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ALKALI DEPOSITS FOUND IN BIOMASS POWER PLANTS

EXECUTIVE SUMMARY

Alkali in the ash of annual crop biomass fuels creates serious fouling and slagging in
conventional boilers. Even with the use of sorbents and other additives, power plants can
only fire limited amounts of these fuels in combination with wood. The National Renewable
Energy Laboratory (NREL), U. S. Department of Energy, and the biomass power industry
carried out eight full-scale firing tests and several laboratory experiments to study the nature
and occurrence of deposits with the goal of increasing the quantities of these biofuels that can
be used. This report describes the results of the laboratory and power plant tests that included:
tracking and analyzing fuels and deposits by various methods; recording operating conditions;

and extensive laboratory testing.

Occurance of Deposits

Sintered or fused deposits were found on grates and in agglomerates in fluidized beds.
Potassium sulfates and chlorides were found condensed on upper furnace walls where it mixed
with flyash. Convection tubes were coated with alkali chlorides, carbonates and sulfates
mixed with silica, alumina and complex silicates from flyash or fluidized bed media.

Deposits were evaluated using elemental analysis, X-ray diffraction and other
mineralogical techniques. These analyses have advanced the understanding of the role of
minerals in the combustion of biomass, and their occurrence in biofuels. Deposits occur
as a result of the boiler design, fuel properties and boiler operation. The limited furnace
volume and high furnace exit gas temperatures of most biomass boilers promote slagging or
deposits from those biofuels that contain significant amounts of potassium or sodium, sulfur,
chlorine and silica. All annual growth, whether from urban tree trimmings, annual crops or
their residues, or from energy crops, contains sufficient volatile alkali (0.34 kg/GJ or 0.8 1b./
MMBtu) to sufficiently lower the fusion temperature of the ash so that it melts in combustion,
or the elements vaporize and condense on boiler tubes and refractories.

Deposits observed in this project are consistent with all known mechanisms for deposit
formation: particle impaction, condensation, thermophoresis and chemical reaction. Particle
impaction was the dominant mechanism, especially on cross flow convection tubes, followed
by condensation on waterwalls and chemical reaction. Analysis by scanning electron
microscopy (SEM) showed that compounds containing potassium, sulfur and chlorine
were the principal bonding agents in most deposits and were usually associated with fuel
blends containing annual growth materials such as agricultural crops and residues. Most
deposits occur during post-combustion and cannot be predicted solely by analysis of the fuel
composition.




Fuel and Deposit Analyses

More than 30 methods of analysis were identified for fuel characterization. Fuel sampling
at biomass plants typically does not include enough information to evaluate potential sources
of deposits. Routine fuel characterization should include: proximate analysis, ultimate
analysis, heating value, chlorine, a direct measure of oxygen and elemental ash analysis.
Samples should be ashed at 600°C to minimize the loss of volatile alkali. Microwave digestion
in acids followed by atomic adsorption best accounted for fuel elemental composition. A
successive leaching method called chemical fractionation was used to determine the reactivity
of inorganic constituents in biomass fuels as measured by their solubility in water and acids (1
M ammonium acetate, and 1 M HCI).

Several techniques were used to analyze deposits. Scanning electron microscopy (SEM)
helped to determine the composition and mineralogy of deposits. DTA (differential thermal
analysis) and TGA (thermogravimetric analysis) were used to evaluate volatilization and
fusion of ash constituents. Ash fusion temperatures using the pyrometric cone tests were of
little value in predicting deposits, the alkali having been lost during ashing and calcining.

Pilot scale combustor simulations demonstrated deposit formation on combustor
refractory and on heat transfer surfaces, confirming mechanisms observed in the field. Alkali
volatilization, condensation and enrichment on flyash and in deposits were observed in the
Sandia Multi-Fuel Combustor (MFC).

Boiler Design and Operation

Conventionally designed boilers are not suitable for burning high alkali fuels. Special
boiler designs with low furnace exit gas temperatures, <1500°F, are required for annual
crops or residues, including grasses and straws. Designs should include: adequate waterwall
surface area or parallel heat exchange surfaces, and combustion air control to control gas
temperatures, grates suitable for removing large quantities of ash, and sootblowing to clean
tenacious deposits.

Limestone was the principal additive used in test boilers to maintain bed fluidization.
While limestone improved operation the calcium appears as a constituent of deposits on
convection surfaces (as CaCO,, CaSO,) and may reduce but does not prevent deposition. High
alumina sand also reduced agglomeration in a circulating fluidized bed (CFB) but did not
change the composition of deposits on the superheater tubes.

Gasification at low temperatures, <1400°F, with additives, may be necessary to inhibit
alkali volatilization in order to burn large quantities of these biofuels. A review of straw
experiences in Europe shows some success with straw pyrolysis. Additional research is
needed.




Fouling and Slagging Indicators

Several methods were tested for anticipating slagging or fouling based on fuel
composition. These included: concentration of alkali, water soluble alkali, tendency to form
sulfates or chlorides, and direct observation on heating. Fuel elemental composition and the
concentration of alkali, sulfur, chlorine and silica in the fuels appear to be the best indicators
of the tendency of fuels to slag. Project data should be used to develop practical algorithms
for industry. Observations of fuel samples heated to sticky temperatures during ashing showed
differences between wood and agricultural residues but did not clearly identify problem fuels.

Project Participants and Reporting

Seven power plant sponsors joined the project representing nine biomass power plants:
Delano Energy Company, Inc., Woodland Biomass Power Ltd., and Mendota Biomass
Power, Inc., (representing Thermo Electron Energy Systems); Hydra-Co Operations; Sithe
Energies, Inc.; Wheelabrator Environmental Systems, Inc.; and Elkraft Power Company, Ltd.
(Denmark). Electric Power Research Institute, Foster Wheeler Development Corporation and
the National Bioenergy Industries Association (formerly National Wood Energy Association)
also contributed to the investigation.

The Bureau of Mines Research Laboratory in Albany, Oregon provided X-ray diffraction
(XRD), scanning electron microscopy (SEM) and mineralogical analysis courtesy of Larry
Oden. Sandia National Laboratories contributed pilot scale combustion tests and analyzed
fuels and deposits as part of a parallel NREL project conducted by Larry Baxter. Bryan
Jenkins, professor of Biological and Agricultural Engineering, participated through the
courtesy of the University of California, Davis.

Results of the project were reported in presentations to nine conferences and will be
published in forthcoming journals. Four project meetings were held with participants at Sandia
National Laboratories. The suite of fuels and fuel samples developed during the tests were
archived at Hazen Laboratories and were used in independent investigations by NREL and by
Richard Bryers at Foster Wheeler Development Corporation. The conclusions from the project
have changed the way participants evaluate deposits, and the way they buy and prepare fuels.
Project data helped in the startup of a new biomass power plant in Florida. Through more than
twenty five inquiries from biomass plants around the country it has been possible to assist
other interested parties including: an industrial boiler manufacturer in the northeast, a power
plant boiler manufacturer, other power plants, including a 20 MW power plant in New York
and a plant cofiring wood and refuse derived fuel, many of the state and regional biomass
energy agencies, and developers of short rotation woody crops and non-wood crops for fuel.




Future Work

Tube erosion and corrosion associated with deposits are of prime concern to industry
participants. Development of a computer algorithm for predicting deposit formation combining
information about fuels, deposits, boiler design and boiler operation would be useful. Further
fuel characterization is needed. Deposit properties such as reflectivity, emissivity, porosity
and tenacity also need to be characterized. Several other pilot and operational projects are
suggested.

Recommendations

In summary and in answer to questions from the biomass fueled plant operators
concerning how to proceed regarding alkali and deposits, the following steps are
recommended:

1) Collect representative samples of all the fuels being used and those being considered.

2) Have a laboratory experienced in analyzing biomass fuels analyze the samples for
proximate, ultimate, total chlorine, and elemental ash. See a typical analytical request form in
Appendix B for methods recommended.

3) Either have the laboratory calculate the concentration of alkali and sulfur (Ib. alkali/
MMBtu or kg/GJ, Dry Basis) or calculate it from the analysis.

4) Compare the level of alkali in the fuel with other plant experiences burning similar fuels.

5) Strive to purchase fuels with alkali levels of 0.4 Ib./MMBtu (0.17 kg/GJ) or less; or blend
fuels to this maximum level, recognizing that blending may not prevent slagging or deposits
from fuels with high alkali concentrations such as straw or nuts and shells. The tendency

to form deposits or slag increases between 0.4 1b./MMBtu and 0.8 1b./MMBtu (0.17 to 0.34
kg/GJ), to definite fouling and possible slagging above those levels.

6) Prepare a schedule of blends by fuel types so that fuel entering the boiler has predictable
deposit characteristics.

7) When fouling cannot be explained by the composition of the fuel or the furnace exit gas
temperatures, examination of the deposits by SEM by an experienced laboratory can identify
constituents that contribute to fouling.
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ALKALI DEPOSITS FOUND IN BIOMASS POWER PLANTS
1. INTRODUCTION

The demand for alternative sources of fuel increased as the biomass power industry
expanded in the U.S. during the 1980s. When the new biomass power plants contracted to
burn substantial quantities of crop residues with their wood and urban wood fuels, they
experienced fouling of convection passes and severe deposits on grates and in fluidized beds,
despite the use of sorbents and other measures. These problem fuels characteristically contain
high levels of potassium and other alkalis and alkaline earth metals which vaporize or react
with other elements as they pass through the boiler, partially condensing to form sticky
deposits on metal and refractory surfaces. As a result, power plants cannot use these slagging
fuels to the extent stipulated in their original operating permits. Instead, they rely primarily on
industrial and urban wood wastes that contain less ash and alkali. Increased competition for
fuels and problems of solid waste disposal again make low quality fuels important potential
resources for power plants. Recognizing this, the National Renewable Energy Laboratory
(NREL) initiated a joint study with industry to identify the occurrence of alkali deposits and
to suggest possible solutions so that greater quantities could be fired in power boilers. NREL
funding for the project was fully matched by nine industry co-sponsors. (Miles, et al., 1994)

The Project

The project consisted of fuel sampling, field test firing, analysis of fuels and deposits, and
database development. The biomass electric power industries contributed their experience
and made their facilities available for testing. An advisory team of experts worked with the
industries to identify problems, to assess the suitability of current solutions and to suggest
future directions.

The project included:
Review of the literature and power plant experience.
Eight full-scale firing tests in five power plants.
Field collection, tracking, and analyses of fuels and deposits in each boiler configuration.
Sampling and extensive analyses of more than 26 biomass fuels using as many as five
different methods.
Laboratory combustion tests in the Sandia Multi-Fuel Combustor (MFC).
Evaluation by participating operating personnel, scientists and engineers.

Protocols were developed for fuel and deposit sampling and analysis, including methods
such as chemical fractionation that had not previously been used with biomass. Boiler
operation was observed when firing high and low alkali fuels. Boiler conditions were
simulated in the pilot scale Multi-Fuel Combustor (MFC) for eleven fuels from the field tests.
(Baxter, et al., 1993; Jenkins, et al., 1994; Baxter, 1993-1994)




Analytical Approach

Investigations of biofuel deposits often attempt to correlate the fusion temperature of the
ash as determined in the laboratory with fouling or slagging in the furnace. Investigators
usually interpret results by applying coefficients obtained empirically from coal combustion.
This was the common theme of a literature search with hundreds of citations (Rose, 1993).
Power plant experience shows that this approach does not adequately predict or explain fouling
or slagging from biofuels. Mineral composition in biomass differs from coal, especially in the
amount of potassium, calcium and chlorine. Furnace operating temperatures and combustion
conditions also differ, resulting in deposits that have different characteristics and occurrences.
This project traced the transformations of inorganics through the boiler by using analytical
techniques that more accurately characterize deposits in order to identify how they form
(Baxter, 1993).

Project Participants

In August of 1992 a grant was provided by NREL with the hope of enlisting contributing
sponsors from industry. Eventually seven power plant sponsors (one from Denmark) joined
the project representing more than nine biomass power plants: Delano Energy Company, Inc.,
Woodland Biomass Power, Ltd., and Mendota Biomass Power of Thermo Electron Energy
Systems; Hydra-Co Operations; Sithe Energies; Wheelabrator Environmental Systems,

Inc.; and Elkraft Power Company, Ltd., Denmark. Electric Power Research Institute, Foster
Wheeler Corporation and the National Bioenergy Industries Association (formerly National
Wood Energy Association) also contributed to the investigation.

Thomas R. Miles, P.E., provided a design engineer’s perspective and with Thomas
R. Miles, Jr. coordinated the project, locating industry and other expert participants and
arranging meetings and tests at laboratories and operating plants.

Dr. Larry Baxter, Combustion Research Facility, Sandia National Laboratories in
Livermore, California, contributed his experience from coal research, conducted Multi-Fuel
Combustor tests, chemical fractionation and deposit interpretation as part of a parallel NREL
project (Baxter et al., 1993, Baxter, 1994, 1995). Mr. Richard Bryers, emeritus, Foster Wheeler
Development Corporation, contributed analysis and interpretation of fuels and deposits
including low temperature ashing and DTA analysis (Bryers, 1993, 1994). Dr. Bryan Jenkins,
Biological and Agricultural Engineering Department of the University of California at Davis,
contributed his long experience with biofuels, supervised a literature review, coordinated field
tests, and analysis and interpretation of deposits in the field and in the laboratory (Jenkins,
et al., 1994). Mike Jones, Sithe Industries, was the project field coordinator for plant tests.

Dr. Laurance Oden, US Bureau of Mines Research Laboratory at Albany, Oregon, provided
X-ray diffraction (XRD), scanning electron microscopy (SEM) and mineralogical analysis
(Oden 1993, 1994). Eric Winther, Elkraft Power, Ltd., contributed experience with firing straw
in Denmark and hosted site visits by T.R. Miles, Jr. (Miles, Jr., 1993). He provided Danish
reports on deposits and corrosion (Jansen, 1989).




Other advisors to the project who contributed their experiences with fouling in coal
combustion included George Wiltsee, Appel Consultants; Jerrold Radway, EnerChem, Inc.;
and Al Duzy. Technical cooperation was provided by Richard Bain, Ralph Overend and Tom
Milne at NREL. Thus the project included a consortium of industry, science and engineering.

Project Reporting

Results and progress of the project were reported to the participants in four meetings at
Sandia Laboratories and through interim reports. The Deposit Bulletin was issued from time
to time and comprehensive progress reports, analyses and tests were provided to attendees
at the meetings October 19, 1992, May 19 and November 30, 1993, and April 4, 1994.

Nine presentations about the project were made to technical audiences. These papers have
stimulated many phone calls from the US and abroad for more information about fuels and

slagging.

The detailed descriptions of tests and their interpretations are principally explained in
these reports which are combined and summarized in the following sections.
Section 2 describes the test boilers and industry experience with deposits. Section 3 describes
the methods and results of fuel analyses. Standard methods are cited with examples of fuels
analyzed, fuel supply, preparation and variability, typical properties of biomass fuels affecting
deposition, and the occurrence of important elements as determined by chemical fractionation
and ash fusion methods. Section 4 summarizes laboratory and field studies of deposits from
the combustion of straw and grass, shells, hulls and pits, and commercial wood and shell
blends. Section 5 summarizes the mechanisms of deposition observed during the investigation
and reviews slagging or fouling indicators. The project resulted in research strategies and
conclusions listed in Sections 6 and 7. Many of the fuel and deposit analyses developed
during the investigation may be found in Appendices C and D and in the reports listed in the
References.




2. BOILERS

Field tests were conducted at host power plants operated by industrial sponsors in
California and Denmark. Plants ranged in capacity from 5 MWe to 25 MWe employing state-
of-the-art boilers developed for biomass since 1980. These included conventional traveling
grates with spreader stokers and dedicated folded boiler designs, fluidized beds and circulating
fluidized beds. Table 1 shows the size, capacity and fuels of the test boilers. They are shown
schematically in Figures 1 and 4. These boilers were operated at similar bed temperatures and
furnace exit gas temperatures from 850°C to 950°C (1560°F to 1750°F) with the exception
of the straw fired stokers. The spreader stoker traveling grate (Grate-1) is the most common
boiler design used for wood and biomass power.

The dedicated straw-fired cogeneration plants in Denmark (Grate-2, Grate-3) are special
because they have greater waterwall areas and lower furnace exit gas temperatures of 760°C
(1400°F) to produce principally low temperature steam. Three boilers that participated in the
project were of the folded furnace design shown in Figure 2 (Grate-2, 3), similar to a design
for waste-to-energy plants. Two of these were built in Denmark as first generation systems
for combined heat and power where process steam is the principal product. The third plant,
also in Europe, was built for a blend of wood and manure. These designs incorporate staged
combustion, where one third of the combustion air is supplied through the grate so that fuel
is burned at low temperatures and the rest is added above the grate for high temperature
combustion in the gas phase. Furnace exit gas temperatures are kept low, 1400°F, with added
surface area which tends to keep the deposits in the furnace instead of continuing into the
convection passes.

Problems with deposits were not originally expected with biomass fuels so few of the
furnaces tested included extensive sootblowers, slag screens or other devices for cleaning or
removing sticky ash in their original designs.




Table 1 Boilers in the Alkali Deposit Investigation

Grate-1
FBC-I CFB -1,2 CF8-2 CFB -3 g
Type Fluidized Circulating Circulating Circulating Té?\;fgrlg SﬁgﬁeBSo?l-:rs
Bed Fluidized Bed | Fluidized Bed | Fluidized Bed
Stoker
Gross Capacity | MWe 27 28 28 18 20 5-11.7
Steam flow th-! 116 118 118 77 84 26-40
(Kph™) (255) (250) (260) (170) (185) (57-88)
Steam kPa 9308 6240 6240 6206 6378 6701
Pressure (psi) (1350) (905) (905) (900) (925) (972)
Steam Temp °C 513 454 482 482 421 450
(F) (955) (850) (900) (900) (790) (842)
Furnace Exit °C 960 882 682 900 850 640-760
Temperature (F) (1760) (1620) (1620) (1650) (1560) (1184-1400)
Fuel Consumed | dry t/h 30 30 30 22 22 6-8
Fuels urban wood wood, ag urban wood urban wood urban wood straw
ag prunings nuts, shells ag ag straw

Units: th-1 (metric tonnes/hour)= K Pounds Steam Per Hour x 0.454;

kPa = 6.895 x psi




Figure 1 Schematic Configurations of Test Boilers with Grates (Jenkins etal., 1994)
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Figure 2 Grate-1. Spreader stoker with traveling grate, 20 MWe, Imperial, CA

Figure 3 Grate-3 Straw fired moving grate CHP 5 MWe, Slagelse, Denmark




Figure 4 Schematic Configurations of Test Boilers with Fluidized Beds (Jenkins et al., 1994)
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Figure 5 CFB-1 Circulating Fluidized Bed, 25 MWe, Woodland, CA




Survey of Deposits in Biomass Plants

In October 1992 several biomass plants were surveyed to determine the importance of
alkali deposits to their operations. All of the final project participants responded, in addition
to other biomass plants in California. The National Bioenergy Industries Association also
surveyed their member plants and manufacturers. At that time the NBIA manufacturers and
plants, mostly located in the East and Southeast, reported few deposit problems but anticipated
future problems as fuel quality deteriorated. Since that inquiry several plants in that region
have reported severe slagging, deposits and corrosion.

Participating biomass power plants included spreader stoker traveling grates, fluidized and
circulating fluidized bed boilers as shown in Table 1 and Figures 1 to 6. Many of the plants
have used a variety of techniques to prevent or remove deposits including fuel management,
boiler control and cleaning, or additives, but without continued success.

They cited benefits expected from reduced slagging, fouling or deposits as:
1. Reduced maintenance outages and costs,

2. Improved steam plant efficiency or capacity,

3. Extended or expanded fuel supply, and

4. Reduced corrosion.

Fireside problems reported were:

Ash removal problems,

Large deposits on refractory surfaces,

Deposits on refractory but not waterwalls,
Spalling, slagging, viscous slag,

Accumulation around air tuyeres and refractory,
Fuel feeder blockage from slag,

Fluidized bed media agglomeration,

Blockage of gas passages by deposits,

. Fine fuels generate hot spots by after-burning, and
10 Erosion of transitions in gas ducts.

00N AN

Convection pass fouling, erosion, and corrosion effects were described as:
High temperature bonded deposits in the superheater,

Bridging and blockage of convection passes,

Erosion of superheater tubes,

Loss or attenuation of steam capacity, and

Corrosion in the superheater, air heater, and economizer.

AP I S N o
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Plants reported using a variety of methods to prevent or remove deposits, including fuel
management, boiler control, cleaning and additives.
Fuel management techniques were:
1. Eliminate worst acting fuel components,
Dilute “dirty” fuels with clean fuels,
Schedule worst fuels prior to scheduled outages,
Ash chemical analysis,
Limit nuts and shells or suspected fuels in fuel mix to less than 5% to 10%, and
Screening to remove fines.

SNk

Boiler control included:
1. Operator training and sensitivity, and
2. Tune combustion controls to limit temperature excursions.

Cleaning and additives included:
1. Bed media blowdown, screening and reuse, inspection,
2. Sootblowing techniques and hydroblasting, and
3. Addition of limestone based on boiler condition.

The surveys and initial project meetings and site visits to participating plants resulted in

several research questions that the investigation attempted to answer. Operators of existing

biomass plants wanted to know:
1. How to fire up to 30% or 40% of alkali fuels,
2. How to identify slagging fuels,
3. What criteria to use to formulate fuel blends,
4. How to manage deposits without shutting down,
5. What additives could be used with specific fuels, especially straws,
6. What tube alloys and refractories to use,
7. Whether to screen or further process fuels on site,
8. What are the effects of chlorine, dirt or fines, and
9. What causes corrosion?

Many of these questions are answered by applying the mechanisms of deposition studied in

this investigation to specific fuels and boilers.

11



Figure 7 Slagging on wall after

four days of burning a high
percentage of Urban Tree Trim-
mings in Grate- 1. Deposit that
fell from the wall is 3’ high and
14’ long. 4 days operation.
(Hydra Co. 1992)

Figure 8 Grate-1. Opposite view
of deposit.
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Figure 9 Tertiary Superheater Deposits from
Wood-Ag Blend FBC-1 (Delano)

FLOW —
_— II
.'.I.
Sees Figure 4 for deposit location

See Figure 4 for deposit location.

Figure 10 Superheater Deposits from Straw Fired Stoker Grate-2 (Haslev, 1993)

Haslew
CHP Station
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3. FUELS AND ANALYSES

One goal of the Alkali Deposit Investigation was to provide analytical data, slagging
indices and other recommendations to aid in fuel selection or blending. Plants provided fuel
analyses, records of fuel use, descriptions of their experiences with firing different biomass
fuels, and they also recommended analytical laboratories. More than 26 different types of
fuels and blends were analyzed. Fuel analyses were compiled into a database (Miles, et al.,
1994). Selected fuels were also analyzed to determine which characteristics of the ash promote
slagging or fouling. These tests included: alternative methods of elemental analysis; thermal
and wet chemical methods to produce ash below volatilization temperatures; and, methods to
determine the solubility of inorganics in the ash (Oden, 1993, Bryers, 1994). Samples were
also provided to other alkali-related projects (French, et al.,1994).

The test plants associate slagging and deposits with a wide range of wood and agricultural
fuels. Table 2 lists those fuels and shows the tests performed during this project. Typical
analyses can be found in Appendix C. Wood and urban waste fuels include wood from the
forest industry, forest residues, plantation wood, urban construction and demolition wastes,
mixed waste paper, landscape prunings, and stumps and prunings from orchards. The power
plants are evaluating willow, hybrid poplar and other woody biomass plantation crops for the
future. Seasonally, they have available nuts, pits and hulls from fruit processing and grasses
including wheat straw and rice straw. Other grasses such as switchgrass and miscanthus are
being evaluated as future energy crops. Manures of interest to the test plants include chicken
manure where rice hulls or wood are used as the bedding material.

14



Table 2 Tests Conducted on Biomass Power Plant Fuels

™=
®

Wood and Urban Wood Wastes Field MFC b

Mill wastes including bark X

In-Forest Whole Tree Chips, pine, fir, hardwood

Plantation wood, whole tree chips: willow, poplar

Urban wood waste

Construction demolition and land clearing

Urban wood with landscape prunings

Mixed waste paper, urban X

e

Orchard prunings, citrus

el bl ke
>~
R PR PRR [ 1 <

b

Almond prunings, stumps

Grape vine prunings

Walnut wood, prunings

Nut shells and hulls, pits

Almond shells, hulls

Olive pits

Peach pits

el el el ke

Pistachio shells

Prune or plum pits

>~
>

Walnuts and shells

Field crops: hulls, straws, stalks, fibers

Alfalfa straw

Asparagus fern

Bana grass

Bermuda grass straw

Miscanthus

Rice hulls X

Rice straw X

b

Switchgrass

el Bl Bl bl bl el il s

Wheat straw X X

Manure

=

Chicken manure, or litter

Race track straw and manure X X

* Key to fuels testing:

F = field trials at industrial sites

M = laboratory combustor trials, Sandia Multi-Fuel Combustor
L = laboratory analyses

See Section 3 and Appendices B-D for test methods and results.




Fuel Supply, Preparation and Variability

The supply of biofuels is changing and the biomass industry may need to burn low quality
fuels to survive in the future. The ability to burn significant quantities (30%-40%) of high
alkali or low quality fuels should extend the fuel supply and thus result in economic and
environmental benefits to the plants. Clean wood supplies have diminished since the existing
plants were built. Several plants that were intended to burn agricultural residues have closed
or shifted to wood wastes. Plants built to burn straw to offset open field burning, such as the
Danish plants, have been struggling to burn straw economically.

Urban landscape prunings, hardwood whole tree chips, and agricultural and field crop
residues including straws, nuts, shells and hulls were identified as the most problematic
fuels. A variety of fireside and convection pass problems were reported. These fuels have
been associated with the high levels of alkali. Plants burning these fuels have derived some
formulas for blending, such as burning no more than 5% high alkali fuels, equal to 1 ton per
20 tons of blended fuel per hour. These formulated blends still result in significant cleaning
costs, and operational problems. No plant has been able to burn higher rates at sustained levels
without operating problems.

Ash and alkali levels for fuels recorded at the test plants were higher than reference values
in the literature. They were at the upper range of the typical fuel “specifications” for biofuels,
and higher than commonly used in wood fired boilers.

While fuels are identified here by type it should be noted that there is considerable
variability within fuels that is created by fuel supply, preparation and processing as well as
local conditions such as soil chemistry and rainfall. Fuel supply is influenced by economic
local and seasonal factors. Fuel size, moisture, percentages of fines and foreign matter can
influence furnace operation depending on the furnace design. The variability of fuels is
illustrated in Figure 11 which records the blend of six different types of fuels fired during an
eighteen week period in one of the test boilers (Jenkins, et al., 1994). While a plant may be
able to maintain a uniform ash level with this kind of mix, the types and forms of inorganic
elements in the ash change the susceptibility to slag formation or fouling.
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Figure 11 Variability of Fuel Mix Spring-Summer 1993
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Fuel Characterization

Biomass plants usually sample fuels to assure compliance with contract specifications for
moisture, ash and heating value but do not include elemental ash composition (McBurney,
1993). Potassium content in particular is important to indicate potential ash fusion or
ash deposition through vaporization and condensation. Potassium is transformed during
combustion and combines with other elements such as chlorine, sulfur and silica. Plant
operation has improved, and slagging and fouling have been reduced where participating
plants have systematically sampled and analyzed the alkali in fuels by methods used in this
project, and correspondingly selected their fuels to reduce alkali input. The term “alkali” is
used to describe the sum of potassium and sodium compounds, generically expressed as the
oxides K,O and Na O. The alkali earths, MgO and CaO, are also important in slagging and
deposit formation, their very high fusion temperatures tending to inhibit the eutectic effect of
alkalis - especially in fluidized beds.

More than thirty analytical methods were identified that could be used to characterize
biomass for fuel (Jenkins, 1993, Appendix B). This project used the guidelines of the Biomass
Boiler Test Procedure proposed by the Technical Association of the Pulp and Paper Industry
(TAPPI) Steam and Power Commiittee to define sampling methods and procedures. TAPPI
also specifies American Society of Testing and Materials (ASTM) methods of analysis for
fuel size and ash composition (TAPPI, 1992). As a result of this project the methods shown in
Table 3 are recommended for routine fuel characterization. A sample analytical request form
is shown in Appendix B.1.

While several methods of fuel analysis are similar, some significant differences exist
that can produce misleading results. Oxygen should be measured directly. Most laboratories
calculate oxygen as the difference between the total sample mass and that of the other major
elements. However, other elements such as chlorine may distort the oxygen value. Chlorine
should be a normal part of fuel analysis because of its importance in alkali release. CO,
should also be a part of any ash analysis and the ash should be prepared at temperatures not
higher than 600° C.

Detailed analysis may be warranted where operational or environmental problems occur.
These include the routine analysis plus chemical fractionation, as described below, trace
elements and heavy metals, direct oxygen measurement, and thermogravimetric analysis. Ash
fusibility (pyrometric cone test) is of limited value. Analysis of screened fines (<8 mm) in
dirty fuels indicates whether the whole fuel should be screened to avoid problems from high
ash and alkali.
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Table 3 Methods and Units for Fuel Characterization

Methods and Units for Fuel Characterization

Biomass Coal
Bulk density, Ib./cf, kg/m?; E 873
Fuel size E 323
Calorific Value,
BTU/Ib., MJ/kg D 2015.E 711 D 2015
Proximate composition D 3172
Moisture E 871 D 2013, D 3173
Ash D 1102, E830 D 3174
Volatiles E 872/E 897 D 3175
Fixed Carbon By difference By difference
Ultimate Analysis: D 3176
CH E 777 D 3178
N E 778 D 3179
S E775 D 4239, D 3177
Cl E 776 D2361,
AOAC969.10

Water soluble alkali (K, Na, Ca): Soak overnight in H O @ 90 °C. Analyze by AA.

RESIDUAL OR ASH COMPOSITION

Special precautions must be taken to prepare ash fuel samples for elemental analysis so that
some of the constituents will not be volatilized. Microwave digestion or wet ashing methods
are preferred. ASTM D 4278, AOAC 14.7, US Bureau of Mines (Appendix B).

Ash preparation (600 °C) D 1102
Ash Elemental (Si, Al, Ti, Fe, Ca, Mg, Na, K, P) D 3682, D2795

Optional: Ash sinter test
Heat sample in muffle furnace at 100 °C intervals from 550 °C to 950 °C or higher and
inspect for sintering.

Ash fusion temperatures D 1857
Dirty fuels such as bark, urban wood waste, stump grindings, etc., should be screened to
determine ash and alkali content of the fines: screen sample with Tyler #8 sieve, record

percent of total, analyze both <8mm and >8mm.

Note: ASTM methods underlined are preferred. Refer to Appendix B for descriptions of
standards and method.
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Tables 4 and 5 show the fuel and ash composition of selected test fuels according to their
alkali concentration. The biofuels with high annual growth, such as fast-growing woods, forest
residues, prunings, annual crops and straws, all have abundant alkali in the ash. (See Tables in
Appendix C.) Potassium, in particular, volatilizes and reacts readily during combustion. Wood
fuels contain approximately 0.1% elemental potassium (K) compared with 1.0% or higher
in straws and grasses, hulls, pits and shells. Fuel blends will of course have intermediate
concentrations, as shown in Figure 12 and Table 5, but the fouling potential is not necessarily
reduced due to the inclusion of other elements from the blending of fuel (Jenkins, et al.,1994).
In some cases, blending can make the fouling worse.

The ash content of most clear stemwood species is less than 1%. The stemwood, or
trunk, of a tree and also the larger limbs and branches contain the least alkali. The sap in the
cambium layer is rich in alkali but does not deposit it in the wood itself. Clean sawdust or
planer shavings from sawmills are low in alkali and high in calcium. Industrial participants
report that the supply of these fuels is limited.

The furniture wood and forest residues of Table 4 and urban wood of Table 5 are typical
of wood fuels received by the test power plants. Ash levels average 4% to 6% and are high
in alkali, silica and calcium. Alumina is usually an indicator of dirt unless fuel processing
includes cans and aluminum foil. Clean urban wood waste (UW W) consists of ground pallets,
crating and construction lumber, but does pick up various contaminants. Wastes from wood
processes that contain bark, dirt, or grit have higher ash, higher silica and high alkali. The
urban wood fuel mixes shown in Table 5 all have high silica except for the urban wood-
agricultural blend that is diluted with agricultural prunings that are low in dirt.

Ash and alkali levels are very high in the fine fuel fraction from field and urban wood
residues. Fuel particles smaller than 4 mm (3/16”) sift down in fuel handling and storage
piles. Most of the dirt was found in the 0.85 mm (<20 mesh) fraction but requires secondary
screening to remove. Experience has shown that trommel screening dirty fuels through 4 mm
(3/16”) dramatically decreased ash and slagging problems. Successful plants pay slightly more
for fuel processors to screen fuels before delivery to the plant.

The hybrid poplar sample shown on Table 4 contains high alkali, high calcium, low ash
and low silica. It also contains low sulfur and phosphorus. These are whole tree chips from
150 mm (6 in) diameter trees grown on plantations. Alkali levels are even higher when the
leaves and debris, which amount to about 25% of the harvested plantation biomass, are
included with the fuel. Combustion of these materials has caused slagging (Paisley, 1992).

Both trees and agricultural fuels are quite sensitive to soil chemistry and take up alkalis in
particular. Table 4 illustrates high sodium and potassium in straw from wheat grown on saline
soils. Sodium in high concentrations is normally toxic to non-halophytic plants, but some
plants can tolerate intermediate levels where saline water is applied. The very high ash content
plus moderate alkali in rice straw presents a very serious deposit and agglomeration problem
as a fuel. Table 5 also shows the increase in alkali concentration when almond hulls and straw
are added to wood fuels.
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Table 4 Fuel and Ash Properties of Wood and Agricultural Residues

e | wels | lieed” | R Poopier| S| S | R | S
Fuel Waste Hi-alkali

Fuel
Ash, % 1.0 3.61 2.70 3.97 8.97 18.67 6.13 9.55
Chlorine % <0.01 .04 .04 19 .58 .02 1.79
HHYV, Btu/lb 8,998 8,658 8,178 8,670 7,766 8,123 8,119 7,228
HHV, MJ/kg 20.95 20.15 18.95 20.18 18.08 18.91 18.90 16.78
Ash composition (% weightt of ash)
SiOo, 35.18 57.62 .88 17.78 65.18 74.67 9.28 37.06
ALO, 2.31 12.23 .31 3.55 4.51 1.04 2.09 2.66
TiO, .01 .50 16 .50 .24 .09 .05 A7
Fe,O, 4.41 5.63 .57 1.58 2.03 .85 .76 .84
CaO 25.37 13.89 44.4 45.46 5.60 3.01 8.07 4.91
MgO 7.62 3.28 4.32 7.48 3.00 1.75 3.31 2.55
Na,O 5.64 2.36 .23 213 .58 .96 .87 9.74
K,0 9.26 3.77 20.08 8.52 11.60 12.30 52.90 21.70
SO, 3.03 1.00 3.95 2.78 44 1.24 .34 4.44
PO, 5.68 .50 15 44 4.50 1.41 5.10 2.04
CO, 19.52 20.12
Undetermined 1.58 -78 5.43 9.78 2.32 13.89 -2.89 14.32
Total, % 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Alkali
Na,0+K,0, kg/GJ .07 10 16 .20 .56 1.22 1.62 1.66

Lb./M MBtu 2 2 4 .5 1.3 2.9 3.8 3.9

Table 5 Fuel and Ash Properties of Urban Wood Fuel Blends

Fuel Type - Aglj_J :)Esgﬁé?gs%?gits, Urban Wood U':bﬁl%\évﬁgd L\J/\r,%zgtvé?%%v'
Fuel
Ash, % 2.50 5.54 6.78 8.19
Chlorine % .05 .06 .03 13
HHV, Btu/lb 8,379 8,361 7,928 8,083
HHV MJ/kg 19.50 19.46 18.46 18.82
Ash Composition (% weight of ash)
SiO, 28.81 55.12 45.60 55.50
ALO, 8.47 12.49 10.75 9.37
TiO, .83 72 .54 .50
Fe,O, 3.28 4.51 4.06 4.77
CaO 27.99 13.53 18.96 11.04
MgO 4.49 2.93 4.22 2.55
Na,O 3.18 3.19 3.08 2.98
K,0 8.86 4.78 6.26 6.40
8O, 2.00 1.92 2.06 1.80
P,O, 2.57 .88 1.47 1.04
Co, 6.07
Undetermined 3.45 -.07 3.00 4.05
Total, % 100.00 100.00 100.00 100.00
Alkali
Na20+K20 kg/GJ 14 .21 .37 .38
Lb./MMBtu .3 .5 .9 .9
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Figure 12 Elemental Potassium in Biomass (Jenkins, 1994, from project data).
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Potassium and sodium, the alkali metals, as oxides, hydroxides or in metallo-organic
compounds, will form low melting compounds with silicates. Straws and grasses contain
alkali and silica in proportions that promote the formation of these inorganic mixtures that
melt at low temperatures. Silica alone melts at 1700 °C (3100 °F). Bryers shows melting
temperatures for potential low-melting minerals in biomass in Appendix D.1. The phase
diagram in Figure 13a shows the melting point of various mixtures of potassium oxides (K ,0),
with silica (SiO,), which makes up the bulk of the ash in biofuels. Slag in straw combustion
is often associated with temperatures above 750 °C (1450 °F) which is near the eutectic point
of 770 °C (1420 °F) for a mixture of 35% potassium oxide and silicon oxide as shown in the
phase diagram. (Above this temperature one or both of the elements in the mixture may be
liquid.) A mixture of 32% K O and 68% SiO, melts at 769 °C (1420 °F). This ratio is very
close to the ratio of 25% to 35% alkali (K,0+Na,0) to silica found in many biomass ashes.
An example of this melt is the glass that forms on refractory when firing straw in the spreader
stokers. Bed agglomerations in fluidized bed combustors at temperatures of 760 °C to 900°C
(1400 °F to 1650 °F) are also dominated by silica which may be a result of using silica or
alumina-silicates as bed media.

Figure 13 Phase Diagrams for (a) Potassium-Silica and (b) Magnesia-Silica Mixtures

1acd £
1ean —f=
1808 —t —
L]
L]
LiQug 2ann —p= -
1400 =T \ LU
—— %
1200 — FERICLAZE Y
po0d —p , FORSTERITE
L1 !
1000 ==t //\ TRIOYMITE T V:-H""\\ -:i_Lf.u.l.D_a_
.R\,-' \ / £ %mua-auu
go0 —F y J TeE C 18808 — |
— 1 o — = e43"C
; | 1420°F | i
Gz | R | TED TRITH
—im |
i |
i 1399 T
J0% 100% wgo M0 gD 100%
k0 O K0 32% 0, 8i0y, 80, "
810, 2310, 4510,00%
PHASE DIAGRAM FOR K20-5i02 FHASE DIAGRAM FOR MgO-5I0

AM. IRON B STEEL INBT

23



Chemical Fractionation

Potassium and other minerals are apparently tied up as organically bound elements, or
in forms that are readily volatilized during combustion. A portion of the potassium occurs
as dissolved salts in inherent moisture, cations attached to carboxylic and other functional
groups, complex ions, and chemisorbed material. A substantial fraction (15%-40%) of this
potassium volatilizes during combustion (Baxter, 1994).

A successive leaching test called chemical fractionation is used with coals to characterize
volatile species. Two methods of chemical fractionation were used in this study to determine
the fractions of the fuel that are readily volatilized during combustion. In switchgrass, for
example, all methods showed that 60% to 90% of phosphorus, sulfur and potassium are
potentially reactive in combustion since they are water soluble or ion exchangeable. These
results distinguish biofuels from coal in which potassium may be bound in clays such as illite
where it is less reactive. Sodium is the more important alkali element in coal.

Chemical fractionation data are available for almond hulls, almond shells, urban wood
fuel blended with wheat straw, urban wood fuel blended with almond shells, olive pits, rice
straw, switchgrass, nonrecyclable paper, and wheat straw. Duplicate samples were conducted
using the same technique for switchgrass and duplicate samples using different techniques
are available for switchgrass, almond shells, and wheat straw. In total, 15 samples were
completed.

The procedure used for most of these samples is presented in detail in the Appendix and
schematically outlined in Fig. 14. Increasingly aggressive solvents leach the same sample in
a series of three sequential leachings, producing four samples (including the raw material) for
characterization. Because many of the leaching steps require many hours or overnight, the
overall process requires about a week of elapsed time even though it only requires an hour
or two of technician time. An alternative method involving application of the leaching agents
to three nominally identical samples in parallel was proposed to decrease the elapsed time
required for the analysis. (See Appendix C).

The chemical fractionation technique distinguishes different types of inorganic material
according to their solubility in a series of increasingly aggressive solvents. Those materials
that are soluble in the two least aggressive solvents (water soluble and ion exchangeable by
ammonium acetate) are the most likely to vaporize during combustion. Those soluble in
hydrochloric acid are typically carbonates or sulfates. Those not soluble in any of these
materials are commonly in the form of oxides, silicates, or sulfides. The mode of occurrence
of the materials are important in anticipating their behavior.
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Figure 14 Schematic Diagram of the Chemical Fractionation Procedure(Baxter, 1994)
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Three laboratories (US Bureau of Mines, Albany Research Center; CONSOL Inc.;
and Hazen Research) were used in performing these analyses. Most of the analyses were
performed by Hazen using the same procedure. These samples have no designations after
their names. The fuels designated with letters B, C1, and C2 are duplicate analyses performed
at different laboratories. Duplicates designated B were performed using a modified procedure.
Duplicates designated C1 and C2 were each performed at the same laboratory, but a different
laboratory than either the undesignated samples or those designated by B. Samples C1 and
C2 were analyzed using the same procedure as the undesignated samples. Generally, there is
reasonable agreement among the three laboratories. In cases of disagreement, the results from
laboratory B tend to be the outlier. Nowhere is this more evident than in the titanium results
for rice straw. Laboratory B suggests that titanium in rice straw is completely soluble in
water, unlike titanium in any other biomass (or fossil) fuel we have tested and unlike titanium
in the same fuel analyzed by a different laboratory. The titanium results for rice straw from
Laboratory B may be flawed.
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Figures 15 through 25 illustrate results for the 11 most prevalent inorganic components of
biomass fuels (Al, Ca, Cl, Fe, K, Mg, Na, Si, Ti, S, and P). The results fall naturally into four
types of elements: (1) refractory materials with little solubility (Si, Ti, and Al); (2) alkali

and alkaline earth elements with varying degrees of solubility (K, Na, Ca, and Mg); (3)
nonmetallic (anionic) materials typically occurring as biomass nutrients (Cl, S, and P); and (4)
iron (Fe). Some of these elements are present in only trace quantities in some of the fuels.

Refractory Materials (Si, Ti, and Al)

The refractory materials Si, Al, and Ti occur in plants primarily in the form of oxides.
Of the three, silicon is the dominant component. These materials are not expected to be
soluble in any of the materials and should appear predominantly in the residual fraction.
They also should show very little tendency to vaporize or otherwise mobilize at combustion
temperatures. The data generally support this thesis. Essentially all of each of these elements
is found in the residual fraction of the fuel. While these materials are reasonably refractory,
silicon plays an essential biological role in many herbaceous plants. It is incorporated into the
plant through biological processes, although it occurs dominantly in inorganic forms in the
plant. It plays a large role in a plants’ resistance to lodging (ability to remain upright in winds
and rain) and overall strength and possibly a smaller role in photosynthesis.

Figure 15 Silicon Modes of Occurrence (Baxter, 1994)
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Silicon modes of occurrence, as determined by chemical fractionation analysis, as a function
of fuel type. Silicon is a refractory material in biomass and occurs primarily as an oxide, as
indicated by these data. Silicon forms a large fraction of the total inorganic material in many
of these fuels.
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Figure 16 Aluminum Modes of Occurrence (Baxter, 1994)
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Aluminum modes of occurrence, as determined by chemical fractionation analysis, as a
function of fuel type. Aluminum is refractory material in biomass and occurs primarily as
an oxide, as indicated by these data. Aluminum forms a small trace fractionation of the total
inorganic material in all of these fuels except nonrecyclable paper.

Figure 17 Titanium Modes of Occurrence (Baxter, 1994)
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Titanium modes of occurrence, as determined by chemical fractionation anaylsis, as a function
of fuel type. Titanium is a refractory material in biomass and occures primarily as an oxide,

as indicated by these data. Titanium forms a trace fraction of the total inorganic material in all
of these fuels.
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Alkali and Alkaline Earth Materials (K, Na, Ca, Mg)

Some of the alkali and alkaline earth materials play essential roles in plant metabolism
and occur in organic structures or very mobile, inorganic forms. Potassium and calcium are
the most common examples. As illustrated in Figs. 18 through 21, chemical fractionation
results are consistent with the biological functions of these materials. Over 90% of the
potassium of most of the clean (nonsoiled) fuels occurs as either water soluble or ion
exchangeable material. Potassium is an essential nutrient in many plants and occurs primarily
as a facilitator of osmotic processes, as indicated by these data. Over 90% of the potassium in
clean (non-soiled) fuels occurs as either water soluble or ion exchangeable material. Sodium is
a minor component of most biomass, substituting for potassium in small quantities. Calcium
is a common constituent of cell walls and other organic components of cell structures,
consistent with its largely ion exchangeable and acid soluble character. Calcium is also added
to fuels in the form of limestone for sulfur capture and to prevent agglomeration in fluidized
beds. Magnesium occurs in minor to trace quantities in most biomass material.

Both of the urban wood fuel samples were derived from commercially operating biomass
boilers and contained soil contamination. Potassium and sodium are common constituents of
illite, the most prevalent form of clay in soils. Nonrecyclable paper includes a large fraction
of glossy print from magazines and similar publications. Similar clays are used as filler in
producing these glossy prints. These are the probable sources of residual potassium in most
samples.

These data indicate that much of the alkali material is found in forms that are susceptible
to vaporization. In many biomass fuels, especially herbaceous fuels, potassium is the
most prevalent of these materials. Its vaporization and subsequent chemical reactions are
responsible for much of the fouling, sulfation, corrosion, and silicate formation found in
biomass boilers. Alkaline earth materials are found in biomass in forms that are less likely
to lend themselves to volatilization. Furthermore, the stable compounds they are likely to
form during combustion are less volatile than for alkali materials. This explains, in part, why
ligneous materials such as wood, with ash containing large fractions of calcium, pose far less
fouling problems than herbaceous materials, such as straws and grass, with ash containing
higher concentrations of alkali material.
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Figure 18 Potassium Modes of Occurrence (Baxter, 1994)
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Potassium modes of occurrence, as determined by chemical fractionation analysis, as a
function of fuel type. Potassium is an essential nutrient in many plants and occurs primarily
a facilitator of osmotic processes, as indicated by these data. Over 90% of the potassium in
clean (non-soiled) fuels occurs as either water soluble or ion exchangeable material.

Figure 19 Sodium Modes of Occurrence (Baxter, 1994)
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Sodium modes of occurrence, as determined by chemical fractionation analysis, as a function
of fuel type. Sodium is minor component of most biomass, substituting for potassium in small
quantities.
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Figure 20 Calcium Modes of Occurrence (Baxter, 1994)

100, 00%:
80.00%
E
=
2 80.00%
£
Em.uc%
i
[+
20.00%
0.00% N
T EEE T T N T
segessipspigfEd
frocifgagoss 132
25 g g %y T =

Calcium modes of occurence, as determined by chemical fractionation analysis, as a function
of fuel type. Calcium is a common constituent of cell walls and other organic components of
cell structures, consistent with its largely ion exchangeable and acid soluble character.

Figure 21 Magnesium Modes of Occurrence (Baxter, 1994)
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Magnesium modes of occurence, as determined by chemical fractionation analysis, as a
function of fuel type. Magnesium occurs in minor to trace quantities in most biomass material.
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Nonmetallic Materials (Cl, S, P)

Nonmetallic (anionic) materials such as chlorine and sulfur occur as plant nutrients. The
classification of nonmetallic is somewhat misleading in that none of the inorganic constituents
occur as metals (i.e., in neutral oxidation states). The nonmetallic compounds tend to become
anions when oxidized, by contrast to metals that dominantly form cations. However, much of
the material in biomass is not ionically bound.

Chlorine plays a key role in the transformations of inorganic materials during combustion.
Chlorine reacts with alkali material to form relatively volatile and stable alkali chlorides. In
this process, it is commonly chlorine concentration rather than alkali concentration that limits
the amount of vaporization. Condensation of the chlorides on relatively cool surfaces in the
presence of sulfur often leads to the formation of sulfates. At high temperatures on many
metals, this leads to a corrosive situation. Chlorine also leads to low temperature corrosion
through the formation of acid gases. As indicated in the data, essentially all of the chlorine
is in a vaporizable form for all fuels. The data from Laboratory B regarding chlorine are
inconsistent with all of the other data and are viewed as erroneous. There are small quantities
of plastic in nonrecyclable paper that contribute to forms of chlorine different from those
found in traditional biomass fuels.

Stable chlorine-containing vapors generated during combustion include alkali chlorides
and hydrogen chloride.The propensity of chlorine to facilitate alkali vaporization is significant.
For example, chlorine is among the few materials that will react with alkali in the form of
silicates. The reaction produces a gas-phase chloride. These alkali salts are both volatile and
stable, and they tend to condense further downstream in a combustor than non-chlorinated
alkali vapors.

Sulfur is also a major player in ash deposition. Many convection pass deposits are
based on sulfate formation on tube surfaces. The general rule, that water soluble and ion
exchangeable forms of material most easily vaporize, does not apply to sulfur. Sulfur, in
essentially all of its forms, quantitatively oxidizes during combustion. Some of it then reacts
with alkali materials to form sulfates. Alkali sulfates are unstable at typical combustion
temperatures of 900 C (1650 F). These sulfates are found condensed on flyash or deposited
on waterwalls parallel to the flow of gas. This primer of alkali sulfates can mix with flyash to
promote agglomeration as shown in the buildup of wall deposits in the spreader stokers with
travelling grates.

The behavior of phosphorus is not well characterized during combustion of these biomass
fuels. It forms only a small fraction of the fuel and appears to behave as a relatively refractory
material. Phosphorus is an important contributor to ash deposits from some manures and
litters.
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Figure 22 Chlorine Modes of Occurrence (Baxter, 1994)
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Chlorine modes of occurrence, as determined by chemical fractionation analysis, as a function
of fuel type. Chlorine occurs in volatile forms in essentially all biomass fuels.

Figure 23 Sulfur Modes of Occurrence (Baxter, 1994)
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Sulfur modes of occurrence, as determined by chemical fractionation analysis, as a function
of fuel type. Sulfur is a trace component of many biomass fuels but a more significant
component in straws and some woods.
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Figure 24 Phosphorus Modes of Occurrence (Baxter, 1994)
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Iron (Fe)

In coal-based systems, iron plays a major role in deposit properties as an effective flux
for silicate materials. In particular, the oxidation state of iron in silicates is sensitive to local
conditions, with ferric iron being prevalent under oxidizing conditions and increasing amounts
of ferrous iron being formed under reducing conditions. Ferrous iron incorporated in silicates
leads to lower melting points than ferric iron. The typical forms of iron in coal include,
in decreasing order of importance, sulfides such as pyrite, sulfates, oxides, silicates, and
carbonates. Similar behavior is expected in biomass ash deposits. However, there is very little
iron in the samples of biomass we have tested to date. Therefore, iron plays a minor role in
ash deposits except in special circumstances. The forms of iron in biomass indicate a greater
extent of ion exchangable material than is common in coal.

Figure 25 Iron Modes of Occurrence (Baxter, 1994)
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The conclusions from these results are:

(I) Chemical fractionation results show general agreement with known forms of inorganic
material in biomass that is useful for anticipating the reactions such materials will
undergo during combustion.

(2) Replicate samples show good, but not outstanding, agreement when performed within
the same laboratory.

(3) Laboratory-to-laboratory variations can be large, although they may be attributable to
lack of standard protocols at individual labs.

(4) Trends in chemical fractionation results with fuel type are rational and often reflect
different processing, impurities, and other features.

The procedure followed by Laboratory B in this study was an attempt to make the
chemical fractionation analysis faster, although not cheaper. The difference in the procedures
was essentially to process the fuel through the various stages in parallel rather than
sequentially. In principle, the parallel approach should be fine. In practice, it appears to have
significantly compromised the results. This may be because of inherent sample-to-sample
variations in biomass — a concern noted at the outset. However, the first step of both processes
(water washing) is essentially identical. Many of the differences in results from Laboratory B
appeared in this first step. This suggests that the problem lies more in the laboratory analyses
than in the procedure.

ASTM Ash Fusion Tests and Other Methods of Ash Analysis

Fuels and deposits in these tests demonstrated that standard ash fusion temperature
analyses are not useful for predicting deposit behavior in biomass for several reasons. First of
all, the American Society of Testing and Materials (ASTM) ash fusion test does not simulate
boiler conditions, where alkali that volatilizes during combustion concentrates as it condenses
on silicate refractory or flyash. Secondly, substantial alkalis are lost during the ashing process
in preparing pyrometric cones for ash fusion temperatures, thereby artificially raising the
measured fusion temperature. High temperature ashing vaporizes much of the alkali as does
prolonged calcining. For example, coal samples are ashed at 750 °C and calcined at 1000 °C.
Measurements of potassium in biofuels were found to be 15% to 25% lower when they were
ashed at these high temperatures. Also, in the boiler, vapor phase K and other compounds are
continuously generated and are available for reaction with deposited materials. The ASTM test
does not simulate this feature. Samples should be ashed at 600 °C with no calcining, following
ASTM D1102 or E830 (TAPPI, 1992).

Low temperature ashing using oxygen plasma was tested as an alternative to the ash fusion
tests but produced compounds that are not characteristic of biomass heating or combustion.
Differential thermal analysis (DTA) and themogravimetric analysis (TGA) of fuel ashes
did not correlated well with deposit composition. Further analysis of biomass deposits and
flyash are needed (Bryers, 1994). Analysis of water soluble alkali in the fuel, or wet digestion
followed by elemental analysis, resulted in more reliable alkali data than thermal ashing
methods. A method that was developed by the Bureau of Mines for the project accounted
better quantitatively for all of the elements in the fuel sample compared with standard thermal
methods (Oden, 1993). See Appendix B.
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4. DEPOSITS

Power plants in the project experienced the same fireside deposits and convection pass
fouling that have reduced plant availability and efficiencies in the industry. Deposits were
sampled from operating plants at the end of a four to six month firing period. Laboratory
samples were collected on air cooled probes in the Sandia Multi-Fuel Combustor. All samples
were analyzed following a common format, including routine analysis for selected chemicals,
proximate and elemental ash composition. Selected samples were analyzed by X-ray
diffraction and scanning electron microscopy (SEM). See Appendix B for methods.

Power plant deposits occurred on the grate, in the bed or on refractory as hard fused glassy
deposits, agglomeration of grate ash or bed media, and as accumulations of flyash in hot gas
ducts. Fouling of the boiler convection passes included buildup on screen tubes or superheater
tubes, bridging between tubes, and hard deposits on tubes. Sootblowing sometimes removed
buildup, but coverage was often not adequate. Deposits on convection surfaces developed
quickly when furnace exit temperatures exceeded 750 °C (1450 °F). Corrosion was found
under many deposits. Deposits collected from similar temperature zones in different boilers
had similar compositions. Grate and wall deposits were similar in composition to the fuel
ash. Potassium and calcium silicates and sulfates deposited on screen tubes and upstream
superheaters. Chlorides and carbonates appeared in the cooler convection passes. Detailed
descriptions of deposit mechanisms observed in the project are discussed by Bryers (1994)
and Jenkins, et al. (1994). Tables 7-9 show analyses of deposits found in fluidized bed and
traveling grate boilers from the tests.

Elements from the fuel deposit in several different forms in boilers. High silica slags
frequently form in the high temperature furnace regions as alkali and alkaline earth metals
react to form molten composites and glasses. Slag masses can form and accumulate on
grates or running slags may form on walls, especially refractory walls with high surface
temperatures, but also on waterwalls. Wall slags are commonly seen in the vicinity of
the fuel feed ports. Slags can form as rock-like, ribbon-like, hair-like, or other structural
forms. Agglomerates also occur, composed of sand and ash particles bound by fused, glassy
materials arising from reactions between the fuel elements or other compounds in the furnace.
Agglomeration is a common problem in fluidized bed combustors, where reactions in the
bed can lead to the formation of large aggregated composites of bed media and ash, with
eventual defluidization of the bed and plant shutdown. Fireside fouling deposits occur on all
heat transfer surfaces, but especially on cross-flow tubes situated in the convection passes of
boilers. Fouling of furnace waterwalls in fluidized beds has not typically been of concern
because of the active abrasion by bed media particles. Fouling of waterwalls in the convection
passes occurs routinely, however, although not generally with the same severity as cross-flow
tube surfaces. Particle separation devices, such as cyclones, located at the furnace exit in
circulating fluidized beds are also subject to severe fouling.

35



Figure 26 Deposits block gas flow in tertiary superheater causes erosion and reduces heat trans-
fer. Wood-Ag Blend. FBC-1.
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Figure 27 Deposits fill openings between convection tubes, reducing heat transfer in secondary
superheater. Wood-Pit Blend. CFB-3.
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The apparent mechanisms of fouling deposit formation on boiler surfaces include
condensation of inorganic vapors, inertial impaction and sticking of particles, thermophoresis
and possibly electrophoresis, and chemical reaction (Raask, 1985, Baxter, 1993). The order
in which these occur, and the relative rates, are important to the morphology and mechanical
properties of the deposits. There are three principal undesirable effects of deposits: 1) deposits
retard the heat transfer and lead to an eventual decline in boiler efficiency and capacity if
they cannot be removed according to the design assumptions for the boiler, 2) deposits can
grow to the extent that flow through the boiler is restricted, often bridging across tubes and
tube bundles, and causing mechanical damage, and 3) deposits are associated with corrosion.
Deposits which are less tenacious and easily removed (e.g., by soot blowing), represent less of
a problem to facility operators than those which are hard to remove, and require shutting down
the boiler for cleaning.

Alkali and alkaline earth metals in the fuel ash are important to the formation of fireside
deposits. For biomass, potassium is the major alkali element of concern. By contrast, sodium
is the most troublesome alkali component for most coal-fired systems. Both potassium and
calcium are important in the formation of sulfate deposits on boiler surfaces. Straws, other
grasses and herbaceous species, younger tissues of woody species, nut hulls and shells, and
other annual biomass contain about 1% potassium dry weight (Figure 12). Potassium is a
macronutrient for plants. Along with potassium, straw invariably contains a substantial amount
of chlorine, usually at levels greater than 0.2% and up to 3% dry weight (Jenkins, 1989).
Straw also contains substantial amounts of silica, usually in macronutrient concentrations.
The role of minerals in plant nutrition has been described by Marschner (1986). Rice straw,
for example, contains about 10% of dry weight as silica. By itself, silica does not present
much of a problem for biomass boilers. Rice hull, which may contain 20% by weight silica,
does not easily slag and foul in boilers when fired alone because the ash is relatively pure in
silica (> 95% SiO, in ash, typically) and the melting point is high (> 1650 °C), although there
exist other problems related to crystalline transformations and the atmospheric emission of
cristobalite, a known respiratory hazard, if combustion conditions are not properly controlled.
Silica in combination with alkali and alkaline earth metals, however, especially with the
readily volatilized forms of potassium present in biomass, can lead to the formation of low
melting point compounds which readily slag and foul at normal biomass boiler furnace
temperatures (800 °C - 900 °C). Chlorine can be an important facilitator in fouling, leading to
the condensation of alkali chlorides on heat transfer surfaces in the boiler, and promoting the
development of alkali sulfates. Chlorine may be an important element in the vaporization of
alkali species, leading to the formation of more severe deposits. Sugar cane bagasse, which has
long been used successfully as boiler fuel, and which is derived from another high potassium,
high silica herbaceous crop, does not exhibit the same fouling tendencies as straw and sugar
cane trash (tops and leaves) because both potassium and chlorine are substantially leached
from the fuel in the process of extracting sugar.

Unlike straw, wood contains very little silicon, and the mature stem wood that makes
up the majority of wood fuel, including urban wood fuel, also contains substantially
lower amounts of potassium, usually only about 0.1% dry weight (Figure 12). Potassium
is a highly mobile element in plants, and moves to younger, actively developing tissues,
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leaving the mature stem wood depleted in potassium. Facilities burning the leaf and branch
fractions of wood, or coppice materials from short rotation woody cultures (SRWC), will

also encounter higher levels of potassium (as well as nitrogen and sulfur) in the fuel. This

is already apparent in the agricultural wood fuels (e.g. annual prunings) currently burned in
boilers. Although wood fuels are inherently low in silica, adventitious material such as clays
and other soil components brought in with the fuel include silica and can lead to fouling,
although usually at reduced rates compared to straw. Urban wood fuels can include substantial
amounts of adventitious materials from manufactured products. The chemistry of inorganic
transformations in boilers is quite complex, involving multiple physicochemical pathways
among alkali, alkaline earth, and other inorganic and organic species in the fuel. The
principal components of interest include silicon, potassium, chlorine, sulfur, iron, phosphorus,
magnesium, calcium, titanium, carbon, hydrogen, and oxygen. Sodium and aluminum, which
are not normally found in inherently high concentrations, may be introduced as soil or through
prior processing operations, as with sodium in olive pits, and may also influence the fouling
behavior. For most biomass fuels, the elements silicon, potassium, calcium, chlorine, sulfur,
and to some extent, phosphorus, appear to be the principal elements involved in the fouling of
boiler surfaces.

Deposit formation also depends on the boiler design and operation. Differences in slagging
and fouling behavior have been observed for the various types of grate, fluidized bed, and
suspension boiler designs. Superheater fouling depends to a large extent on the furnace exit
gas temperature, a feature recognized by industry in the control of fouling deposits. Many
existing biomass boilers were designed with high furnace exit gas temperatures (900 °C or
higher). Coupled with cross-flow superheaters typically employed, severe fouling is frequently
observed. Reducing the temperature to control deposits can lead to derating the boiler with
undesirable economic consequences. Other designs utilizing extended parallel flow heat
exchangers or tube walls have been used with some success to reduce the fouling severity, as
noted below.

This section describes certain characteristics of deposits recovered from the commercially
operating biomass boilers, as well as those collected during controlled laboratory combustion
experiments using similar fuels and others not burned commercially, including straw. The
analysis of these deposits was undertaken as part of the Alkali Deposit Investigation and
reported by Jenkins, et al. (1994). The laboratory combustion experiments were conducted
at Sandia National Laboratory, Livermore, California, also under sponsorship from NREL.
Chemical compositions of deposits from the laboratory experiments are reported, and
compared with the composition of deposits from commercial boilers. The laboratory results
are observed to be consistent with full-scale results, as well as with the perceived mechanisms
of deposit formation mentioned above. The results suggest some limited short term strategies
for mitigating deposition on convective surfaces in existing units through furnace temperature
control.
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Procedures

Full-scale experiments:

Deposit samples were collected from 7 different biomass power stations. Three of the
boilers employed grate-type furnaces, one was a bubbling fluidized bed, and three were
circulating fluidized beds. The plants ranged in capacity from 5 to 25 MWe. The main
features of the boiler designs are illustrated in Figures 1 and 4 (pp. 6, 8).

Two of the grate units (later identified as Grate-2 and Grate-3) were located in Denmark
and fired straw, principally wheat straw. All other boilers were located in California. Fuel
supplies for all of the units vary with season and availability. During these tests, Grate-1
fired a mixture of wood (80%) blended with wheat straw (20%). The bubbling fluidized bed
unit (FBC-1) fired a blend of 60% urban wood fuel, 37% agricultural wood, and 3% almond
shell. One of the circulating fluidized beds (CFB-1) fired a blend of wood (from urban and
agricultural sources) with 6% almond shell, another (CFB-3) fired a blend of sawdust with
20% pits, shells, and hulls in varying concentrations, and CFB-2 fired a variable blend based
on wood with additions of pits and shells (Figure 4). For CFB-2, composite fuel samples were
collected during each week and analyzed only for chlorine, sulfur, and water soluble calcium,
potassium, and
sodium.

The essential configurations of the boilers are similar, with waterwall furnaces followed
by cross-flow superheaters, economizers, and air-heaters in the convection passes. The
circulating fluidized beds are distinctive in the inclusion of particle separation devices at the
furnace exit for the purposes of recirculating bed material and partially burned fuel back
to the bed. CFB- 1 and CFB-2 are identical designs of identical capacity, and utilize twin
cyclones for particle separation. CFB-3 utilized a series of cross-flow impaction surfaces
(U-tubes) to disengage particles from the furnace exit flow. A more important distinction lies
in the folded furnace design of the two Danish units, by which the furnace section is extended
and the gas temperatures ahead of the cross-flow superheaters are reduced substantially
compared to the California units.

Deposits were collected following routine operation of the boilers for periods up to 4
months. Fuel and ash samples were collected throughout the experiments. For the purposes
of conducting the investigation, an attempt was made by the operators of CFB- 1 and FBC- 1
to maintain a reasonably constant fuel composition. The fuel composition for Grate-1 was
strictly controlled. Fuel mix was adjusted routinely for the other facilities. As a result of firing
only straw, the fuel compositions for Grate-2 and Grate-3 were essentially fixed. The greatest
variability in fuel mix occurred with CFB-2. CFB-3 was operated on an intermittent basis,
running at peak capacity under utility dispatch, and curtailed off-peak. The other facilities
were all operated at or near their peak capacities.

Results of deposit composition assays are described here for the purposes of comparison
with the results from the laboratory experiments. As shown later, laboratory results, although
from tests of much shorter duration and with only general similarity in combustion and flow
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conditions to the full-scale boilers, appear to be consistent when interpreted in light of the
major mechanisms proposed for the formation of fouling deposits.

Laboratory experiments:

Small deposit samples were obtained by burning various biomass fuels in the multi-fuel
combustor (MFC) at Sandia National Laboratory, Livermore, California. The multi-fuel
combustor was originally designed to simulate pulverized coal combustion and ash deposition
in utility systems. The combustor, depicted in Figure 28, is a 4.2 m high vertical tube
furnace 15 cm in inside diameter. The upper six of seven furnace modules are independently
electrically heated. The furnace duct is open at the bottom, discharges across a 0.7 m high
open space into the inlet of a large duct, which also draws laboratory air for dilution and
cooling prior to exhaust. In the test section, various probes can be inserted into the furnace or
across the furnace exit flow. A natural gas burner situated at the top of the furnace supplied
a preheated oxidant stream to the furnace to aid in simulating full-scale furnace conditions.
Milled biomass fuel passing a 10 mesh or finer sieve was injected pneumatically via a water-
cooled lance inserted through the side of the furnace just below the top. The fuel was fired
downward from a position about 4 m above the test section, producing a particle residence
time of 1 to 2 s. For all tests reported here, the furnace wall temperature was set at 900 °C to
simulate a typical biomass combustor furnace exit gas temperature ahead of the superheaters.

The fuels used for the MFC experiments included almond hull, almond shell, olive pits,
rice straw, switchgrass, wheat straw, and a blend of urban and agricultural wood fuel with
almond shell. The latter was the same fuel burned by CFB- 1. The compositions of these fuels
are listed in Table 6 following. The fuels selected provided a wide range of inorganic element
concentrations.

Deposits were collected on a horizontal 16 mm o.d. steel tube situated across the furnace
exit flow. In most experiments, this deposit probe was continuously rotated for the purpose
of obtaining emission spectra from the deposit for analysis by FTIR. This nondestructive
technique provides time resolved in situ information on deposit composition and other
properties, but is developmental for biomass and the results are not discussed here. Alongside
the rotating probe, a stationary horizontal tubular probe of the same diameter was inserted
to collect additional deposit and to better simulate the stationary superheater surfaces in
commercial boilers. Deposition on a vertical furnace or convective pass waterwall surface
was simulated by inserting a simulated waterwall in the test section extending upwards
into the furnace. The waterwall probe consisted of a serpentine steel tube with membranes
between each bend. All probes were air cooled and thermocouple instrumented, with surface
temperatures maintained in the range of 400 °C to 500 °C, to simulate the wall temperatures
of heat exchangers in full-scale units.
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Figure 28 Schematic of the Multi-Fuel Combustor (MFC) (Jenkins et al., 1994)
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Table 6 Composition of Fuels Used in MFC Tests

Fuel Almond | Aimond Shell | Olive Pits | gice | Switch | Wheat gﬁgﬁ/
end
Chlorine % dry fuel .06 0.03 0.08 0.51 0.10 0.19 0.3
Ash, % 6.16 3.07 1.91 20.34 4.57 8.09 7.25
Ash Composition (% ash as oxide)
Sio, 6.03 9.82 31.47 80.15 69.21 67.54 55.69
ALO, 1.28 2.44 6.45 1.46 3.84 214 10.75
TiO, 0.07 0.10 0.31 0.06 0.14 0.10 0.52
Fe,O, .0.83 2.46 6.97 0.85 1.52 1.22 4.72
CaO 8.66 11.95 13.66 2.03 8.17 3.08 14.04
MgO 5.01 4.35 4.48 2.1 3.48 2.88 3.01
Na,O 0.99 1.61 27.43 0.91 .082 2.05 217
K,0 53.60 44.72 1.77 8.51 7.26 14.38 4.39
80, 1.46 6.52 1.98 1.22 1.49 5.02 1.54
P,O, 7.33 1.41 3.34 1.68 3.63 1.41 1.1
Undetermined 14.74 14.63 212 1.02 0.14 0.18 2.06
Total, % 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Figure 29 Wheat Straw Deposit Accumulation on MFC Simulated (air cooled) Boiler Tube
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Flyash samples were collected from the flow just ahead and to the side of the deposit
probes through a water cooled, helium quenched nozzle. Flyash was collected on 127 mm
diameter, 1 micron pore size polycarbonate filters. Flyash samples were collected without a
size selective inlet. Often large, partially oxidized fuel particles were collected loose in the
filter holder, and were generally analyzed separately. Such particles were also frequently
collected on the horizontal surfaces of the waterwall probe, and were analyzed separately.

Straw and grass fuels produced rather heavy deposits on the furnace wall downstream
from the fuel injection point. In the case of rice straw, these deposits grew inwards to a point
where aerodynamic drag or furnace vibration caused them to fall from the wall. Deposit
attrition from wall deposits falling and impacting the probes caused a second rice straw test to
be aborted. Wall deposits were collected and analyzed separately.

Each test lasted three to six hours, and consumed 3 to 10 kg of fuel. Deposit samples were
collected from the probes at the end of each experiment and submitted for chemical analysis.
In most cases, the deposit weight was not more than a few hundred mg, and was inadequate
for chlorine analysis. For the straw fuels known to contain higher amounts of chlorine,
scanning electron microscopy (SEM) with energy dispersive X-ray analysis was used to
analyze for major elements in deposits.

Results

Full-scale experiments:

Elemental compositions for selected deposits taken from the commercial boilers appear
in Tables 7 through 9 by boiler type and in Appendix C. Included in the tables are average
fuel ash compositions during each experiment that produced the deposits. Concentrations are
reported for elements, except CI, in the conventional oxide form, although the elements do not
necessarily exist as oxides either in the fuel or the deposits. By reporting the concentrations
as oxides, the total recovery can be tentatively assessed to identify either the quality of the
analysis or the possible undetermined presence of other species. The undetermined (Und)
fraction listed for each analysis is simply the difference between 100% and the sum of all
species. For two of the CFB units (CFB-1 and CFB-3), the composition of the bed media is
also reported. The other fluidized beds used similar material to CFB-1. FBC-1 and CFB-1
added limestone to the bed at rates between 100 and 200 kg h'. CFB-2 added spent lime from
the water treatment system and occasionally limestone for the first two months of the test, and
none thereafter. CFB-3 did not add limestone. Cl and carbonate (as CO,) concentrations were
not analyzed for Grate-1, while carbonate was analyzed for only three of the CFB-1 samples
and none of the CFB-3 samples.

Grates

For Grate-1 (Table 7), compositions are shown for three typical deposit types: the
upstream superheater surfaces, a white reflective deposit collected from the upper furnace wall
in a corner opposite the entrance to the convection pass, and a slag removed from the grate of
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the furnace. These deposits were formed during a five day period. During the first three days,
the boiler was operated at partial load due to materials handling problems related to feeding
the wheat straw. After attaining full load, the boiler operated only two more days before it was
shut down due to severe slagging on the grate and failure of the ash handling equipment. The
nature of the deposits has been described in some detail by Baxter, et al. (1993) and Miles, et
al. (1994). The deposit compositions are summarized here for comparison. The grate slag for
the most part bears a close resemblance to the fuel ash composition, whereas the furnace wall
and the superheater deposits are markedly dissimilar. The low sulfate concentration of the
grate slag suggests that nearly all sulfur was volatilized.

Relative to the fuel, the superheater deposits are substantially enriched in potassium
and sulfur, and depleted in silicon. The relative concentration ratio or elemental abundance
obtained as the ratio, Cid/Cif, of the concentration of oxide or element in the deposit, Cid
to the concentration of the same oxide or element in the fuel ash, Cif'is depicted in Figure
30 (SiO, through P,0,) and Figure 31 (SO,, Cl not measured) for the superheater deposit.
In computing the relative abundance, the concentrations were normalized by the total
determined fraction to remove the influence from differences in the undetermined fraction.
This has little effect due to the good recoveries for the analyses. The deposit from the upper
furnace wall is composed almost entirely of alkali sulfates. Due to the design of the boiler,
this corner of the furnace was located in a recirculation zone with poor convective transport
and subject primarily to condensation of inorganic vapors or diffusion of small particles. The
deposits show little influence from particle impaction and sticking. White deposits of similar
appearance were observed to form initially on the screen and superheater tubes during partial
load operation. The final superheater deposit composition shows an apparent influence from
increased deposition of ash particles, the result of impaction, as well as reaction between
sulfur and alkali species and calcium in the formation of sulfates. Thermophoretic deposition
may also have been important in the initial deposit development on the superheater and screen
surfaces.

The superheater deposits from the wheat straw-fired boilers (Grate-2 and Grate-3 in
Table 7) are enriched in potassium, chlorine, and sulfur relative to the fuel (the same fuel
composition is used for both facilities), indicating the presence of alkali chlorides and
sulfates. The relative abundance of elements in the upstream superheater deposits is shown
for each unit in Figures 30 and 31. The rather large enrichment in iron for Grate-3 may be
due to the inclusion of tube metal in the deposit when sampled. A deposit collected from the
upper furnace wall of Grate-3 just ahead of the first fold in the furnace section also shows
enrichment in potassium, chlorine, and sulfur. Another deposit collected from the front
nosewall of the furnace just above the stokers more closely resembles the fuel ash, although it
is enriched in calcium. The grate slag taken from Grate-2, like that from Grate-1, bears a close
resemblance to the fuel ash, but also is enriched in calcium. The higher chlorine concentration
in the wheat straw fuel compared to the wheat straw/wood fuel blend of Grate-1 yields greater
quantities of potassium chloride in the deposits judging by the sulfate ratios in the deposits
among the three facilities. The mass ratios of potassium to chlorine and to sulfate in Grate-2
and Grate-3 superheater deposits are consistent with the presence of potassium as chloride and
sulfate.
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Figure 30 Relative element abundance, Superheater deposits, grate units (Jenkins et al., 1994)
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Figure 31 Relative element abundance: sulfur and chlorine, Superheater deposits, grate units
(Jenkins et al., 1994)
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Figure 32 Superheater deposits from Wood-Straw Blend, Grate-1

Figure 33 Superheater deposits from Wood-Straw Blend, Grate-1 (Oden, 1993)
Backscattered electron image of case and core of particles composed of identical low-melting

flux-like material. Bonding material between particles is mostly alkali sulfate. X2000.
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47



Figure 34 Grate ash agglomerate particle covered with bonding matrix. Note beads of fused min-
eral. Wood-5% Imperial Straw Blend. Grate-1.

Figure 35 Backscatter image of bonding matrix Wood-Straw Blend, Grate-1.

(a) siliceous component, (b) intermediate phase (with 21% K ,0) embedded in (c)continuous glass
phase. (Hazen, 1993)

Sio, | 64.20| 5450| 58.60
ALO, | 26.20| 24.00| 1270
TiO, 001| o001| o001
Fe,0,| 015| o014| 310
CaO 440 001 1710
Mgo | 001| o001| 340
K,O 510 21.20| 510

2

Total | 100.06 | 99.97 | 100.01

15. 8KV X140  100Mm
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Fluidized Beds

Deposits in the bubbling fluidized bed unit (FBC-1) were removed from the furnace wall
above the expanded bed level, and from the screen tubes and superheaters in the horizontal
convection pass after two months of operation. The heaviest fouling was found on the screen
tubes, decreasing in severity downstream. The primary superheater (farthest downstream) was
coated only with a light dust which was not readily sampled without contamination from tube
metal. Both the screen tubes and the tertiary superheater had developed heavy deposits on the
upstream side, with the characteristic aerodynamic wedge profile illustrated in Figure 4 and
Figure 36. The upstream deposits were more tenacious than the deposits on the back side of
the tubes, in the wake region, which were finer textured and less tightly bonded.

Compositions of the deposits from FBC-1 are listed in Table 8, with relative elemental
abundance for the screen tubes and the tertiary and secondary superheaters shown in Figure
37. The deposits on the screen tubes and superheaters for the most part show enrichment in
potassium, sulfur, and chlorine relative to the fuel. The enrichment in chlorine and sulfate is of
similar magnitude to the grate units. The deposits contain more calcium than the grate units,
possibly as a result of higher fuel calcium concentrations and limestone injection.

The screen tube deposit composition from FBC-1 was not uniform throughout. Three
different parts of the deposit were analyzed separately. The outer main wedge portion
developing upstream into the oncoming flow, and representing the bulk of the deposit volume
and mass, showed substantially more sulfation than either the deposit on the front (upstream
side) of the tube at the surface, underneath the bulk deposit, or the back side deposit in the
wake region of the tube (Table 8). The concentrations of carbonates (as CO,) were higher
in the back side deposit than on the front, whereas chlorine concentrations, like sulfur, were
increased on the upstream side of the tubes at the surface. Cl was not as enriched in the
outer wedge portion. This suggests the chloride stopped condensing as the deposit surface
temperature increased with increasing deposit thickness and reduced heat transfer. Sulfation
apparently continued, however. The total carbonate concentrations also increased downstream
in the direction of cooler temperatures. The backside deposits from the tubes were depleted
in potassium compared with the front surface. Calcium, as calcium carbonate, was the major
species, with some increase in silica. Limestone addition to the bed appears to have coated the
tubes initially, with little deposition occurring later in the wake region. The deposit sampled
from the furnace wall, comprised of a sintered sandy agglomerate, was highly depleted in
sulfur and chlorine, and greatly enriched in silicon, indicating a combination of fuel ash and
bed media.

Mineralogical assays performed by Bureau of Mines using optical microscopy, X-ray
diffraction, and scanning electron microscopy showed the primary phase in the bulk deposit
on the tertiary superheaters to be KCI, with the primary phase on the downstream side of the
secondary superheaters as CaCO,. Secondary phases on the screen tubes consisted of calcium-
silica-sulfates and potassium-calcium-sulfates. A number of other species were identified in
minor or trace concentrations, including quartz, sodium chloride, and calcium phosphates.
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Figure 36 Relative element abundance, Superheater deposits, fluidized bed units (Jenkins et. al,
1994)
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Figure 37 Relative element abundance, Superheater deposits, fluidized bed units (Jenkins et. al,
1994)
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Deposit compositions for the three circulating fluidized beds are listed in Table 9, The
trends for all three are similar, but instead of the superheater deposits being enriched in
potassium, calcium is the more prominent species. The compositions indicate in all three cases
that the formation of calcium sulfate is an important characteristic with these units, possibly
due to the addition of limestone to the bed, except for CFB-3 which did not add limestone.
None of the CFB deposits showed enrichment in chlorine. The fuels used in the CFB units
were lower in chlorine than in the grate units or FBC-1. The carbonate concentrations of the
tertiary superheater deposits for CFB-1 (Figure 9) were high, but low for CFB-2, possibly as
a result of the differences in the lime or limestone addition. The fuel calcium concentrations
cannot be directly compared because only water-soluble calcium was analyzed for CFB-2, and
little of the calcium is water soluble (Baxter, et al., 1993). A deposit removed from the wall
of the cyclone vortex finder in CFB-1 is similar in composition to the superheater deposits,
revealing the presence of calcium sulfate. A deposit removed from the bed of the same unit
appears to be dominated in composition by the bed media.

For CFB-2, the primary crystalline phase on the fireside of the tertiary superheater deposit
was a potassium-calcium sulfate, while farther into the deposit, nearer the tube surface, the
primary phase consisted of calcium-magnesium- or calcium-aluminum silicates. Secondary
and minor phases in the deposits were also comprised of complex silicates, including
feldspars, consistent with the deposition of soil and media particles by impaction, and of
phosphates. Chlorides were not identified. The primary phase in the superheater deposit of
CFB-3 was calcium sulfate, with a minor phase of a potassium calcium sulfate and trace
amounts of calcium phosphates and calcium-magnesium silicates. These results are consistent
with the reduced importance of condensation as the deposit thickness and surface temperature
increase. With reduced condensation, sulfation would become dominant.
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Laboratory experiments:

Compositions for fuel ash, probe deposits, and flyash from seven laboratory combustion
experiments are reported in Tables 10 through 12.

Straws and grass

Rice straw combines high chlorine with a high silica fuel ash (Table 10). Two tests with
rice straw were conducted, the second of which, as indicated previously, was terminated
early due to tube deposit attrition from loose furnace wall deposits. The rotating horizontal
probe only was used for these tests. The deposit on this tube formed initially as a uniform
white layer, a universal characteristic of the laboratory experiments. Subsequently, the deposit
grew as a porous sintered matrix, which was readily brushed from the tube at the end of the
experiment. The outer deposit layer from the second test was somewhat enriched in potassium
and depleted in silicon compared to the bulk probe deposit from the first test. All deposits
were depleted in sulfur compared to the fuel.

Heavy deposits formed on the wall of the furnace below the fuel injection point. Samples
were recovered both during the experiment and after cooling and cleaning the furnace. The
wall deposits were highly porous with a sintered sponge-like appearance, white in color
where they were attached to the wall, and dark (shading from purple to black) extending
away from the wall. The white and dark portions were analyzed separately. The white portion
was enriched in aluminum, titanium, and iron compared to the dark deposit, which may
be due to the influence of the furnace wall material, a mullite (3A1,0,2Si0,) ceramic, and
possible contamination from residual coal ash deposited on the wall in the tests previous to
this experiment. The flyash was also enriched in aluminum, titanium, and iron, as well as
potassium. The absolute amounts are small and do not suggest substantial contamination. The
flyash also has a high undetermined fraction, which may account in part for the enrichment
ratios observed. Alternatively, the undetermined fraction may include chlorine or carbon.

Regardless, the probe deposit has a composition very similar to the composition of the fuel
ash.

X-ray analysis during scanning of the wall deposits with SEM did not detect chlorine.
SEM analyses of probe deposits did show evidence of chlorine, but quantitative concentrations
were not obtained. The rice straw wall deposits show distinctly a glassy matrix in which lie
imbedded porous silica particles. These particles are nearly pure silicon (94%) with potassium
making up most of the residual, and almost certainly derive directly from the fuel. The glassy
phase binding the silica particles is 64% silicon, with 19% potassium, and smaller amounts of
calcium, magnesium, sodium and other elements (Baxter, et al., 1993). The glass appears to
have formed over time by reaction of silica with potassium vapor and other elements to form
a low melting point silicate. Figure 38. The bulk composition of the glass is consistent with a
melting point between 900 °C and 1200 °C at equilibrium (Levin, et al., 1964). The liquidus
surface is steep in the region of this composition, and the observation of a molten phase is
consistent with the possible range in furnace gas temperatures. Relative concentrations of
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chlorine show the layer of the probe deposit next to the tube surface to be chlorine enriched
relative to the outer deposit layer. Potassium and sulfur are also enriched in the inner layer,
while silicon is depleted.

Figure 38 Wall and tube deposits from MFC tests show that porous silica nodules in rice straw

absorb and react with potassium vapor to form a low melting point silicate.

The wheat straw deposits are in many respects similar to the rice straw deposits. Two
tests were conducted without hindrance from dislodged wall deposits. The fuel chlorine
concentration of the wheat straw was about 40% that of the rice straw fuel, but wheat straw is
also a high chlorine, high silica fuel. Chlorine concentrations in wheat straw have often been
observed at substantially higher levels. The vertical waterwall probe was used along with
the rotating horizontal probe. The deposits collected were segregated into different parts for
analysis. During the second test, the horizontal probe rotation was stopped and the deposit
collected with the probe stationary. The deposit built up in three distinct layers beginning with
a uniform fine textured white deposit next to the probe surface, a more porous intermediate
layer which was brushed from the tube, and an upper crown deposit with the appearance
of sintered fuel ash particles. The latter portion of the deposit was only loosely bonded and
was removed simply by inverting the tube. Various types of deposit were collected from
the waterwall probe. On the upper horizontal surfaces of this probe, deposits were formed
which were similar in character to the crown deposit on the horizontal probe. These varied
in hardness and color. On the vertical face of the waterwall, a fine textured white layer
formed next to the surface, followed by a darker layer building outward, but considerably
finer textured than any of the crown deposits. The compositions of the deposits, including one
removed from the furnace wall, are listed along with the fuel and flyash compositions in Table
12.
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Silicon was the major species in all samples. The inner deposit layers from both probes
were depleted in silicon relative to the outer layers. Potassium enrichment was evident
in all of the deposit samples as well as the fly ash. The deposit layers showed increasing
potassium and sulfur concentrations moving inward towards the probe surfaces, although
sulfur was depleted relative to the fuel. SEM/X-ray analyses gave qualitatively higher chlorine
concentrations in the inner layers as well, although no quantitative determinations for chlorine
were made. Phosphorus was enriched in the outer deposit layers compared to the inner layers,
and was enriched in the fly ash as well. Furnace wall deposits did not show any evidence of
contamination as with rice straw. The iron enrichment in the inner layers of the waterwall
deposit may have been the result of tube metal contamination when sampling, however.

Results for switchgrass are given in Table 11. Two tests were completed, the rotating
horizontal probe results are shown for both. The waterwall probe and a stationary probe were
utilized during one of the tests. Switchgrass, like the straws, contains high concentrations of
chlorine and silicon, although its total ash content is only one quarter that of rice straw. The
Ca concentration was higher than rice or wheat straw ash by a factor of 3 to 4, although this
may be due to the inclusion of adventitious materials (soil), suggested by the high aluminum
concentration. The presence of aluminum in quantity is typically an indicator of soil
contamination because aluminum in plants is normally present at low levels.

Deposit compositions from switchgrass were in many respects similar to those from the
straws, although the deposits were not segregated in the same way as for wheat straw. All
contained high concentrations of silica in combination with potassium. The sulfate enrichment
in the switchgrass deposits was substantially greater, however, when contrasted with the straw
deposits, even though switchgrass has a sulfur concentration about one quarter that of wheat
straw and roughly the same as rice straw. The sulfur enrichment was highest in the stationary
horizontal probe deposit. This deposit also had the greatest potassium enrichment, nearly four
times the level of the fuel ash, which in combination with the sulfur implies the presence of
an alkali sulfate. The fly ash was somewhat depleted in silicon, but the undetermined fraction
was high for this sample, possibly as a result of undetermined carbon. Normalizing the silica
concentration in the flyash to the total determined species yields a silica concentration of
roughly 60%. The deposit collected from the top of the waterwall was not enriched in sulfur
as was the stationary probe deposit, possibly indicating the instability of the potassium sulfate
at furnace temperature. The furnace wall deposit, like the wall deposits from straw, was
greatly depleted in sulfur.
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Table 10 Inorganic Compositions (% as oxide), MFC test on rice straw

Fuel ash Flyash (2) wzlljltnkﬁgik V\llzaulr\]/\?rfi?e P:Z)k;srcz;t)er ro; 2?:;’(1)
(2) (2
Ash Composition(% ash as oxide)
Sio, 80.15 58.59 79.01 73.50 67.02 76.57
ALO, 1.46 2.65 1.13 9.56 2.10 0.70
TiO, 0.06 0.13 0.04 0.47 0.23 0.04
Fe,O, 0.85 1.56 0.79 6.87 1.18 0.92
CaO 2.03 2.07 4.56 2.28 3.73 212
MgO 2.1 1.93 1.04 1.41 1.60 1.45
Na,O 0.91 0.88 0.70 0.67 0.68 0.41
K,O 8.51 17.63 12.20 5.19 14.60 9.65
80, 1.22 1.10 0.03 0.14 0.67 0.82
P,O, 1.68 1.64 1.54 0.65 4.56 1.16
Undetermined 1.02 11.82 -1.04 -0.74 3.59 6.16
Total 100.00 100.00 100.00 100.00 100.00 100.00
Test number indicated in parentheses. Und. = undetermined
Table 11 Inorganic Compositions (% as oxide), MFC test on switch grass
Fuelash | Flyash (1) ljvugltal(ﬁ? ro::'irt(i)r?ge ,(1) rotZtri?%e(Z) statlijorggg; (1) Watar)wall Wat(eg)wall
Ash Composition (% ash as oxide)
Sio, 69.51 47.91 68.85 42.42 53.92 32.35 63.70 55.17
ALO, 3.84 6.60 3.58 3.88 5.45 3.02 5.70 6.18
TiO, 0.14 0.34 0.21 0.22 0.33 0.19 0.34 0.34
Fe,O, 1.52 2.00 1.52 14.72 3.31 713 3.60 3.54
CaO 8.17 7.70 9.10 6.85 8.16 6.25 9.99 10.05
MgO 3.48 2.66 3.76 2.62 3.10 2.39 3.57 3.30
Na,O 0.82 0.82 0.46 0.74 0.59 1.25 0.64 0.75
K,0 7.26 7.39 9.07 11.85 14.10 25.52 7.59 9.33
80, 1.49 1.58 0.37 3.87 2.72 8.94 1.15 3.96
P,O, 3.63 2.76 3.58 3.12 3.64 3.64 3.08 2.91
Und. 0.14 20.18 -0.50 9.71 4.68 9.32 0.64 4.47
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Test number indicated in parentheses. Und. = undetermined.
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Shells, hulls, pits

Fuel ash, fly ash, and deposit compositions from an MFC test with almond shells are
listed in Table 13. Almond shells, as with almond hulls, are distinctive in their high potassium
concentrations in the ash (Table 14). K O accounted for almost half the fuel ash. Unlike the
straws and grass, the silica concentration in almond shell ash was low, about 10%. Calcium
and phosphorus were the other major constituents of shell ash. The chlorine concentration was
low at 0.03% of dry fuel, whereas the ash sulfate concentration was not substantially different
from rice straw or switchgrass.

Two tests with almond shells were conducted using all three probes. Flyash samples were
segregated into coarse particles collected loose in the filter holder and representing partially
reacted fuel particles, and a fine fraction collected on the filter. The analytical results were
combined on the basis of the respective sample weights to give an average flyash composition.
Loose particles were also collected on the horizontal surfaces of the waterwall probe, and a
lightly sintered deposit formed on the top of this probe. The undetermined fractions were very
high in almost all cases, almost certainly as the result of large amounts of unburned carbon.
Based on the determined fraction only, the silica concentration of the coarse flyash was in
excess of 30%. The coarse particles collected on the waterwall probe, as well as the crown
deposit collected on this probe, also showed elevated silica concentrations. Sulfate in the fine
flyash fraction was enriched over that in the coarse flyash fraction, possibly due to sulfate
condensing on the filter.

The initial deposits were gray-white in color, but brightened over time, and all were fine
textured. A few partially burned carbon-containing fuel particles adhered to the deposit after
impact, and may account for some of the undetermined fraction in these deposits. The deposit
potassium and sulfur concentrations were not particularly enriched relative to the fuel, and
potassium continued to make up the majority of the deposit mass. Ca, Mg, Na, and P were all
depleted in the deposits relative to the fuel. The mass ratio of K,O to SO, is consistently on
the order of 20, and well in excess of the equivalent mass ratio for potassium sulfate (2.35).
The contribution from chlorine in this case is unknown, but is in insufficient concentration in
the fuel to account for the residual potassium as KCI. In the absence of sufficient sulfur and
chlorine, the potassium may have deposited as an hydroxide or carbonate.The crown deposit
on the waterwall probe was quite similar in composition to the fuel ash.

The characteristics of the almond hull deposits (Table 14) were similar to those for
almond shell. Potassium accounted for more than half the fuel ash, with total ash and chlorine
concentrations twice those for shell. The initial deposit was again gray-white in color,
indicating the presence of carbon, but brightened to a brilliant white after approximately 3
hours and remained so for the remainder of the experiment. The deposit was fine textured
throughout, with a superficial coating of partially reacted fuel particles sticking after impact.
The deposit enrichment ratios for potassium and sulfur were quite similar to those for almond
shell, again suggesting the presence of potassium hydroxide or carbonate on the probe
surfaces. The flyash collected on the filter surface showed a distinct segregation by color and
texture, with the center portion having a brighter tint and flake-like appearance compared
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to the gray, powdery outer deposit. The outer portion had substantially higher silica and iron
concentrations, but a lower undetermined fraction suggesting unreacted carbon was not the
reason for the difference in color.

Potassium compounds from almond hulls were typical bonding agents between silica or
media particles in superheater deposits. In some cases the potassium reacted with the silica to
form a bonding glass. Figure 39 is an SEM photo of three particles of fluidized bed sand that
cemented together with a glass containing 6% K,O (Table 17) when burning a blend of 15%
almond hulls and 85% urban wood waste in CFB-1.

Olive pits had a uniquely high sodium concentration as a result of the olive processing.
Pits had moderate chlorine (0.08%), and a low total ash content (Table 15). The silica
concentration in the ash was also moderate, but the potassium concentration was very low,
likely as a result of leaching during processing. The deposit and flyash compositions are
included in Table 15. The deposits were enriched in both potassium and sulfur, and depleted in
sodium compared to the fuel. All analyses had high undetermined fractions, again the likely
result of undetermined carbon. Sodium, although somewhat depleted relative to the fuel, was
still the predominant alkali species present in the deposits. The total sulfur and chlorine in the
fuel would account for roughly 30% of fuel sodium if present as sulfate and chloride, again
suggesting the possible presence of hydroxides or carbonates.

Commercial wood and shell blend

The results for the commercial wood and almond shell blend are listed in Table 16. This
fuel had high silicon and aluminum concentrations due to the inclusion of soil contaminants,
which is typical for power plant fuels of this type. The chlorine concentration was quite low
at 0.03%. The fuel had a moderate total ash content, with low alkali and moderate calcium
concentrations.

A visible deposit developed within 2 min after starting, white in color, fine textured,
and sticky. Larger particles could be seen to adhere to it after impact. The color darkened
somewhat over the course of the test, developing a grayish cast, but the deposit thickness did
not develop as fast as with straw and the deposit remained fine textured. Relative to the fuel,
the deposit composition showed little enrichment except in potassium and sulfur. The greatest
enrichment occurred on the stationary horizontal probe, and an intermediate enrichment
on the vertical face of the waterwall probe. Partially burned fuel particles collected loose
on the waterwall were depleted in sulfur, but the flyash overall contained sulfur. The ratio
(CaO+Na,0+K,0)/S0O,; in the deposits is generally consistent with the deposition of these
elements as sulfates, particularly in the case of the stationary horizontal probe.
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Table 15 Inorganic Compositions (% as oxide), MFC test on olive pits

Fuel ash Flyash rstr:t?rfg stz:ic())tr)%ry Water wall

Ash Composition (% as oxide)

Sio2 31.47 412 13.14 18.78 32.62
Al203 6.45 2.62 3.16 4.56 6.59
TiO2 0.31 0.16 0.17 0.23 0.33
Fe203 6.97 1.76 12.37 13.93 11.09
Cao 13.66 5.25 8.15 10.06 6.69
MgO 4.48 1.15 2.68 3.23 2.09
Na20 27.43 2.54 21.20 18.25 11.29
K20 1.77 0.64 7.31 5.73 4.46
SO3 1.98 1.53 7.36 5.91 4.07
P205 3.34 0.50 2.73 3.20 1.24
Undetermined 212 79.73 21.73 16.12 19.53
Total 100.00 100.00 100.00 100.00 100.00

Table 16 Inorganic Compositions (% as oxide), MFC test on wood/shell blend.

Fuel ash Flyash Pr_obe Prope, Waterwall Waterwgll
stationary rotating surface loose particles
Ash Composition (% as oxide)
Sio2 55.69 35.61 42.88 50.56 42.79 63.44
Al203 10.75 11.97 9.54 11.19 9.90 12.05
TiO2 .52 0.63 0.49 0.53 0.44 0.54
Fe203 4.72 3.86 7.68 8.34 4.30 413
CaO 14.04 10.49 11.97 10.10 16.09 8.33
MgO 3.01 2.03 3.02 2.83 3.29 1.86
Na20 217 1.51 2.48 2.69 2.40 2.56
K20 4.39 5.73 11.40 7.87 9.83 3.92
SO3 1.1 1.68 6.29 3.76 4.56 0.45
P205 1.54 0.99 1.94 1.67 1.96 0.71
Undetermined 2.06 25.50 2.31 0.46 4.44 2.01
Total 100.00 100.00 100.00 100.00 100.00 100.00

Table 17 Inorganic Composition (% as oxide), CFB cyclone deposit from 85% wood/15%

almond shell blend in Figure 39 and bonding material for adjacent particles. CFB-1.

Average many | Grain left side | Grain right side | Bonding Material | Bonding Material | Bonding Material
particles No. 21a No.21a No. 21a No. 21b No. 23

Composition (% elements analyzed)*
Sio2 57.5 55.2 99+ 74.3 52.0 51.0
Al203 12.3 1.7 <1 11.6 17.8 10.5
TiO2 1.3 0.8 <1 0.7 <1 141
Fe203 6.4 4.8 <1 21 3.6 3.8
CaO 12.0 28.3 <1 1.8 <1 12.0
MgO 3.6 47 <1 0.5 <1 45
Na20 29 1.1 <1 3.0 <1 23
K20 41 3.6 <1 6.1 26.7 741
Total 100.0 100.0 100.0 100.0 100.0 100.0
EM by MET, Tnc. for T.R. Miles. "Note: not analyzed for chlorine, sulfur or phosphorus.
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Figure 39 Fluidized bed media particles fused with high and variable potassium matrix from
burning 15% almond shells with 85% urban wood waste in circulating fluidized bed.
200X (CFB-1)

Tore. .
Discussion

Boiler deposits form in a complex interplay of elements from the fuel, additives, bed
media, and the boiler structures themselves. The results of the full-scale and laboratory tests
show distinctively the influences of fuel composition, limestone addition, and fluidized bed
media. The stoker fired unit (Grate-1) burning a blend of wood with straw and the bubbling
fluidized bed (FBC-1) burning wood and shell developed superheater deposits enriched in
potassium and sulfate. Superheater deposits from the latter facility were also enriched in
chlorine and carbonate. The concentrations of sulfates, chlorides and carbonates vary along
the convection pass in a manner apparently consistent with the stability of the compounds;
that is, as the temperature increases, the alkali species decompose in the order of carbonates,
sulfates, and chlorides. The grate units firing straw produced superheater deposits enriched in
potassium and chlorine, with lower concentrations of sulfates and carbonates. The fluidized
beds are distinctive for the production of superheater deposits enriched not in potassium, but
in calcium, as calcium sulfates. The calcium enrichment is probably related to the addition
of limestone or lime to the bed during operation, but one unit not adding limestone also had
deposits enriched in calcium sulfate. The superheater deposits from the bubbling fluidized
bed had much higher concentrations of chlorides than did those from the circulating fluidized
beds, which may be related to differences in fuel composition but it is also indicative of
differences due to recirculation. Grate and bed deposits were dominated in composition
by fuel ash and media, with loss of volatile sulfur, as in the case of the MFC furnace wall
deposits.

The laboratory experiments reveal the influences of fuel composition and structure.
Probe deposits from straw were enriched in potassium and chorine next to the probe surface,
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developing outwards into a matrix of sintered silicate-rich flyash particles. Switchgrass
deposits also showed potassium enrichment, and greater enrichment in sulfate compared to
the straws. The high potassium almond shells and hulls formed fine textured deposits, rich

in potassium and suggesting the deposition of hydroxides or carbonates. A similar result was
obtained for olive pits, high in sodium rather than potassium, and again suggesting sodium
depositing as other species in addition to sulfates and chlorides. The deposits formed from the
commercial wood and almond shell blend were potassium and sulfate enriched, as in the full-
scale deposits, but contained more silicon and less calcium. Greater direct flyash capture and
the lack of calcium from limestone probably account for the differences in the laboratory and
full-scale deposit compositions in the latter case. Differences in combustion and flow regimes
between the laboratory multi-fuel combustor and the full-scale circulating fluidized bed are
possibly also responsible, but the initial deposition of alkali sulfate species appears consistent
between model and full-scale facilities.

The manner in which fuel elements and elements from other sources become
incorporated into deposits on boiler heat transfer surfaces is not entirely understood, but
physical mechanisms and conceptual chemical pathways have been developed. A highly
simplified and abbreviated conceptual scheme for various chemical interactions among major
biomass fuel elements appears in Figure 40. Several possible routes are illustrated for the
alkali metal, potassium, and the alkaline earth metal, calcium, to deposit on a surface. The
species shown appear to account for much of the superheater deposit mass identified in the
full-scale experiments. Other elements, such as sodium or magnesium, may follow generally
similar pathways. Not shown in the figure are all the physical conditions, which greatly
influence the deposit composition and properties.
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Figure 40 Transformation of Mineral Matter in Biomass (Bryers, 1994).
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Potassium can exist in the original biomass in different forms, including ionic and
organometallic forms, and salts. For all biomass it is atomically dispersed in the fuel, unless
present through contamination. By contrast, silicon occurs primarily as hydrated silica grains.
Upon combustion, potassium may be released from the fuel in numerous ways. Potassium
is probably volatilized with organic species, and may be released as metallic K, although
the latter is subject to rapid chemical reaction and its life time short. If the fuel contains
chlorine, potassium probably appears as the salt, KC1. Without chlorine, the hydroxide,
KOH, or alternatively potassium oxides, sulfates, or carbonates may be formed. Nearly all
the inherent potassium in biomass is either water soluble or ion exchangeable (Baxter, et
al., 1993), and readily volatilized, although not all does volatilize and much remains in the
flyash and boiler bottom ash. Calcium, contained primarily in cell walls, is more refractory
and less readily volatilized, although some may be released by similar mechanisms and in
similar forms. Calcium may also enter through the introduction of limestone to the furnace.
Under attack from chlorine, vaporized as HC1 if the fuel contains it, volatilized potassium
possibly forms KC1 in the gas phase. Chlorine is probably an important facilitator in the
deposition of alkali species on heat transfer surfaces. Starting with a clean surface, KC1, or
KOH if chlorine is absent, is deposited on the surface through heterogeneous condensation
or small particle transport following homogeneous condensation and nucleation, either in
the bulk gas if sufficiently cooled, or in the thermal boundary layer adjacent to heat transfer
surfaces. Thermophoretic mechanisms, in addition to condensation, are important to the
deposit formation at this point due to the large thermal gradients above the surface (Raask,
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1985; Baxter, 1993). Past the flame, if the gas is sufficiently cooled, KC1 or KOH may react
with SO, or SO, in the gas to form potassium sulfate, K,SO,, which can condense and deposit
(Raask, 1985; Hupa and Backman, 1983). Sulfation of the alkali and alkaline earth species
also occurs once they are deposited on the surface by reaction with gaseous sulfur oxides,
losing chlorine from the deposit in the process. There is some question as to which sulfation
route is dominant, but the condensed phase process appears more likely. In this manner

the surface initially acquires a characteristic thin, dense, and reflective deposit layer nearly
universally observed. Following the initial deposit formation, particle impaction becomes the
dominant mechanism for incorporating inorganic elements into the deposit. Condensation,
phoretic forces, and chemical reaction still contribute to the deposit formation while suitable
conditions exist.

Deposition of flyash, containing silicates and other species, and limestone or other
additives, deposit by impaction if within a suitable size range. Particles smaller than about
Spm tend to follow the streamlines around the tubes, while for larger particles rebounding
from the surface is enhanced because of the high kinetic energy of the particles. Large
particles have been observed rebounding from the upper tube surface in the MFC even after
formation of a deposit. The particle size for which rebound becomes important has not been
investigated for biomass. For tubes in cross flow, the deposit develops as a characteristic
aerodynamic wedge on the upstream or leading edge of the tube, as in Figure 4. Heat
transfer through the deposit is reduced as it thickens, and the deposit surface temperature
increases toward the gas temperature. Condensation is no longer important where the deposit
surface temperature exceeds the dew point, and thermophoresis becomes less important as
the temperature gradient across the thermal boundary layer declines. Heterogeneous and
homogeneous reactions cause continuing sulfation and the formation of complex silicates
within the deposit. The less stable carbonates deposit in the cooler regions, downstream in the
convection pass and in the wake regions of the tubes, as in the case of the bubbling fluidized
bed unit, FBC-1. Continuing sulfation leads to increased deposit tenacity, making soot blowing
less effective in removing deposits. Formation and deposition of alkali sulfates and chlorides
also contributes to tube metal corrosion. This conceptual model is grossly simplified, but aids
in the interpretation of the results obtained in both the full-scale and laboratory experiments.
Features of the deposits from the different facilities appear consistent with these mechanisms.

None of the California units currently burns straw. The fouling rates with straw, even
in low concentrations, have proven too high for economic operation. In contrast, the two
Danish grate units described here are fueled entirely with straw, and operate several thousand
hours each year, although deposition remains a concern. Despite the problems associated
with slagging and fouling from straw fuels, Denmark has established a major program in
straw combustion for district heating, electric power, and combined heat and power (CHP)
generation. Currently about 70 plants, mostly small heating facilities, but including larger
scale power units, burn straw from wheat, rye, and rape, alone or in combination with coal
or wood. Although fuel costs are high, as much as $70 t! (Nikolaisen, 1992), and the cost of
electric power from these plants around $0.10 kWh'!, the sale of thermal energy improves
the economic performance, and Danish CO, laws provide subsidies to “alleviate any negative
consequences caused by the conversion to biomass fuels.” Many of the plants utilize the
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folded furnace design shown in Figure 1, providing greater surface area, and reducing gas
temperatures ahead of the critical crossflow superheater surfaces to below 750°C (1400°F) or
lower, which mitigates the problem of superheater fouling. The design utilizes parallel heat
exchangers in the folded section following the radiant furnace to reduce the deposition by
impaction. All of the California facilities investigated for this study normally operate with
furnace exit gas temperatures in the range of 850 to 950 °C (1600 to 1750 °F) to achieve
peak capacity. Reducing furnace exit gas temperature might help to reduce the severity

of superheater and convection pass fouling in the California facilities, but the impact on
capacity and economy of the plants is not yet known. In this sense, the boilers erected to burn
agricultural fuels in California appear to have been underdesigned. The concepts employed
in the Danish boilers are not unique, and were adapted from boilers burning solid waste and
other high fouling fuels.

The reduction of furnace exit gas temperature to reduce the severity of superheater fouling
follows from the mechanisms of deposit formation discussed above, although operators know
empirically that fouling is generally reduced by lowering the exit gas temperature. If the alkali
and other fouling compounds are homogeneously condensed, or heterogeneously condensed
on flyash, prior to crossing the superheaters, particle transport along the streamlines of the
flow reduces the amount of substance depositing. For particles diffusing to or impacting the
surface, rapid cooling and solidification while crossing the thermal boundary layer reduces the
number of particles adhering to the surface. If the exit temperature is low enough, the particles
will solidify in the bulk gas. Reduced temperatures also result in reduced chemical reaction
rates. The strength of the deposit formed is reduced, which makes it easier to remove by soot
blowing. Disadvantages of the method are associated with the costs of building larger furnaces
to accommodate the reduced heat transfer coefficients on the parallel heat exchangers, loss of
efficiency if high superheat temperatures cannot be attained, and possible derating of capacity
and loss of revenue for existing units. Deposit-related corrosion may also be enhanced at
lower temperatures. As a short term remedial problem for existing units, the technique may
be effective, employed either continuously or on an intermittent basis. Intermittent operation
at lower temperature may contribute to weakening of deposit through thermal cycling, also
making soot blowing more effective.

Of some interest is the recent Danish experience with so-called “gray” straw, or straw
that has been exposed to rain in the field. In the last year, much of the straw was washed by
natural precipitation, and problems with boiler fouling were reduced. Plant capacity was also
reduced due to higher moisture and reduced organic matter content of the fuel. However,
as with bagasse, leaching of the straw appears to offer a substantial benefit in the control of
fouling deposits in the boilers, and emphasizes the role of potassium and chlorine, which
are both readily leached. In California, rain leached, spring harvested, rice straw might be
acceptable for existing boilers, but probably only when blended at a low concentration with
more conventional fuels. Artificial straw washing has not been investigated and the feasibility
of such a technique is unknown.

Additives may hold some promise for reducing the rate of fouling. Fluidized bed
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combustion power plants, as in the units described here, routinely employ limestone injection
for control of sulfur emissions, with additional benefits in reduced bed agglomeration.
Limestone addition is involved in the formation of calcium sulfate deposits on superheaters
and other convection pass surfaces. Other additives, such as kaolin, dolomite, or magnesium
oxide, have been used to reduce bed agglomeration and slagging, but they have so far not been
widely employed in the industry, and are generally particularly effective only with fluidized
beds because of the good mixing. The effect of additives is frequently debated, but so far no
systematic study of their potential for biomass combustors has been undertaken. Standardized
methods to test the effect of additives on biomass fuel ash behavior are not developed, and
standard ash fusibility tests to determine deformation and fusion temperatures of ash are

now commonly accepted as being of little value in predicting the behavior of ash in biomass
boilers. Such tests generally fail because they do not properly simulate elemental composition
and enrichment in deposits, nor the physical conditions leading to deposit formation.

For the existing facilities, retrofit designs can be conceived to increase the number of
acceptable fuels; but without major capital investment, strategies are limited principally to
changing boiler operating conditions in concert with changes in fuel properties (e.g., furnace
exit gas temperature control with fuel selection). Design changes might include the addition
of a thermal gasifier on-site to essentially pretreat the fuel ahead of the boiler. Gasifying high
fouling fuels and only burning the gas in the boiler might alleviate or reduce ash fouling. The
purpose would be to retain inorganic materials, including alkali, in the char phase, which
would be disposed of in some other fashion. If sufficiently depleted in carbon, the char could
be land applied for its fertilizer value, although there are significant unresolved questions
concerning the feasibility and suitability of the technology. The success of such measures
depends on gasifying the fuel at lower temperatures than combustion; otherwise, under
reducing conditions, the vaporization of fouling elements can be enhanced, exacerbating the
problem of deposition. Other pretreatment options include fermenting the fuel and burning the
residual solids, which should be leached of potassium and chlorine. At least one facility has
already been proposed in California employing a fermentation option for rice straw, although
not specifically as a pretreatment for combustion. The feasibility of the technology has not yet
been demonstrated in a full-scale unit.

Many of the problems encountered with ash fouling in existing units accrue from the lack
of prior experience in the industry in burning a wide variety of fuels. Improved and advanced
combustor designs and concepts are available, although many have not been adequately tested.
Other concepts, such as integrated gasifier combined cycles and numerous variations, are
under active development and include research into the control of alkali species. Substantial
improvements should be possible as existing units are retired and replaced, although fouling
problems are not likely to become fully mitigated. Economic analyses should include careful
accounting of operating costs in addition to capital costs for the facilities.
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Conclusions

Many agricultural fuels have proved unsuitable for use in existing biomass boilers. Straw
and other annual herbaceous plant materials cause rapid fouling of heat transfer surfaces,
furnace slagging, and agglomeration of fluidized beds. Excessive deposition results from the
incompatibility of fuel composition with boiler design and operation. Superheater fouling is
perhaps the most critical problem for existing units. Clearly, deposit formation occurs as a
result of complex interactions among many compounds, and cannot be described on the basis
of potassium, silicon, or any other element alone.

Full-scale experiments and laboratory simulations show the composition of deposits to
be consistent with postulated mechanisms of deposit formation and growth, although details
of the routes by which elements are incorporated into the deposit remain to be elucidated.
In biomass, unlike coal, and with a few exceptions, the major alkali is potassium rather than
sodium. In herbaceous species, including straws and grasses, canes and stovers, inherent
potassium concentrations are about 1% of the fuel dry weight, almost all of which is available
for volatilization during combustion. These same fuels are frequently rich in chlorine, silicon,
and sulfur, which in combination with potassium represent the primary fouling agents when
these fuels are burned. Chlorine is an important facilitator, leading to the condensation
of potassium chloride salt on surfaces, which is readily attacked by sulfur oxides to form
potassium sulfate, and leads to the creation of sticky coatings for enhanced particle attachment
following inertial impaction. Potassium, sometimes in combination with alkaline earth metals
like calcium, reacts with silicates deposited as fly ash to form molten glassy phases leading
to tightly sintered structures. In the furnace, glass reactions lead to the formation of heavy
slag deposits resembling fuel ash in composition but substantially depleted in sulfur. On
superheater surfaces in boilers firing wheat straw, chlorides represented a major portion of the
deposit mass.

When firing wood fuels, either in combination with agricultural fuels such as hulls,
shells, and pits, or woods derived from urban sources with potentially large amounts of
adventitious material contamination, the role of potassium may be reduced and that of the
alkaline earth metals such as calcium more pronounced. Fuels comprised principally of
mature stem wood have relatively low inherent potassium concentrations, around 0.1% and
low inherent silicon and chlorine concentrations. Initial deposition, possibly as condensation
of hydroxides, is followed by sulfation of alkali and alkaline earth elements, increasing
the tenacity of the deposits. If large amounts of adventitious materials in the form of clays
or other soil contaminants are present, the role of silicon may still be quite pronounced in
secondary deposit growth by particle impaction following the initial formation of condensed
layers on surfaces. Complex alkali-alkaline earth-aluminosilicates form or are incorporated
into superheater deposits in this manner. Although mature wood is low in silicon, urban
and agricultural wood fuels used commercially all had substantial silicon concentrations
in the ash. Injection of limestone into fluidized bed combustors leads to the formation of
calcium sulfate deposits on superheaters where sulfur is present in the fuel. Wood fuels and
blends fired commercially, although generally low in sulfur, had adequate amounts to cause
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substantial sulfation of deposits. Calcium sulfate was especially pronounced in the superheater
deposits in fluidized beds, compared with the grate units.

Laboratory simulations confirmed the enrichment of alkali species in the early phases
of deposit formation. For straws and grasses, initial deposits containing alkali chlorides can
be expected. A wood blend with small amounts of almond shell produced a sulfated deposit
similar to that observed in commercial units burning similar fuels. Potassium rich almond
hulls and shells generated deposits containing more potassium than could be accounted for as
sulfates and chlorides. Sodium rich olive pits produced a similar result. With such fuels, initial
deposition as alkali hydroxides or carbonates may be important.
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5. BOILERS, FUELS AND DEPOSIT FORMATION

The alkali deposit investigation combined field experience with laboratory investigations
of a variety of biomass fuels. Biomass power plants typically fire blends of biomass fuel. Fuel
choices are often based on reliability of supply, cost and availability. As described previously
this investigation included deposits from blends of wood, urban wood and agricutural residues
and within that included deposits from highly alkaline fuels such as straw and manures.
Deposit mechanisms were investigated including condensation and chemical reaction, particle
impaction and thermophoresis and combinations of mechanisms. Finally, the project attempted
to evaluate potential fouling and slagging indicators such as an index of alkali concentration,
and thermal ashing methods. This section summarizes the general conclusions from those
investigations.

Deposits from Blends of Wood and Agricultural Residues

Four of the plants fired wood or urban wood waste blended with agricultural residues
including prunings, pits, nuts, shells and straw. Tables 4, 5, 7, 8 and 9 illustrate the composition
of ash from the fuel and the deposits. The fuel burned in the bubbling fluidized bed boiler,
FBC-1, for example, was a mixture of wood and agricultural prunings. It was relatively low in
ash; however, it contained sufficient alkali to produce troublesome deposits in the convection
passes of the boiler even with the addition of limestone. Deposits accumulated on feed
tubes and other hot protuberances. Furnace wall deposits are similar in composition to the
ash of the unburned fuel, except for the depletion of chlorine, sulfur, phosphorous and part
of the alkali. Deposits on superheater tubes perpendicular to the flow, as shown in Figure 9,
were solid but granular in texture. Alkali sulfates and calcium carbonates were found in the
wedge-shaped deposits of the screen tubes and the superheaters. Potassium chlorides were
found on superheater tubes. Corrosion was also evident in the convection passes. As discussed
in Section 4 the pattern of deposits was similar for fluidized beds, circulating fluidized beds
and spreader stokers with similar fuel compositions and furnace exit gas temperatures. Severe
deposition occurred with higher temperatures and increasing concentrations of the volatile
inorganic elements in the fuel.

Deposits from Highly Alkaline Fuels

Deposits from highly alkaline fuels were observed with straw fired on the traveling grates,
illustrated in Figure 1, and in the suspension fired Multi-Fuel Combustor (Figure 28). A
traveling grate boiler in California , Grate-1, has a spreader stoker that was designed primarily
for wood. The Sandia Multi-Fuel Combustor burns finely divided fuel while entrained in a hot
gas flow. The Danish stokers, Grate-2, Grate-3, push straw gently onto a cooled grate. Reports
and analyses were also received from a similar boiler firing chicken manure with wood.

Tables 5 and 7 show the analyses of fuels and deposits in the spreader stoker traveling
grate boiler (Grate-1) when firing a blended fuel composed of 80% urban wood and 20%
straw. Like the bubbling fluidized bed, deposits on the grate and fireside refractory are
similar in composition to the fuel except for the volatile alkali and sulfur. Those deposits
on or near the grate, or near high temperature flames, were either glassy fused coatings or
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agglomerates of ash bonded together with a glassy material as shown in Figures 7 and 34.
The cool upper waterwall, above the flyash impingement zone, showed a white condensation
layer of potassium sulfate and some chlorine. Deposits on superheater tubes perpendicular

to flow were mostly granular, extending in wedge shapes from the upstream surface into the
gas stream. Particulates were often encased with alkali silicates as shown in Figure 33. The
superheater deposits showed the enrichment of alkali sulfate, chloride and calcium carbonates.
Erosion studies in a commercial laboratory showed that hard silica and alumina combined
with the chemically active chlorine, potassium and sodium to make the flyash from this
boiler more erosive than others. Further studies are needed for similar fuels in other boilers.
Gasification was considered as one means to reduce alkali and flyash carryover in the boiler,
where the dirty wood fines and straw would be gasified at low temperature with additives and
the cleaner product gas would be fired in the boiler.

Potassium compounds were typical bonding agents between silica or media particles in
superheater deposits. In some cases the potassium reacted with the silica to form a bonding
glass. This was shown in the SEM photo (Figure 39) of three particles of fluidized bed sand
(CFB-1) cemented together with a glass containing 6% KO after burning a blend of 15%
almond hulls with urban wood waste and in the agglomerated bottom ash from firing a blend
of wood with 20% wheat straw in Grate-1. For example, a circulating fluidized bed boiler in
Denmark required special ash chemistry and additives, including temperature control to fire
wheat straw with coal.

Table 7 compared the fuel ash and deposits in Danish straw fired boilers of the folded
furnace design (Grate-2, Grate-3). These boilers are designed for high ash fuels. They have
high waterwall surface areas, ample volume, low gas velocities, and low furnace exit gas
temperatures. Like the fluidized bed and wood stoker, the deposits at the grate are similar
in composition to the fuel, with depletion of some of the volatile species. Furnace wall and
convection sections were heavily coated with potassium chloride that inhibited heat transfer.
Enrichment of potassium sulfate and potassium chloride is evident in the superheater deposits.
Alkali, chlorine and sulfur are also evident in the dust collector flyash where severe corrosion
occurs.

A separate superheater fired with producer gas from straw may be fitted to one of these
boilers (Grate-3) allowing the boiler to operate at low furnace exit gas temperatures thereby
reducing deposits in the superheaters. Low alkali, low acid gas from low temperature (600°C)
pyrolysis would be burned to superheat steam from the straw boiler to higher pressures for
power generation. Char would be taken to a landfill.

Highly alkaline fuels, straw, pits, nuts, shells and manures, provide low melting alkaline
compounds that react with sulfur and chlorine to form deposits or agglomerate silica particles
for ash or fluidized bed media. Even when burned alone these fuels require low temperature
furnace conditions and frequent flyash or deposit removal. This project demonstrated that even
with specially designed furnaces the highly alkaline fuels present serious operational problems
to boiler operators that cannot be avoided by simply blending fuels.
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Deposit Mechanisms

Deposits observed in this project are consistent with all known mechanisms for
deposit formation: particle impaction, condensation, thermophoresis and chemical reaction
(Baxter, 1993). These transformations are depicted by Bryers (1994) in Figure 40, based on
observations from the project. Deposition mechanisms can be divided into those dealing with
gases, such as condensation and chemical reaction, and those dealing with particles such as
particle impaction.

Condensation and Chemical Reaction

Alkali, sulfur and chlorine vaporize during combustion and condense as sulfates or
chlorides on flyash, or deposit on waterwalls. Surfaces oriented parallel to the gas flow and
subject to deposition by condensation and diffusion of small particles, but free of impaction by
large particles, will collect a thin film of potassium sulfate or other compounds, e.g. CaSO,.
This was observed in the spreader stokers firing wood with straw, wood with chicken manure,
and straw alone. This deposition is unavoidable. The original boiler design must allow for the
loss in adsorption due to this fouling; otherwise the boiler must be derated or the power plant
must add heating surface.

Operating a furnace at partial load on wood and straw demonstrated the formation of
sulfur compounds by condensation. Furnace gas exit temperatures were 760°C (1400°F).
Reflective white ash deposits appeared in the upper furnace and in convective passes. High
sulfur concentrations, as in the upper furnace wall deposits, indicated that alkalis occurred
as sulfates. The absence of silicon, aluminum, iron, titanium, or other refractory compounds
indicated that few particles accumulated in the region. It is likely that potassium originated
from the straw and formed a vapor during combustion. Since this region of the furnace has
low particle impact, deposits form primarily through condensation and chemical reaction.
There is a question as to whether this is heterogeneous condensation or homogeneous
condensation. It could also be condensation on particles and then particle deposition on the
walls. Similar deposits occurred when manure was fired in combination with wood in a folded
furnace designed boiler, similar to that shown in Figure 1 (Grate-3).

Particle Impaction and Thermophoresis

Flyash impacts on the walls and is the major contributor to the total biomass deposit on
the walls, as shown in Table 7 and Figure 7, except in stagnation zones outside the main gas
flow and cross flow superheater tubes. Since a liquid phase on the flyash surface will make
it sticky, deposition will be primarily by inertial impaction of large particles and chemical or
thermophoretic diffusion of the small particles. The energy of particles is important as well.
Large particles with high kinetic energy may rebound from the surface after impaction. Very
small particles are more likely to follow the streamlines and miss the surface. Deposition
occurs primarily on surfaces immersed in the gas stream perpendicular to flow such as screen
and superheater tubes, and those positioned farthest upstream. Below 730°C to 760°C (1350°F
to 1400°F) fouling is apparently minimal and can be controlled by sootblowing. These
temperatures are a few degrees below the melting temperature of certain eutectic mixtures
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formed by the condensation of potassium compounds. The furnace exit gas temperature

in most biomass boilers is 850°C to 955°C (1560°F to 1750°F) which would suggest that
surfaces are probably sticky. Experience with sootblowing in the test plants has varied.

The effectiveness of sootblowing depends on deposit tenacity which can only be predicted
empirically. Most plants are still looking for more effective combinations of sootblowing and
additives to minimize deposits or reduce deposit tenacity.

Combinations of Mechanisms

Deposits on slag screens at the entrance to the convection passes exhibit a combination
of alkali condensation followed by sulfation and particle impaction as shown in Tables 8 and
9. The composition of these deposits is intermediate between the particle-dominated wall
deposits and the condensate-dominated wall and ceiling deposits in stagnation zones.

Fouling and Slagging Indicators

Sticky temperatures of the ash or flyash, concentrations of alkali in the fuel, and tendency
to form sulfates are a few indicators of potential slagging or fouling problems.
Various methods were tested to determine stickiness in biofuels without success. For example,
the stickiness of flyash in a sulfur or chlorine-free fuel can be predicted by differential
thermal analysis (DTA) or similar techniques in the laboratory, in which case only the
endotherms above 950°C -1000°C may apply (Bryers, 1994). But sulfur is present in most
biomass fuels being fired, and the melting temperatures cannot be predicted by laboratory
characterization since they are dependent upon post-combustion reactions and physical state
changes. In this case one must know how the elements occur in the fuel and how they react in
the boiler.

One method the coal industry developed to classify various coals relative to slagging and
deposits involves calculating the weight in alkali oxides (K,O + Na,O) per heat unit, kg/GJ
(Ib./million Btu) in the fuel using the higher heating value (HHV). The calculation is:
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This method combines all of the pertinent data in one index number. Plant experience and
field tests have shown that a slagging risk increases above 0.17 kg/GJ to 0.34 kg/GJ (0.4 Ib. to
0.8 Ib./MMBtu). Above 0.34 kg/GJ (0.8 1b./MMBtu) the fuel is virtually certain to slag and
foul to an unmanageable degree. Alkali concentrations for many biofuels are shown in Figure
41 and in Appendix C. While an indicator of potential problems this information must be
combined with field experience and boiler operating conditions to evaluate the impact of a fuel
on a particular boiler.
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An index for fouling tendency that is also based on alkali and alkaline earths was

developed by Hupa and Backman (1983) where boilers are cofired with bark, coal and oil.

The proportion of sulfate forming compounds (water soluble CaO + MgO + Na,O + K O) is
expressed as a percent of total ash in the fuel that goes to the boiler. In this investigation we
found that water soluble sulfate-forming compounds made up 6% of the ash in a wood-almond
fuel and 25% of the ash in wheat straw, of which 86% to 90% were alkali oxides. While the
water soluble fraction made up 45% of the total alkali in the wood-almond fuel blend, more
than 90% of the alkali oxides in wheat and rice straw were water soluble. It would appear that
water soluble alkali could be a reasonable measure of fouling tendency where sulfur is present.
Chlorine content must also be considered since some straws contain more chlorine than sulfur.

However, the slagging tendency of a boiler cannot be anticipated in terms of fuel
properties alone. While the tendency to slag generally increases with increasing alkali
content, the form of the alkali and other inorganic constituents as well as boiler operating
conditions and boiler design have large impacts on deposit properties. This project delineated
the major variables causing slagging. A conceptual description of deposit generation was
proposed and both field and laboratory data were gathered to test it. The description remains
to be formalized in the form of a computer program that incorporates fuel properties, boiler
operation, and boiler design in predictions of ash deposition and deposit properties throughout
the boiler.
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Figure 41 Wood Fuels with High Annual Growth are Abundant in Alkali, Sulfur & Chlorine
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6. CONCLUSIONS

The investigation has led to a closer understanding of the very complex chemistry and
formation of deposits. Conventional boilers do not provide the special conditions required
to burn high percentages of agricultural residues or alkali laden fuels. New boiler designs
are necessary to control combustion and furnace exit temperatures and to remove alkali and
alkali compounds as they form on boiler grates, in the bed, on walls or on convective surfaces.
Fluidized beds can fire somewhat higher percentages of alkali fuels due to the intimate
mixing of inhibitors or additives with the burning fuel, but deposits still form from volatile
elements. Gasification or pyrolysis may be used to reduce alkali volatilization from biofuels
but retrofits to existing boilers need to be demonstrated in industry.

The investigation has generated a useful database of elemental analyses of biofuels and
their ash that significantly expands the information that was available before the study.
Sponsoring companies have learned more about what fuel and deposit analyses to request and
how to interpret the results. Additional biofuel ash characterization studies are needed.

A variety of methods are used for proximate, ultimate and elemental analyses. For most
purposes routine analyses of biomass for fuel should include proximate and ultimate analyses
with microwave or low temperature (600 °C) thermal ashing prior to analysis of ash elements,
chlorine, fuel particle size and water soluble alkali.

One very positive result has been an increased awareness on the part of the participating
plants of the importance of fuel quality, of establishing and enforcing specifications, of proper
yard management, and of controlling fuel blends. Future projects by industry, government
and academia should investigate erosion, corrosion and the potential of gasification to reduce
deposits from biomass fuels.

Industry participants identified erosion, corrosion and design of boiler systems to convert
high alkali fuels as the principal research needs. They expressed the need to: develop
algorithms which correlate fuels, boilers and boiler operation with deposition; further
characterize fuels and deposits; and validate and test alkali project results.

The development of predictive algorithms that can be used by industry to evaluate the
potential deposition and corrosion from biomass fuels will require further analysis of fuel
and deposit characteristics. More data will make better correlations between significant fuel
elements (K, Na, S, Cl, P, Si) and deposits possible. While deposits were identified here,
physical properties of deposits such as reflectivity, emissivity, mass, volume and porosity were
not measured. A reliable automated deformation or sticking temperature analysis for empirical
assay should be developed.

This project demonstrated the usefulness of parallel testing at the pilot scale and industry
scale. Pilot scale boilers should be used for deposition and corrosion design studies. Controlled
studies should also evaluate deposition rates on tube surfaces at different tube temperatures.
Controlled tests should evaluate the effect of additives for reducing deposition rates with
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biomass fuels. Coupled thermal-chemical boiler models can be used to elaborate deposition
algorithms.

Field tests should evaluate the effects of reduced firing rates on boilers including effects
on capacity, furnace exit gas temperatures, severity of deposition, and corrosion. Alternative
sootblowing techniques or other removal systems and tube spacing effects should also be
tested. Gasification tests of high alkali fuels where the producer gas is fired in a boiler would
demonstrate char reduction, effects on deposition and corrosion rates. An evaluation could
be made of a biomass boiler with natural gas fired superheaters decoupled from the biomass
combustor to avoid tube deposition. Tests should determine costs, qualifying status and natural
gas demand as a portion of plant fuel use.

ACKNOWLEDGMENTS

The authors acknowledge and appreciate the assistance of scientists and facilities contributed
by Hazen Laboratories, Sandia National Laboratories, University of California at Davis, the
U.S. Bureau of Mines at Albany, Oregon, and Foster Wheeler Development Corporation. The
many industry sponsors provided data, conducted controlled test burns with various fuels
and encouraged the investigation. And the National Renewable Energy Laboratory, Golden,
Colorado provided contracts and assistance from technical staff, particulary Richard Bain,
Tom Milne and Ralph Overend.

78



References

Baxter, L.L.1993. “Ash Deposition During Biomass And Coal Combustion: A Mechanistic
Approach,” Biomass and Bioenergy, Vol. 4, No. 2, pp. 85-102.

Baxter, L.L., T. R. Miles, T. R., Miles, Jr., B. M. Jenkins, G. R. Richards, and L. L. Oden,
1993. “Transformations and Deposition of Inorganic Material in Biomass Boilers”. In

M. G. Carvalho ed., Second International Conference on Combustion Technologies for a
Clean Environment, I (pp. Biomass II: 9-15). Lisbon, Portugal: Commission of European
Communities.

Baxter, L. L., 1993. “Task 2. Pollutant Emission and Deposit Formation During Combustion of
Biomass Fuels” Quarterly Reports to National Renewable Energy Laboratory, Sandia National
Laboratories, Livermore, California.

Baxter, L. L., 1994. “Task 2. Pollutant Emission and Deposit Formation During Combustion of
Biomass Fuels” Quarterly Report to National Renewable Energy Laboratory, Sandia National
Laboratories, Livermore, California.

Baxter, L.L. 1995. “Application of Advanced Technology to Ash-Related Problems in Boilers.”
In Engineering Foundation Conference, Santa Barbara, CA, January 29-Feb3.

Bryers, R. W. 1993, “Fuel Characterization of Biomass Samples,” Report FWC/FWDC/
TR-93/08 to the Alkali Deposit Investigation. Foster Wheeler Development Corporation,
Livingston, New Jersey, 62 pp., November 1993.

Bryers, R. W. 1994. “Analysis of a Suite of Biomass Samples,” Report FWC/FWDC/TR-94/03
to the Alkali Deposit Investigation. Foster Wheeler Development Corporation, Livingston,
New Jersey, 53 pp., May 6.

CEC. 1994. Biomass Facilities Survey Report for California, California Energy Commission,
Sacramento, California.

Coe, D.R. 1993. “Successful Experience With Limestone and Other Sorbents for Combustion
of Biomass in Fluid Bed Power Boilers,” presented at the First Biomass Conference of the
Americas, Burlington, Vermont, August 30-September 2, pp.382-392.

Dayton, D.C., R.J. French, T.A. Milne, 1994. “Identification of Gas Phase Alkali Species
Released During Biomass Combustion,” presentation at the Bioenergy ‘94 Conference, Reno,
Nevada, October 2-6, 1994. Western Regional Biomass Energy Program. Vol 1, pp. 607-614.

French, R. J., D. C. Dayton, T. A. Milne, 1994. “The Direct Observation of Alkali Vapor
Species in Biomass Combustion and Gasification,” Report NREL/TP-430-5597, National
Renewable Energy Laboratory, Golden, Colorado, January.

79



Grass, S.W. and B.M. Jenkins, 1994. Biomass Fueled Fluidized Bed Combustion: Atmospheric
Emissions, Emission Control Devices and Environmental Regulations. Biomass and Bioenergy
(in press).

Hupa, M. and R. Backman, 1983. “Slagging and Fouling During Combined Burning of Bark
and Oil, Gas or Peat,” in RW. Bryers, ed., Fouling of Heat Exchanger Surfaces, Engineering
Foundation, 345 East 47th, New York, NY 10017, pp. 419-432.

P. Jansen, 1989, “A Review of Material Problems in Boilers Fired With Waste and Biofuels,”
Translation of a paper presented at a seminar on Decentralized Combined Heat and Power
on Biofuels - Corrosion Problems and Selection of Material, Danish Society for Chemical,
Electrical and Mechanical Engineers, January 23, 1989.

Jenkins, B. M. 1993, “Properties of Biomass,” prepared for Strategic Analysis of Biomass and
Waste Fuels for Electric Power Generation, EPRI TR-102773, Project 3295-2. Electric Power
Research Institute, Palo Alto, California.

Jenkins, B. M., L. L. Baxter, T. R. Miles, T. R. Miles, Jr., L. L. Oden, R. W. Bryers, E.
Winther, 1994, “Composition of Ash Deposits in Biomass Fueled Boilers: Results of
Full-Scale Experiments and Laboratory Simulations,” Paper No. 946007 presented at the
1994 International Summer Meeting, Kansas City, June 19-24, 1994, American Society of
Agricultural Engineers, 2950 Niles Rd., St. Joseph, MI 49085-9659.

Levin, E.M., C.R. Robbins and H.F. McMurdie. 1964. Phase Diagrams for Ceramicists.
American Ceramic Society, Columbus, Ohio.

Marschner, H. 1986. Mineral Nutrition of Higher Plants. Harcourt Brace Jovanovich, London.

McBurney, B., 1993, “Wood Refuse/Biomass Fuel Specification Guidelines,” Presented to
the TAPPI 1993 Engineering Conference. Prepared by the Power Boiler Subcommittee of the
Steam and Power Committee of the TAPPI Engineering Division. Technical Association of
the Pulp and Paper Industry.

Miles, T.R.1993a, “Alkali Deposits in Biomass Power Plant Boilers”, Proceedings of the
Conference: Strategic Benefits of Biomass and Waste Fuels, March 30-April 1, 1993. Electric
Power Research Institute, TR-103146, Project 3295-02, December, pp. 4-1, 4-5.

Miles, T. R.1993b, “Boiler Deposits From Firing Biomass Fuels,” Proceedings of the 62nd
General Meeting, San Diego, California, May 3 - 7, 1993. The National Board of Boiler and
Pressure Vessel Inspectors, Columbus, Ohio. NB-77, pp. 70-77.

Miles, T. R.1993c, “Alkali Deposits in Biomass,” Presented to the IPPI IV Conference,
Portland, Oregon, July 13-14, 1993, Council of Industrial Boiler Owners. Burke, Virginia.

80



Miles, T.R., 1994. Alkali Deposits Found in Biomass Power Plants, 1994, Compendium of
Project Papers and Reports September 1992-April 1994. Compiled by T.R. Miles for NREL
sucontract TZ-2-11226-1.

Miles, T. R. and T.R. Miles, Jr., 1993, “Alkali Deposits in Biomass Power Plant Boilers,”
presented to the Biomass Power Program, SOLTECH - Solar Energy Forum, April 26, 1993,
Washington, D.C.

Miles T. R. and T. Miles, Jr., 1994, “Alkalis in Alternative Fuels,” Bioenergy ‘94: Proceedings
of the Sixth National Bioenergy Conference, Reno/Sparks, Nevada ,October 2 - 6, 1994,
Western Regional Biomass Energy Program. Vol 1, pp. 153-160.

Miles, T. R., T. R. Miles, Jr., L. L. Baxter, B. M. Jenkins, and L. L. Oden, 1993, “Alkali
Slagging Problems With Biomass Fuels,” Proceedings of the First Biomass Conference of the

Americas, Burlington, Vermont, August 30-September 2, 1993. National Renewable Energy
Laboratory, Golden, Colorado. NREL/CP-200-5768, DE93010050. Vol. 1, pp. 406-421.

Miles, T. R., T. R. Miles, Jr., L.L. Baxter, R. W. Bryers, B. M. Jenkins, L. L. Oden, 1994.
“Alkalis in Alternative Biofuels,” presented at ASME Joint Power Conference, Phoenix,
Arizona, October 3-6, 1994,. ASME FACT-Vol. 18 Combustion Modeling, Scaling and Air
Toxins. American Society of Mechanical Engineers.

Miles, T.R., Jr., 1993. “Alkali Deposits in European Straw Boilers,” NREL Subcontract TZ-2-
11226-1. Report to NREL August 15, 8 pp.

Mylchreest D. and J. Butler, 1991, “Design and Operating Considerations for Biomass Fired
CFB’s.” Presented at: CIBO Fluid Bed II, Indianapolis, Indiana, Council of Industrial Boiler
Owners, Burke, Virginia.

Nikolaisen, L. (ed.) 1992. Straw for Energy Production: Technology, Environment, Economy.
Centre for Biomass Technology, dk-Teknik, Gladsaxe Mollevej 15, DK-2860 Soborg,
Denmark.

Oden, L.L., 1993, “Alkali Deposits Found in Biomass-Fueled Power Plants: Contribution

by the Bureau of Mines, Albany Research Center, Albany, Oregon,” compiled by L. Oden.
November 27, 1993.

Oden, L. L.1994, “Report on Optical Microscopy, X-Ray Diffraction, and SEM Analysis of
Biomass Deposits,” compiled by L. Oden, U.S. Bureau of Mines, Albany, Oregon. March 16,
1994.

Paisley, M. 1992, “Monthly Status Report No. 4, Contract No: YM-2-11110-1, Operation
and Evaluation of an Indirectly Heated Biomass Gasifier.” Prepared for NREL. Battelle
Laboratories, 505 King Avenue, Columbus, Ohio.

81



Raask, E. 1985. Mineral Impurities in Coal Combustion. Hemisphere Publishing, Washington,
D.C.

Rose, A. M. 1993. Literature search for the Alkali Deposit Investigation, Biological and
Agricultural Engineering Department, University of California, Davis.

Schmidt, R. 1993, “Identification of Glassy Bonding Material in Agglomerate Slag HRI
Project 003-640.” Report to T.R. Miles for NREL Subcontract TZ-2-11226-1. Hazen Research,
Inc. Golden, Colorado. February 18, 1993.

Technical Association of the Pulp and Paper Industry, 1992, “TAPPI CA-4967: Biomass
Boiler Test Procedure,” issued September 30, 1991. Prepared by Power Boiler Subcommittee
of the Steam and Power Committee of the TAPPI Engineering Division.

82



APPENDIX

A. Project Participants

Al
A2

Investigators and Advisors
Industry Sponsors and Participants

B. Methods of Sampling and Analysis

B.1
B.2
B.3
B.4
B.5
B.6
B.7
B.8

Analytical Request Form

Standards for Biomass and Coal

Summary of Analytical Methods Used

Microwave Dissolution and Atomic Absorption Method
Comparison of Microwave and Thermal Ashing
Determination of Water-Soluble Alkali

Chemical Fractionation Procedure

Fuel Sampling Procedure

C. Fuel Characteristics: Data Summary

C1
C2
C3
RDF
C4
C5
C.6
C.7
C38

D. Deposits

Dl.

Wood Guel Blends: Alkali Deposti Investigation
Wood Fuels: Oak, Fir, Pine, Poplar, Forest Residues, Christmas Trees
Urban Waste Fuels and Residues: Demolition, Land Clearing, Waste Paper,

Wood Fuels: Energy Crops: Willow

Grasses and Straws: Bagasse, Bana Grass, Switchgrass

Grasses and Straws: Energy Crops, Miscanthus and Reeds

Grasses and Straws: Residues, Alfalfa, Mint, Wheat Straw, Rice Straw
Nuts, Pits and Shells: Almond, Pistachio, Walnut, Olive, Prune Pits

Melting Temperatures of Potential Low-Melting Minerals Found in

Biomass (Bryers, 1994)

D2.
D3.
D4.
Ds.
Dé.
D7.
Ds8.

Grate-1. Wood and 95% Wood/5% Imperial Wheat Straw Blend.
Grate-1. 80% Wood/20% Oregon Wheat Straw

Grate-1 type boiler. Wood and Landscape Residues.

Low Temperature Straw Boilers: Grate-2 (Bale), Grate-3 (Stoker)
FBC-1 Wood and Agricultural Prunings

CFB-1 and CFB-2 Wood and Agricultural Residues.

CFB-3 Wood and Pits

83



APPENDIX A. PROJECT PARTICIPANTS

A.1 Investigators and Advisors

Principal Investigator Thomas R. Miles, PE. and Thomas R. Miles, Jr.
Consulting Engineer, Portland, Oregon

Principal Technical Advisors Richard Bain, Ralph Overend
National Renewable Energy Laboratory, Golden, CO

Larry L. Baxter, Combustion Research Facility
Sandia National Laboratories, Livermore, California

Richard W. Bryers, emeritus
Foster Wheeler Energy Corporation, Livingston, NJ

Bryan M. Jenkins
Biological and Agricultural Engineering
University of California, Davis, California

Laurance L. Oden
Bureau of Mines Albany Research Facility
US Dept of the Interior, Albany, OR

Other Technical Advisors Gerald Cunningham, Paul Quineau
Hazen Research, Inc., Golden, CO

Al Duzy
A.L. Duzy & Associates

Jerrold Radway
EnerChem, Inc., Lakeside, CA

George Wiltsee
Appel Consultants, Stevenson Ranch, CA

84



Appendix A.2. Industry Sponsors and Participants

J.J. Hakimian, Joe Ortega
Delano Energy Company, Inc., Delano, California

Charles McGowin, Jane Turnbull
Electric Power Research Institute, Palo Alto, California

Erik Winther
Elkraft Power Company, Ltd., Copenhagen, Denmark

Mike Davis, Chuck Muoio, Larry Kennedy
Hydra Co Operations, Inc. (Now a division of CMS), El Centro, California

Glenn Sizemore, Tad Tadich
Mendota Biomass Power, Inc., Mendota, California

Gary Elliott
National Bioenergy Industries Association, Arlington, Virginia

Ian Cuthbertson, Mike Jones (formerly at Marysville, California) ithe Energies, Inc., West
Carthage, New York

Bruce Germinaro
Thermo Ecotek (formerly Thermo Electron Energy Systems), Roseville, California

James Tischer
Valley Byproducts, Woodland, California

Larry Strach, Bill Carlson
Wheelabrator Environmental Systems, Inc., Hampton, New Hampshire and Anderson,
California

Dave Swanson
Western Area Power Authority, Golden, Colorado

Randy Bates, Tim Smith
Woodland Biomass Power, Ltd., Woodland, California

85



Appendix B.1 Analytical Request Form

ANALYTICAL REQUEST FORM
° ° (One Form Per Sample)
Alkal1 Deposits |
Date:
Found in Biomass Power Plants AD4-3 February 1993
A Preliminary Investigation of Their Extent and Nature NREL Subcontract TZ-2-11226-1
| USDOE/NREL - T.R.Miles - U.C.Davis - BureauMines - Sandia - Biomass Power Producers

Form Submitted By:

Sample taken at (location):

Sample Identification:

Fuel Analvsis:
___ UPB + Chlorine (Ultimate, Proximate, BTU combined + CI ASTM 04208)
___Ultimate (Moist, C, H, N, S, 0, Ash)
__ Proximate (Moist Ash, Volatile, Fixed C)
__ BTU (Calorific Value)

___ Chemical Fractionation Test (incl. Ash analysis, Total Ash, CI)

Ash Analvses:
___Elemental Ash Analysis (Si, Al, Ti, Fe,Ca, Mg, Na, K, P, S, Cl)

Deposit Analvses:
___Elemental Ash Analysis (Si, Al, Ti, Fe,Ca, Mg, Na, K, P, S, Cl)

Other:
___ Sample Preparation
__ Chloride (if separate) - water soluble AOAC 969.10 (was 7.106), potentiometric
___ Ash Fusion Temperature

___ Water Soluble Alkali
Samples shipped to: Results and billing to:
Hazen Research, Inc. Alkali Deposit Investigation
4601 Indiana St. c/o Thomas R. Miles
Golden, CO 80403 Consulting Design Engineer
Attn: Jerry Cunningham 5475 S.W. Arrowwood Lane
Tel (303) 279-4501 Portland, OR 97225-1323 Tel (503) 292-
Fax (303) 278-1528 0107
Fax (503) 292-2919
Alkali Deposits Form-AD4-3February 1993
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Appendix B.2 Standards for Biomass and Coal

ASTM - American Society of Testing and Materials (ASTM), Philadelphia, PA, AOAC - Association of Official

Analytical Chemists (AOAC), Washington DC. Preferred methods are underlined.

Standard

D. 1857
D. 2015
D. 2361
D. 2492
D. 2795
D. 3172
3173
3174
3175
3176
3177
3178
3179

© v ouvuououuouoo

3286

E. 926

E. 953

E. 959
E1117
E.1126
E.1288

D. 5115

D. 4442
D. 4278
D.1756-04
AOAC 14.7
P 4.20

Title

Fusibility of coal and coke ash

Gross calorific value of coal and coke by the adiabatic bomb calorimeter
Chlorine in coal

Forms of sulfur in coal

Analysis of coal and coke ash

Proximate analysis of coal and coke

Moisture in the analysis sample of coal and coke

Ash in the analysis sample of coal and coke from coal

Volatile matter in the analysis sample of coal and coke

Ultimate analysis of coal and coke

Total sulfur in the analysis sample of coal and coke

Carbon and hydrogen in the analysis sample of coal and coke

Nitrogen in the analysis sample of coal and coke

Gross calorific value of coal and coke by the isoperibol bomb calorimeter
Major and minor etements in coal and coke ash by atomic absorption
Analysis of wood fuels

Ash in wood

Probability sampling of materials

Acceptance of evidence based on the results of probability sampling
Conducting an interlaboratory study to determine the precision of a test method
Ash in the analysis sample of refuse-derived fuel

Gross calorific value of refuse-derived fuel by the bomb calorimeter
Total sulfur in the analysis sample of refuse-derived fuel

Forms of chlorine in refuse-derived fuel

Carbon and hydrogen in the analysis sample of refuse-derived fuel
Nitrogen in the analysis sample of refuse derived fuel

Designating the size of RDF-3 from its sieve analysis

Moisture analysis of particulate wood fuels

Volatile matter in the analysis of particulate wood fuels

Bulk density of densified particulate biomass fuels

Analyses of metals in refuse-derived fuel by atomic absorption spectroscopy
Dissolution of refuse-derived fuel (RDF) ash samples for analyses of metals
Silica in refuse-derived fuel (RDF) ash

Volatile matter in the analysis sample of refuse-derived fuel

Preparing refuse-derived fuel (RDF) samples for analyses of metals
Fusibility of refuse-derived fuel (RDF) ash

Characterizing the performance of refuse size-reduction equipment
Design of fuel-alcohol manufacturing facilities

Standard terminology relating to biomass fuels

Durability of biomass pellets

Collecting gross samples and determining the fuel quality of RDF

Direct moisture content measurement of wood and wood-base materials
Wet ashing procedure for preparing wood samples for inorganic chemical analysis
Carbon Dioxide in Coal
Total metals sample preparation using microwave digestion

Quantitative analysis: P. S. K. Ca, Mg, Na, B. Zn, Mn, Fe, and Cu in botanical materials

Unnumbered Chemical Fractionation Procedure, Sandia National Laboratories, Livermore, CA
Unnumbered Water Soluble Alkali, Haten Research, Golden, CO

Unnumbered BuMines West Ashing Method, Bureau of Mines, Albany, OR

Source: B. M. Jenkins, Biological and Agricultural Engineering, University of California, Davis, CA
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Appendix B.3 Summary of Analytical Methods Used

Several methods were used to analyze fuels and deposits in this project. Methods, testing
laboratories and reports or references are indicated below.

Fuel Chemical Analysis includes:
Ultimate, Proximate, and Btu (heating value) Elemental analysis ofashed fuel, including:
Si, Al Fe, Ti, Ca, Mg, Na, K, S, P, Chlorine, and Ash fusion temperatures. See Table 3
and Appendix B.2. Labs: Hazen, Consol, Foster Wheeler, BuMines.

Thermal ash preparation following ASTM D 1102 (Test Method for Ash in Wood) at 600 °C
(1112 OF) to reduce alkali loss. Labs: Hazen, Consol, Foster Wheeler.

Wet ashing by BuMines and UC Davis involves chemical digestion and direct measurement;
sample is kept sealed when microwaved and volatile elements are not lost on heating. See
Appendix B.4.

Chemical Fractionation measures the quantities of water-soluble, ammonium acetatesoluble,
and hydrochloric acid-soluble salts through successive leachings. This method separates the
various chemical states of the alkali metals in particular, and is conceivably an indicator of
deposit activity in biofuels, as it is in coal. Labs: Hazen, Consol, BuMines

These procedures include soaking the fuel in water heated to 95° C (203°F) for up to 16
hours and filtration followed by atomic absorption or emission spectrographic analysis. These
methods can yield 5% to 15% more alkali than methods where ash is prepared at 600 °C or
more. Results instructive but very difficult to extract leachate from wet biomass sample. See
Appendix B.5, and Baxter (1994-1995).

Water Soluble Alkali and Low Temperature Ashing techniques use leaching and oxygen
plasma ashing to measure alkali dispersed in plants as ions, hydroxides, carbonates or
chlorides that can otherwise be lost in ash preparation. Labs: Hazen, Foster Wheeler,
BuMines. (Bryers, 1994)

Water soluble portion is a low cost method to screen high alkali fuels. Low temperature
plasma was used to make ash from the fuels for analysis. Found not to be representative
because oxygen used in process makes chlorates and nitrates not normally found in
biomass combustion. (Bryers, 1994)

X Ray Diffraction techniques determine the mineral and phase composition of fuel ash or
deposits. Labs: Foster Wheeler, BuMines

Helped to distinguish between amorphous silicate (opaline) deposits characteristic of straw or
leafy matter and crystalline deposits from wood, sand or dirt. (Oden 1993, 1994)
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Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) techniques
measure material loss as ash or deposits are heated, to determine low-temperature melts

(DTA), and low temperature losses caused by volatilization of the alkali (TGA). Labs: Foster
Wheeler, BuMines.

Some melts are clear but it is difficult to interpret results for biomass ash. Method of ash
preparation strongly influences results. Low temperature changes often due to decomposition
or evaporation, not phase change or vaporization. (Bryers, 1993, 1994).

Sticky Temperature techniques determine the temperature that softens the surface ofthe alkali
or ash, allowing it to stick to other surfaces and start the agglomeration process. Labs: Hazen

Intended for plant-scale fuel screening. Not adequate to simulate furnace conditions. (Miles,
1994).

Multi-Fuel Combustor is designed to accumulate deposits produced during combustion on a
round pipe to simulate boiler tubes and waterwalls. Laser methods monitor rates of deposition.
11 fuels and blends analyzed. Composition of samples compared with those found in furnaces.
Lab: Sandia. (Jenkins, etal, 1994)

Scanning Electron Microscopy (SEM) examination of sections of ash and deposit samples to
confirm mineral composition and observe mechanisms of deposit formation. Labs: BuMines,
Sandia.

Observed fusion of amorphous silicates and alkali compounds, agglomeration mechanism
of crystalline particles, confirmed composition determined by mineralogical and elemental
analysis. (Oden 1993, 1994).

Molecular Beam Mass Spectrometry (MBMYS) is being used at NREL to study in real time
the sequence and concentrations of combustion products from the same biomass samples the
project has analyzed by other methods, further complementing our

understanding of the mechanisms of biomass combustion and provides direct observation of
alkali vapor species. Lab: NREL.

Shows that salts and chlorides evolve rapidly on heating. Confirms the approach of following
elements through the boiler to identify where and how they condense or concentrate in
deposits. (French et al, 1994, Dayton etal, 1994)
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Appendix B.4 Microwave Dissolution And Atomic Absorption Method
For The Determination of Seven Elements in Biomass.

The following is a method developed by the U. S. Bureau of Mines, Albany Research Center,
for the determination of Al O,, CaO, K,0,Na,O, MgO, SiO,. and Fe,O; in straws and other
biomass:

1. Weigh 100 to 250 mg sample into a 120 mL Teflon vessel.

2. Wet sample with 5 mL con. HFE.

3. Seal vessel with cap and relief valve.

4. Digest in microwave oven for 90 sec. at 70% power.

5. Cool vessel to room temperature.

6. Place vessel into microwave oven and digest again for 90 sec. at 70% power.

7. Cool vessel to room temperature.

8. Unseal vessel in a hood, add 5 mL con. HC 1 and 5 mL con. HNO,

9. Repeat steps 3 through 7.

10. Unseal vessel in a hood, wash contents into a 100 mL plastic volumetric flask using
distilled water and make to the mark.

11. The solution thus produced is now introduced to an atomic absorption
spectrophotometer, using the proper conditions for each element.

The above method assumes the analyst has had experience with microwave dissolution
techniques. If the analyst has not had experience with microwave dissolution techniques or
experience using apparatus designed for use in microwave ovens, care must be exercised to
avoid explosions or other accidents.

The analytical laboratory at the U.S. Bureau of Mines, Albany Research Center used the
following special apparatus for the above dissolution method:

* A 1000 watt microwave oven, equipped with a turntable; ours is a Tappan purchased
from Sears and Roebuck that has been specially modified.

* 120 mL microwave vessels marketed by CEM Corporation.

* Plastic volumetric ware available from Nalgene labware.

If the analyst has had no experience with microwave sample dissolution, the following is
recommended reading: Introduction to Microwave Sample Preparation, edited by H. M.
Kingston and Lola B. Hassle published by The American Chemical Society, Washington, D.C.
in 1988.

Joseph A. Perry, Supervisory Chemist, Albany Research Center, U. S. Department of the
Interior, Albany, OR (503) 967-5800.
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Appendix B.5 Comparison of Microwave and Thermal Ashing

| _ _Bureau of Mines wet ashing method_ _ [ __ _ Thermal ashing method: H- Hazen_ _ _ ]

Component Rice Straw Wheat  Wood-  Switch Rice Straw, H Wheat Straw, H
Straw Almond Grass ash straw™* ash straw™*

Sio, 12.30 450 176 412 74.67 12.84 5532  3.61
ALLO, 0.25 0.10 0.56 0.14 1.04 0.18 1.88 012
Tio, 009  0.01 0.04 0.01 0.09 0.02 0.08  0.01
Fe,0, 0.12 0.10 0.45 0.14 0.85 0.15 073 0.05
CaO 124 035 0.85 0.61 3.01 0.52 614  0.40
MgO 036 023 0.24 0.23 1.75 0.30 1.06  0.07
Na,0 0.12 0.19 0.22 0.08 0.96 017 171 oM
K,0 2.68 1.97 0.37 0.51 12.30 211 2560  1.67,
S 012 022 0.03 0.03 0.50 017 176 0.4
P.0, 025 008 0.08 0.13 1.41 0.24 126 0.08
cl NA 022 0.76 0.03 0.54 0.21
Pct Ash 17.53 7.97 5.36 6.03 1719 6.52
Total 0, in ash 819  3.33 1.90 2.81
Z‘S’La' metals in 934 464 3.46 3.22
C 3573 4214 4397  40.58 35.20 41.75
H 502 556 6.03 6.17 479 5.07]
N 089 050 0.42 0.27 0.80 0.40
';'fy“grgﬁﬁ‘;‘l M3 4617 4770 50.09 33.92 39.08
Total oxygen 4950  49.50 4960  52.90
Undetermined -048  -2.33 348  -313 8.06 7.24
Igtrﬁ:oi'r']ems 100.00 100.00  100.00  100.00 100.00 100.00]

All compositions wt pct. All materials 1n as-received condition.
** Calculated from pet ash and ash composition, except C, H, N, S, and 0 (by difference) from Ultimate analysis.

*#* Total oxygen minus oxygen in ash.

Table 1. Biomass Analysis; Comparison Between Laboratories. Prepared 8-3-93. Updated 11-26-93. L. L. Oden, Albany Research
Facility, US Bureau of Mines, Albany, OR.
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Appendix B.6 Determination of Water-Soluble Alkali

Water soluble alkali is a simple and potentially useful method to monitor alkali contet in
fuels and fuel blends. The following procedure is used by Hazen Research, Inc., Golden
Colorado.

All lab ware that comes in contact with the sample must be scrupulously clean and free of
sodium and potassium contamination. Wash the plastic volumetric flask with 1:1 HNO, just
prior to use. Rinse with deionized water 3 times following the acid wash.

Carry a blank along with the samples to detect and quantify any contamination that may be
present.

PROCEDURE

1. Weigh a 10.00 gram sample of 60 mesh air-dry sample into a 250 ml plastic volumetric
flask. Use a funnel made from weighing paper to facilitate the transfer.

2. “Wet” the sample with 5 ml of ethyl (or methyl) alcohol. This will allow the fuel particles to
absorb and be wetted readily by water added in the next step.

3. Add 100 ml of deionized water to the sample, and swirl the flask to assure that the sample
has been thoroughly wet by the solution,

4. Place the flask in a hot water bath on a hotplate set so that the water bath is just at, or
slightly under, boiling temperature. Allow the sample to digest at this temperature for 16
hours. The 16 hour digestion time can be accomplished in two 8 hour periods.

5. Remove the flask and allow the contents to cool. Dilute to volume with deionized water and
mix well.

6. Allow the particulates to settle out, and decant a portion of clear solution into a plastic 15
dram vial.

7. Submit the vial to the AA laboratery for analysis for soluble sodium and potassium,
reported as the oxides. The AA lab will dilute the solution 1: 10 to put it into the correct
matrix to match the AA calibration standards.

8. Submit, along with the sample, a completed Analysis Report data form.

9. Calculate the % water soluble sodium and potassium using the Apple II computer program
entitied “AA”. Report results to the nearest .001 %.

Gerald Cunningham, Analytical Department, Hazen Research, Inc. 4601 Indiana St., Golden,
CO 80403. (303) 278-1528.
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Appendix B.7 Chemical Fractionation Procedure

L. L. Baxter, Combustion Research Facility, Sandia National Laboratory, Livermore, CA.

The following pages detail the procedures used to generate most of the chemical fractionation
results used in the alkali deposit investigation.

Chemical Fractionation Procedure

The following instructions for the chemical fractionation procedure are divided into six parts:
sample preparation, analysis of the unleached materials, analysis of the sample after each of
three leachings, and characterization of the inorganics in the solid samples from each of the
four stages of the procedure. An optional analysis of the leachates is also discussed which
allows a mass balance to be made at each step of the procedure.

Chemicals:
1 M Nitric Acid
1 M Hydrochloric Acid (HCI)
1 M Ammonium Acetate (NH,0Ac)

SAMPLE PREPARATION

1. All samples must be small enough to be completely permeated by leaching agents
(water, ammonium acetate, and hydrochloric acid). Normally this requires that the
sample pass through at least a 200 mesh screen.

2. Homogenize sample by mixing in suitable container.

UNLEACHED MATERIAL

There should be A 100 g of sample (on a dry basis) at this point. At the end of this step there
should be A 75 g of material left for the remaining leachings, A 20 g of sample labeled and
saved for later inorganic analysis, the weight of the total sample before any leaching, and the
moisture ofthe sample as weighed.

1. Weigh enough material into beaker to provide at least 100 g of dry sample.

2. Determine total weight of sample.

3. Remove and weigh approximately 1/4 (at least 20 g) of sample.

4. Determine the moisture with a portion (< 5 g) of removed material immediately.
5. Label remaining removed material Unleached and set aside.

H,0

There should be A 75 g of sample (on a dry basis) at this point. At the end of this step there
should be A 50 g of sample (on a dry basis) left for the remaining leachings, A 20 g of sample
labeled and saved for later inorganic analysis, the weight of the total sample after water
washing, and the moisture of the sample as weighed. From this information and the initial

93



dry weight of the sample, the change in the dry weight induced by water washing can be
calculated.

1. Add 3 ml of H,O per gram of sample remaining in the beaker.

2. Stir overnight at room temperature.

3. Filter and rinse with distilled H,O.

4. Determine total weight of sample.

5. Remove and weigh approximately 1/3 (at least 20 g) of moist sample.

6. Determine moisture with a portion (< 5 g) of removed material immediately.
7. Label remaining removed material After H,O and set aside.

NH,0AC

There should be A 50 g of sample (on a dry basis) at this point. At the end of this step there
should be A 25 g of sample (on a dry basis) left for the remaining leachings, A 20 g of
sample labeled and saved for later inorganic analysis, the weight of the total sample after
acetate leaching, and the moisture of the sample as weighed. From this information and the
dry weight of the sample at the beginning of the acetate leaching step, the change in the dry
weight induced by acetate leaching can be calculated.

1. Add 3 ml NH,0Ac per gram of water-leached sample remaining in beaker.

2. Stir overnight at room temperature.

3.Filter and rinse with distilled H,O.

4. Repeat steps 1 through 3 twice.

5. Determine total weight of sample.

6. Remove and weigh approximately 1/2 (at least 20 g) of moist sample.

7. Determine moisture with a portion (< 5 g) of the removed material immediately.
8. Label remaining removed material After NH,0Ac and set aside.

HCL

There should be A 25 g of sample (on a dry basis) at this point. At the end of this step there
should be essentially no sample left to be leached, A 20 g of sample labeled and saved for later
inorganic analysis, the weight ofthe total sample after acetate leaching, and the moisture ofthe
sample as weighed. From this information and the dry weight of the sample at the beginning
of the acid leaching step, the change in the dry weight induced by acid leaching can be
calculated.
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1. Add 3 ml HCI per gram of water- and acetate-leached sample to beaker.

2. Stir overnight at 70° C.

3. Filter and rinse with distilled H,O

4. Repeat steps 1 through 3.

5. Determine total weight of sample.

6. Remove and weigh at least 20 g of moist sample. All of the sample may be used in this
step.

7. Determine moisture with a portion (< 5 g) of the removed material immediately.

8. Label remaining removed material After HCI and set aside.

ASH CHEMISTRY

There should now be four samples labeled Unleached, After H,O, After NH 0Ac, and After
HCI. The composition of the inorganic portion of these samples will allow an estimation of
the modes of occurrence of each of the major inorganic elements. These analyses should be
done by an atomic emission or absorption technique using an inductively coupled plasma, for
example, in the analysis.

1. Submit all four samples (Unleached, After H,O, After NH 0Ac, and After HCI for ash
analyses.

2. Submit all four ashed samples for inorganic analysis, which should include Si, Al Fe,
Ti, Ca, Mg, Na, K, S, P, and residual, all expressed on an oxide basis. The ‘residual’ is
determined by difference between the sum of the oxides of the previous ten elements
and the results of the total ash analysis.

OPTION OF ANALYZING LEACHATES IN ADDITION TO SOLID
SAMPLES

At each step, the leachate and rinse water are saved in single container, weighed, and
submitted to total dissolved solids and inorganic elemental analysis for the same ten elements
(S1, AL Fe, Ti, Ca, Mg, Na, K, S, and P) as are used in the ash chemistry analysis. This
provides means by which a mass balance can be closed for each step.
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Appendix B.8 Fuel Sampling Procedure

Sampling Procedures

Alkali Deposits

Found in Biomass Power Plants
A Preliminary Investigation of Their Extent and Nature

Biomass Field Tests

TECHNICAL NOTE 1

AD4-4 February 1993

NREL Subcontract TZ-2-11226-1

IUSDOE/NREL - T.R.Miles - U.C.Davis -

Bureau Mines -

Sandia - Biomass Power Producers |

Sampling Procedures for Biomass Field Tests
Fuel Sampling Procedures:

Samples are to be collected from the main boiler
feed belt at intervals of 2 hours. An entry in the
sample log should be completed for each sample
and initialed by the person taking the sample.

Samples should be collected in the following
manner, The sample bag should be sealed and a
new bag started whenever an obvious change in
fuel type occurs. This will allow the characteristics
of different fuels to be related to deposit growth.

1. The sample should be removed from the

belt into a large, clean sample bag. The entire

belt should be sampled (not just top layer) for a
distance of 2 feet. Or, the entire fuel flow should
be diverted momentarily to collect the sample. It

is particularly important to obtain a representative
sample of the fuel, including all fine material. The 2
hour sampling interval is based on 20 samples per
1000 tons of fuel (approximately 40 hrs) required
by TAPPI-CA-4967.

2. Remove approximately one pound of well mixed
sample and place it in a clean container such as a
plastic bag.

3. If the sample is moist (>20 % moisture), air dry
the sample in a warm, clean room by spreading it
into a thin layer on a clean surface for a minimum
of eight hours, and preferably until dry enough to
be stored without spoilage. Prevent wind or drafts
from disturbing the sample during drying (Avoid
loss of fines, etc.)

4. Place the dry sample in a covered, plastic bag-
lined garbage can for pickup by UC Davis. Prevent
contamination of the sample by fugitive

dusts, moisture, etc.

5. When sampile is picked up, tag the bag with the
beginning and ending dates and times of sample
location, plant name and fuel type.

Bottom and Flyash Sampling Procedure:

Bottom and flyash samples should be collected
routinely. obtain a sample of each at every
discharge cycle. If ash is discharged continuously,
obtain a sample every two hours,a t the same
interval a fuel sample is collected.

Collection:

Preferred Technique:

As ash is discharged, collect a sample of about 1
Ib./ into a clean air-tight non-flammable container.
Use adequate precautions is ash is hot. Seal the
container. Allow to cool to ambient temperature.
transfer to a clean plastic bag and seal bag. label
bag with date and time sampled, type of ash, and
name of plant. record sample in a log book giving
date and time of sample, and ash type.

Alternate Technique:

Collect ash from pile or bin after cooling. Place
about 1 Ib. into a clean plastic bag, seal and label
with date and time sampled, type of ash and name
of plant. record sample in a log book giving date
and time of sample, and ash type.

Store samples in a clean, undisturbed area for
pickup by UC Davis.

Boiler Performance Data

In addition to fuel, deposit and ash samples,
boiler operating performance data is helpful for
understanding the conditions under which the
deposits form.

During the test it is desirable that continuous
records of the following parameters be kept( if the
boiler control is not computer automated, then
hourly observations should be manually recorded
in a separate log book).

The sensors to be monitored should be decided
jointly with project investigators. If continuous
or hourly records cannot be made for certain
parameters (such as fuel feed rates or air flow
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rates), record any information which might be
helpful in obtaining at least average fuel values
(for example, weight of fuel consumed in day and
moisture content of fuel along with total down time
(if any), from which average dry fuel consumption
can be determined).

1. Combustion gas concentration as available

Oxygen concentrations

(best location in boiler, others as available).

Carbon monoxide (CO) concentrations

Carbon dioxide (CO2) concentrations

Others as possible

2. Boiler temperatures

3. Air flow rates: primary (underfire),
secondary (overfire)

4. Fuel flow rates

5. Steam flow rates

6. Steam pressure

7. Steam temperatures

8. Turbine output

9. Bottom ash production rate

10. Fly ash production rate

11. Fuel moisture content

Number of Samples - Typical Test
Time: 21 days, 504 hours
Rate: 25 dry tons per hour, 12,600 tons total

No. Samples Euel Flow Truck Piles
per 1000 tons 18 24 40
per test 226 302 504
Ash tests 20

Combined (MFC) |5

Sample Size - Guidelines
Collection container 2.5 gal (10 liters)
Mixed reduced sample 1 1b

Marking Field Samples

Plant No. Date(s).Time, Type, Location
Examples:

Mendota,001 ,2/8/93 ,13:00, Fuel Mix, Conveyor
Hydra Co0,0083 ,2/23/93,12:00, Urban Wood, Pile
Elkraft ,001 ,12/10/93 ,18:00, Straw, Feeder

UCD ,007 ,2/31/93, ,1:00, Aimond Hulls, Pile
Sandia MFC,008 ,2/41/93 ,2:00, Wall deposit (de-
scribe)

In plant log only, record location, source and
supplier if needed to confirm data in future.

Alkali Deposits

Sample Recovery Schedule

Project investigators will collect samples from
cooperating facilities two to three times per week.
Sample will be delivered to UC Davis for sample
preparation and storage.

Sample Inspection and Preparation will in include
the following:

At each time of pick-up at the plant:

Samples will be inspected and the state of the
sample noted (moistdry for fuel samples). Along
with any indications of spoilage. Sample log
books will be reviewed, sampled labels checked
and verified against log books records. Any
discrepancies will be noted,and the assistance
of facility personnel requested in resolving
discrepancies.

Logbooks and boiler performance records will be
collected at the end of each field test for delivery

to UC Davis. Copies of all documents will be
made and sent to all other project investigators
and managers of the originating facilities. original
documents will be stored safely away from heat
and moisture.

Deposit log books will also be reviewed and any
unusual or interesting deposit behavior noted,. The
fuel sample bag will be sealed and removed form
garbage can, and replaced with a new bag. All fuel
and ash samples will be collected for delivery to
UC Davis.

Photographs collected by cooperating facility
personnel should be copied and made available to
Tom Miles who will distribute copies as needed to
other project investigators.

References:
TAPPI CA-4967 Appendix A Wood Sampling
Procedures for Biomass fuel.
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APPENDIX C. FUEL CHARACTERISTICS: SAMPLES

Some project fuel analyses and typical reference values listed by type and by alkali
concentration (Ib. K O+NaO/MMBtu). Listed by type, source or location, laboratory or
reference.

C1. Wood Fuel Blends: Alkali Deposit Investigation Samples
Urban Wood - Agricultural Residue Blend, Woodland, CA, CFB-1.
80% urban wood, 20% agricultural residues. Hazen.
Urban Wood-Agricultural Residues, Delano, CA, FBC-1.
40% urban wood, 40% agricultural prunings, 20% other ag residues. Hazen.
Urban Wood, Imperial, CA, Grate-1
1 00% wood manufacturing and urban wood waste. Hazen
Wood-Pit Blend, Marysville, CA, CFB-3.
40% wood, 40% urban wood, 20% pitS-and hulls. Hazen.
Wood-Almond, Mendota, CA, CFB-2.
80% wood, 20% almond hulls and other agricultural residues. Hazen
Wood -Straw, Imperial, CA, Grate-1
80% wood, urban wood blend above with 20% Oregon wheat straw, Hazen

C.2 Wood Fuels: Various

Red Oak Sawdust, Pennsylvania, clean and dry fines, sawdust. Hazen

Fir Mill Waste, Tacoma, W A, Douglas Fir sawmill residues. Hazen.

Furniture Waste, Imperial, CA, pine residues from furniture plant. Hazen
Hybrid Poplar, Battelle Columbus, 6 in diameter stems from plantation. CT &E.
Alder/Fir Sawdust, Tacoma, W A, sawdust, sawmill residues. Hazen.

Coarse Poplar, Battelle Columbus, same as above, problem fuel. CT &E.

Forest Residuals, Shasta, CA, Wheelabrator, wood residues.Hazen.

Christmas Trees, Marysville, CA, Sithe, seasonal problem fuel. Hazen

C.3 Urban Waste Fuels and Residues

Demolition, Florida, Wheelabrator, building demolition waste. Hazen

Land Clearing, Tacoma, W A, power plant fuel. Hazen.

Yard Waste, Florida, Wheelabrator, domestic yard waste, prunings. Hazen.

Waste Paper, Wheelabrator, mixed waste paper pellets. Hazen.

Refuse Derived Fuel, Tacoma, W A, Tacoma Pubilic Utilities, boiler fuel. Hazen. Currency,
Federal Reserve Bank, shredded currency (paper and rag). Hazen.
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(Appendix C continued.)

C.4 Wood Fuels: Energy Crops

Willow Varieties, State University of New York, Syracuse, air dried samples, stems, no leaves
or fines, principal diameter shown, Hazen

Salix clone SVI, 3-year-old, I to 2 inch diameter

Salix clone SVI l-year-old, 5/16 to 3/4 inch diameter
Salix clone SP3, l-year-old, 3/16 to 5/16 inch diameter
Salix clone, SH3, l-year-old, 5/16 to 3/4 inch diameter
Salix clone SA22, l-year-old, 5/16 to 1/2 inch diameter
Salix clone SA22, 3-year-old, 1/2 to 2 inch diameter
Salix clone SA22, 3-year-old Top only, To 5/16 diameter.
Salix clone SA22, 3-year-old, Butt only, 1 to 2 inch

C.5 Grasses and Straws: Tropical and Temperate Energy Crops
Bagasse, Maui, Hawaii, Hawaii Cane & Sugar Co., bagasse residue pile, Hazen Bana Grass,
Oahu, Hawaii, Hawaii Natural Energy Institute, 82.7% m.c., stalks and

leaves, four month old, (typical harvest at 8 months), Hazen

Summer MM Switchgrass, Lake Bronson, Minnesota, whole stem and leaf, Hazen Dakota
Leaf Switchgrass, Lake Bronson, Minnesota, whole stem and leaf, Hazen Switchgrass,
Battelle Columbus Laboratories, gasification test fuel, CT &E

C.6 Grasses and Straws: Energy Crops

Silberfeder Miscanthus, Oregon, whole stem 6- 7ft high, Hazen

Sorghastrum A venaceum (Miscanthus), Oregon, 3-4 ft, heavy leaf small stem, Hazen
Miscanthus Sinensis Gracillimus, Oregon, 6-7 ft high leaf fraction, Hazen

Arundo Bomax, Oregon, whole stem 8 ft high, Hazen

C.7 Grasses and Straws: Residues

Alfalfa Stems, Minnesota, Institute of Gas Technology, field samples, Hazen Mint Straw,
Washington Energy Office, mint producer, Hazen

Wheat Straw, Elkraft, Denmark, Hazen

Wheat Straw, Oregon, Hydraco, fuel sample from firing test, Hazen

Wheat Straw, California, Jenkins, field sample, Hazen

Wheat Straw, Imperial, CA, Hydraco, fuel sample from firing test, Hazen

Rice Hulls, California, Woodland Biomass, Hazen

Rice Straw, California, Jenkins, field sample ‘92 crop, Hazen

C.8 Nuts, Pits and Shells

California residues collected from producers for MFC trials. Almond Shells, Hazen
Almond Hulls, Hazen

Pistachio Shells, Hazen

Walnut Blows, Marysville, CA, Sithe, Hazen

Walnut Hulls and Blows, Marysville, CA, Sithe, Hazen
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Appendix C1. Wood Fuel Blends
Alkali Deposit Investigation Samples
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Appendix C.2 Wood Fuels
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Appendix C.3 Urban Waste Fuels and Residues
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Energy Crops

Appendix C.4 Wood Fuels
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Appendix C.5 Grasses and Straws
Tropical and Temperate Energy Crops
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Energy Crops

Appendix C.6 Grasses and Straws
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Residues

Appendix C.7 Grasses and Straws

S0 LT'1 Sy 6¥°C ! IL°0 00t 6’1 MGNIN/QT HeAIV
00001 79°001 00°001 00°00T 00°001 00°001 00001 00°001 MV.LOL
89°C eyl 8’1 8C'€ 99 IL'9 SS' 11 pauruepu()|
0501 3yl 18410/°00
71 €70 70T 09T’ 1 cee (9% 8LV 79°L ‘0%d
71 [cL0 vy 0¥+ oY 6¥°C 06°C €61 ‘0s
0€°CI ILe 0L'1C 09°6C 0C°ST 6Tl 05°9¢ 01°'8¢C o
96°0 1C0 L6 LT 811 1S°1 79°1 or°1 O°eN
SL'T 100> ST 90°1 SY'C 8Y'C IL's 8E01 OB
10°¢ 1ce 6% 19 S6'6 LTI 0911 ce8l Oed
S8°0 4 N0 78°0 €L°0 81 SO'1 (24 00 °O’ed
600 [c00 L1°0 80°0 600 cC0 LT0 0’0 ‘oL
70'1 8L°0 £C'C 881 69°1 78°0 197 L00 Ko\
LOVL cr'16 00°LE cess LO 9% cecs SY'61 6L°S ‘os
800°0 (01°10)
$99°0 6570 9’0 [10€°0 ol 08S°C 8ST'1 0501 o
[CC00 6100 6900 (LSOO L60°0 1800 0C1°0 601°0 o°eN
% SHEAIV 3[qnI0S IBTeA|
8S°0 S0 cro 11°0 90°C 6L°1 €C'0 10 10 €1°0 L1°0 10 V0 SE0 0S°0 Y0 % SULIOYD)
£C1°8 0€€°L 1189 909 8TT'L 8879 PILL ILT°L LE6'L cSI°L C06°L 6259 68S°L C1E9 CT0°8 08T°L qimg ‘AHH
00°00T  00°001 00°001 00°001 00°001 00°00T  |00°00T |{00°00T  |00°00L  |00°001 00°001  [00°00T  |00°001 00°001 00°001  |00°001 TVLIOL
- €6'L - 76°01 - 10°¢1 - 0L - 68°6 - I7'L1 - 891 - 66 QIMSION
L9'81 " |61'LI 9C°0C SO'81 SS°6 €8 oL cS9 ey 68°¢€ 68°¢€ Ice 8L°01 L6'8 LTS 8LV sy
81°0 L1°0 S0°0 S0°0 60 9C°0 91°0 10 61°0 L1°0 600 830°0 ST0 1T0 0 81°0 Inj[ng
L8°0 08°0 [cs0 910 £S°0 9¥°0 0 0¥°0 €70 6€°0 65°0 8Y°0 LY'C S0'C 89°C £v'C udS0NIN
78°9¢ c6'ce 65°S¢ 69°1¢€ 9 1Y 0C°9¢ 00Cy  [80'6€ ¥y T8¢ 0Ty [IL'VE 0L’ SE SL'6T 69°8¢ 60°S€ uaSAXQ
0C'S 6Ly SL'Y €Y s vy or'S LO'S 69°S crs 98°S 8y cS'S 6S Y 66°S 'S uoSorpAH
7C'8¢ 0C'SE €8'8¢ 8S'vE 06'CY ceLE oy SL1Y 96'9% ety SS'LY  |LT'6E TSy 19°Lg L1'LY 6L°CY uoqien
SISA[eny sjewm|
00°00T  (00°001 00°00T1 00°001 00°001 00°00T  |00°00T |{00°00T  |00°00T  |00"001 00°001  [00°00T  |00°001 00°001 00001 |00°001 TVLIOL
- €6'L - 76°01 - 10°¢l - 0L - 68°6 - I¥'LT - 891 - 66 QIMSIOIN
L9"81 61°L1 9C°0C O8I SS°6 1€°8 oL S 9 ey 68°€ 68°€ 17°¢ 8L°01 L6'8 LTS 8LV sy
LY'S9 8C°09 [CS'€9 LG9S IT°IL 9819 LTSL L6'69 C9'8L 78°0L <18 [60°L9 08°69 S0'8S C6'8L 6S L JONRIN 9[HB[OA
08°Cl 0911 cCol A eol 891 ILLT LY'O1 00°L1 BE'SI L8¥1  |6CCI cr6l o191 18761 124! uoqren paxig
SISATEUY TeWIXO 1|
A1q POy sy | A1Qq P09y SV L1q posy] A1 p.oeysy| Aiq POYSY | A1 p.ooy sV Aiq poy sy | Aiq POy SV
Ay S[INH 321 [erRdur-1eay | VO-1ey YO-1eYM D (CRLEL WY U SwAS ejfeyv ad4],
smMens SYSNH/SMBI)S sMens sMensg sMens smMens sMens sMens Py




Appendix C.8 Nuts, Pits and Shells
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APPENDIX D: DEPOSITS

D1. Melting Temperature of Potential Low-Melting Minerals Found in Biomass

D.2 Grate - 1. Fuels and Deposits firing Wood and Wood/Straw (5% Imperial
Wheat Straw)

D.3 Grate-1. Fuels and Deposits from firing 80% Wood with 20% Oregon Wheat
straw.

D.4 A Northeastern boiler similar to Grate-1 with severe slagging. Fireside
deposits diminished when landscape fuel was removed.

D.5 Danish straw-fired Grate-2 and Grate 3. Low temperature boiler.
D.6 FBC-1 firing wood with agricultural prunings.

D.7 CFB-1 and CFB-2 firing different blends of wood and agricultural residues.

D.8 CFB-3 firing high concentration of pits and hulls with wood fuels.
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Appendix D.1
Melting Temperature of Potential Low-Melting Minerals
Found in Biomass*

Group Mineral Melting Temperature, °C
Chlorides NaCl 801

CaCl, 782

KCI 770

MgCl, 714

FeCl, 306
Carbonates Na,CO, 851

CaCO, 1339

K,CO, 891

MgCO, Decomp. 350

FeCO, Decomp. 350
Chlorates NaClO, 248-261

Ca(CIO,), 340

KCIO, 356, decomp. 400

MgCIO, 6H,0 35

Iron Fe(CIO,), Decomp. >400
Sulfates Na,SO, --

CaSO, 750-950 (pres. of silicates)

K,SO, 1069 Tr. 558

MgSO, 1124 Decomp.

Fe(SO,), 480 Decomp.
Hydroxides Na(OH) 318

Ca(OH), 580-H,0

KOH 360

Mg(OH) 350-H,0

Fe(OH), --
Sulfides Na,S 1180

K,S 470

MgS --

FeS, 1171
Phosphates  |Ca,P,O, 1230

K,PO, 1340

Mg.(PH,), 1184

*Ref.: R.w. Bryers, 1994. Analysis of A Suite of Biomass Fuels, FOSTER WHEELER DEVELOPMENT

CORPORATION, FWC/FWDCfTR-94/03, May 6.1994, Table 8.
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D.2 Grate - 1. Fuels and Deposits firing Wood and Wood/Straw (5%

Imperial Wheat Straw)
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D.3 Grate-1. Fuels and Deposits from firing 80% Wood with 20%
Oregon Wheat straw.
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D.4 A Northeastern boiler similar to Grate-1 with severe slagging.

de deposits diminished when landscape fuel was removed.
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D.5 Danish straw-fired Grate-2 and Grate 3. Low temperature boiler.
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D.6 FBC-1 firing wood with agricultural prunings.

[Plant FBC-1 FBC-1 FBC-1 FBC-1 FBC-1
||L0cati0n Fuel Furn Wall Scr Tubes Tertiary Sec Str
Form ash deposit wedge wedge-top wedge
Average DEL-17 DEL-5 DEL-13 DEL-8
Analysis K311/93-13 K311/93-4 K311/93-10 K311/93-6
Date 11/24/93 11/24/93 11/24/93 11/24/93
Fuel wood/ag wood/ag wood/ag wood/ag wood/ag
1 2 3 4 5
Elemental Composition
Sio, 28.27 62.76 10.27 8.97 16.78
ALO, 8.28 11.49 4.62 3.16 5.53
TiO, 0.84 0.53 0.40 0.27 0.59
Fe,O, 3.33 2.94 1.69 4.29 2.48
CaO 28.99 10.15 27.71 19.34] 27.95
MgO 4.51 1.40 6.64 2.03] 3.27
Na,0 2.81 2.26 2.04 3.14 2.68
K,0 9.58 4.72 13.40 25.90, 13.90]
SO, 2.14 0.36 26.70 17.90 13.10
P20s 2.95 0.74 2.48 1.40 2.40
CO, 4.98 0.26 1.58 2.33 4.10
[Undetermined 3.32) 2.39 247 11.27 7.22
TOTAL 100.00 100.00, 100.00 100.00 100.00
Ash % 2.3
(Chlorine %
Chlorine in Fuel 0.04
Chlorine in Ash 1.74 0.13 3.26 14.20 7.37

X-ray Diffraction
Primary - 40 to 100%

Sylvite - KCI

Secondary - 20 to 60%

Leucite - KAISi,O,
Quartz - SiO,
IAnorthite - (Ca,Na)(Si Al) O

Minor - 5 to 30% K,Ca,(S0,),

Trace - 1to 1 0% [Unident INaCI
Calcite -CaCO0,
Quartz - SiO,
(Ca,(Si0,),(S0,)(OH)

[Amorphous halo? No No

SEM Yes Yes




SOx SOA] INHS]

residues.

D.7 CFB-1 and CFB-2 firing different blends of wood and agricultural
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Appendix D.8 CFB-3 firing high concentration of pits and hulls with
wood fuels.
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