2 0.9 0.7 0.1 0.5 0.8 3.3
Si-Rich 0.2 0.4 0.6 0.0 0.1 0.0 1.3
CaRich 0.1 0.8 1.2 0.5 0.1 0.1 2.8
Ca-Si-Rich 0.0 0.0 0.1 0.3 0.0 0.0 0.4
Unknown 11.0 15.8 20.4 6.8 3.3 6.2 63.6
Totds 11.8 22.4 33.9 17.5 6.9 7.6 100.0

H-11



